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Background: RIPK1 is a central kinase in TNFR1 signaling participating in NF-«B activation, necroptosis, and apoptosis.
Results: Ectopic expression of a RIPK1 mutant lacking the intermediate domain induces a shift from TNF-induced necroptosis

to RIPK1 kinase-dependent apoptosis.

Conclusion: The intermediate domain of RIPK1 harbors an anti-apoptotic function.
Significance: We developed a cellular model to identify RIPK1 targets during RIPK1-dependent apoptosis.

Receptor-interacting protein kinase 1 (RIPK1) is an impor-
tant component of the tumor necrosis factor receptor 1
(TNFR1) signaling pathway. Depending on the cell type and
conditions, RIPK1 mediates MAPK and NF-kB activation as
well as cell death. Using a mutant form of RIPK1 (RIPK1AID)
lacking the intermediate domain (ID), we confirm the require-
ment of this domain for activation of these signaling events.
Moreover, expression of RIPKIAID resulted in enhanced
recruitment of caspase-8 to the TNFR1 complex II component
Fas-associated death domain (FADD), which allowed a shift
from TNF-induced necroptosis to apoptosis in L929 cells. Addi-
tion of the RIPK1 kinase inhibitor necrostatin-1 strongly
reduced recruitment of RIPK1 and caspase-8 to FADD and sub-
sequent apoptosis, indicating a role for RIPK1 kinase activity in
apoptotic complex formation. Our study shows that RIPK1 has
an anti-apoptotic function residing in its ID and demonstrates a
cellular system as an elegant genetic model for RIPK1 kinase-de-
pendent apoptosis that, in contrast to the Smac mimetic model,
does not rely on depletion of cellular inhibitor of apoptosis pro-
tein 1 and 2 (cIAP1/2).
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TNF is a pleiotropic cytokine involved in diverse cellular
responses, such as proliferation, differentiation, cell survival,
and death. It is a key player in a variety of physiological and
pathological processes. TNF signals through two cell surface
receptors, TNFR1° and TNFR2, but most of its biological activ-
ities are initiated by TNFR1 (1). Ligand binding triggers the
sequential formation of different protein complexes (2, 3), and
the identity of the complex that is formed determines the sub-
sequent intracellular signaling and the cellular response. Upon
TNFR1 stimulation, a prosurvival complex I is formed by
recruitment of, among others, TNF receptor-associated death
domain (TRADD), receptor-interacting protein kinase 1
(RIPK1), TRAF2 (TNF receptor-associated factor 2), cellular
inhibitor of apoptosis protein 1 and 2 (cIAP1 and cIAP2) and
the linear ubiquitin chain assembly complex (1, 2, 4). In this
complex, RIPK1 is conjugated with non-degradative polyubiq-
uitin chains on Lys-377 (5, 6) by the E3 ubiquitin ligases cIAP1
and cIAP2 (7-10). Addition of those chains to RIPK1 has two
major consequences. First, they serve as substrates for the ubiq-
uitin-binding domain of the TAK1-associated binding (TAB)
proteins and potentially of NEMO. This allows recruitment and
activation of the TAB/TAK and the IkB kinase complexes,
which leads to activation of NF-«kB and MAPK (4). Second, they
prevent RIPK1 from integrating into death-inducing com-
plexes (7, 11-13). However, the need for RIPK1 in TNF-medi-
ated NF-«B activation was reported to be cell-specific. Indeed,
NF-«B activation is normal in some RIPK1-depleted cells, indi-
cating that other proteins in complex I can activate the IkB
kinase complex in the absence of RIPK1 (14, 15).

Although RIPK1 overexpression can induce apoptotic cell
death (16 —18), many reports conclude that RIPK1 is redundant
for death receptor-induced apoptosis (12, 19, 20). However, in

© The abbreviations used are: TNFR1, tumor necrosis factor receptor 1; RIPK1,
receptor-interacting protein kinase 1; FADD, Fas-associated death domain;
TRADD, TNF receptor-associated death domain; RHIM, RIP homotypic
interaction motif; Z, benzyloxycarbonyl; fmk, fluoromethyl ketone; PI, pro-
pidium iodide; KD, kinase domain; DD, death domain; eGFP, enhanced
GFP; hTNF, human TNF.
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the presence of Smac mimetics, which induce proteasomal deg-
radation of cIAP1/2 and consequently inhibit RIPK1 ubiquity-
lation in complex I, cells switch to a RIPK1-dependent apopto-
tic pathway in response to TNF (7, 9, 19, 21-23). In these
conditions, kinase-active RIPK1 was crucial for the formation
of a caspase-8 activating complex, whereas in the absence of
Smac mimetics, RIPK1 had no role in apoptosis induction upon
TNEF stimulation (23). Interestingly, a death complex with sim-
ilar core composition has been reported to assemble spontane-
ously upon cIAP depletion, indicating that cIAPs negatively
regulate formation of both RIPK-containing death complexes
(24, 25). This last complex has been referred to as the ripopto-
some (24, 25).

Besides its function as a central mediator of cell survival and
its role in apoptosis induced by Smac mimetics, RIPK1 is
important in death-receptor-induced necroptosis (19, 26). This
cell death pathway is initiated by the interplay between RIPK1
and RIPK3 in a complex known as the necrosome, in which
RIPK1 and RIPK3 interact through a RIP homotypic interaction
motif (RHIM) present in both kinases (27-30). Necroptosis is
initiated after TNFR1 stimulation alone in certain cell types or
when caspase activation is simultaneously blocked (19, 31-33).
Although the RIPK1 kinase activity is dispensable for survival
signaling (19, 34), the kinase activity of both RIP kinases is cru-
cial for initiating a signaling cascade that leads to necroptotic
cell death (27, 29, 30).

RIPK1 is thus a central molecule in the diverse TNF-induced
signaling pathways: it functions as a platform mediating sur-
vival signals and as an active kinase during necroptosis and
apoptosis in the presence of Smac mimetics. In this study, by
exploring the structure-function relationship of RIPK1 in
necroptosis, we developed a genetic model for TNF-induced
RIPK1-dependent apoptosis in L929sA cells. Our model resem-
bles the model of RIPK1-dependent apoptosis induced by TNF
plus Smac mimetics but has the advantage that no additional
factors are required so that this cellular model is very useful to
study the downstream targets of RIPK1 kinase leading to
apoptosis.

EXPERIMENTAL PROCEDURES

Cell Lines—1.929sA, a TNF-sensitive derivative of the murine
fibrosarcoma cell line 1929, was transfected with cDNA encod-
ing the poxviral caspase-8 inhibitor CrmA or the human Fas
receptor. The two resultant strains were L929sACrmA and
L929sAhFas cells, respectively (32), and the latter is referred to
as L929sA for simplicity. The amphotropic packaging cell line
Phoenix-Ampho was provided kindly by the Nolan Laboratory
(56); the cells were transfected with a control vector (pdLZRS-
IRES-eGFP, constructed by Dr. C. Stove and compatible with
Gateway system, Invitrogen) or with a vector containing the
RIPK1AID  sequence (pdLZRS-mRIPK1AID-IRES-eGEP).
After 30 h, the viral supernatant was harvested and used to
infect L929sA cells. GFP-positive cells were selected by flow
cytometry-based cell sorting. All cell lines were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, penicillin (100 IU/ml), streptomycin (0.1 mg/ml),
L-glutamine (0.03%), and in the case of Phoenix-Ampho,
sodium pyruvate (0.4 mm).
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Antibodies, Cytokines, and Reagents—Recombinant human
TNF was produced in Escherichia coli and purified to at least
99% homogeneity in our laboratories. The specific biological
activity was 3 X 107 IU/ml as determined in a standardized
cytotoxicity assay on L929sA cells. The caspase peptide inhibi-
tor Z-VAD-fmk (Bachem, Bubendorf, Switzerland) was used at
10 um. 5-Diphenyltetrazolium bromide (Sigma Aldrich) was
used at 500 mg/ml. Nec-1 (Calbiochem, San Diego, CA) was
used at 10 uM. Propidium iodide (Sigma Aldrich) was used at 3
uM. The following antibodies were used for L929sA cells: anti-
cIAP1 (RIAP1 antibody (35), a kind gift from Dr. R. G. Korn-
eluk, University of Ottawa, Ottawa, Canada); anti-B-tubulin
(HRP) (Abcam, Cambridge, UK); anti-murine caspase-3 (rabbit
polyclonal antibody made in-house); anti-cleaved caspase-3
(Asp-175). The antibodies used from Cell Signaling Technol-
ogy (Beverly, MA) were as follows: anti-phospho-IkBa (Ser-32/
36) (5A5); anti-p38 MAPK; anti-phospho-p38 MAPK (Thr-
180/Tyr-182); anti-INK/SAPK. We also used the following
antibodies: anti-phospho-JNK/SAPK (pTpY183/185) (Invitro-
gen); anti-caspase-8 (1G-12) (Alexis Biochemicals, San Diego,
CA); anti-IkBa (C21) and anti-TRADD (H-278), (Santa Cruz
Biotechnology, Santa Cruz, CA); anti-RIPK1 (610459) (BD Bio-
sciences); anti-RIPK3 (Sigma Aldrich); and anti-FADD (12E7,
obtained from Dr. Strasser, WEHI, Melbourne, Australia; M 19,
sc-6036, Santa Cruz Biotechnology).

Analysis of Cell Survival and Cell Death—Cells were seeded
at a density of 7500 cells per well in 96-well BD-imaging plates.
After ~20 h, cells were treated with h"TNF (10000 IU/ml) in the
presence of Hoechst 33342 (1 ug/ml; Invitrogen) and pro-
pidium iodide (PI, 1 wg/ml; Sigma). Images were acquired using
a BDPathway™ 855 instrument (BD Biosciences) equipped
with an environmental control unit to ensure a constant tem-
perature of 37 °C and 5% CO,, during image acquisition. Images
were taken using a 10X objective (Olympus) in a montage of
4 X 4, including ~2000 cells per image and treatment condi-
tion. Hoechst 33342 labeling was used to segment the nuclei
and to extract Hoechst and PI intensity values of each nucleus,
with BD Attovision analysis software (BD Biosciences). The
percentage of PI-positive nuclei per image was calculated as the
percentage of nuclei with PI intensities above the threshold of
healthy, untreated nuclei. In other experiments, cell death and
DNA fragmentation were analyzed flow cytometrically by
measuring PI-emitted fluorescence on an LSR-II with 96-well
HTS and FACSDiva software (BD Biosciences) after stimula-
tion with hTNF (10,000 IU/ml) and in situ PIstaining (1 pg/ml).
Cell death or loss of plasma membrane integrity was measured
on freshly harvested cells. DNA fragmentation or hypoploidy
was measured after freezing cells at —70 °C and thawing them.
To measure cell survival, cells were treated with a concentra-
tion gradient of hTNF and survival was determined by a 5-
diphenyltetrazolium bromide assay following a standard
protocol.

Fluorogenic Substrate Assay for Caspase Activity—The fluo-
rogenic substrate assay was carried out as described (31). Cells
were lysed in caspase lysis buffer, and cell debris was removed
by centrifugation. Caspase activity was measured by incubating
15 g of protein with 50 um Ac-DEVD-MCA (3171-V, peptide,
Scientific Marketing Associate) in 150 ul of cell-free system
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buffer containing 10 mm Hepes, pH 7.4, 220 mM mannitol, 68
mM sucrose, 2 mM NaCl, 2.5 mm KH,PO,, 0.5 mm EGTA, 2 mm
MgCl,, 0.5 mm sodium pyruvate, 0.5 mm L-glutamine, and 10
mM dithiothreitol. The release of fluorescent aminomethylcou-
marin was measured for 1 h at 2-min intervals by fluorometry
(excitation at 360 nm and emission at 480 nm) (Cytofluor; Per-
SeptiveBiosystems, Cambridge, MA); the maximal rate of
increase in fluorescence was calculated (AF/min).

RNAi-mediated Knockdown—L929sA cells were transfected
in six-well plates according to the manufacturer’s protocol
using siRNA targeting caspase-8, TRADD, or RIPK3. As a neg-
ative control, we used siCONTROL non-targeting siRNA (ON-
TARGETplus SMARTpool siRNA; Dharmacon, Thermo
Fisher Scientific, Waltham, MA). INTERFERin (Polyplus-
transfection SA, Illkirch, France) was used as a transfection rea-
gent. After 72 h, L929sA cells were stimulated with hTNF, and
cell survival or death was determined as described above.
Knockdown efficiency was checked by Western blot.

Immunoprecipitation—For immunoprecipitation of FADD,
L929sA cells were seeded at 3.5 X 10° cells per 60-cm? Petri
dish. The next day, cells were lysed and scraped in 1 ml of
Nonidet P-40 buffer (150 mm NaCl, 1% Nonidet P-40, 10% glyc-
erol, 10 mm Tris, pH 8) containing complete, EDTA-free pro-
tease inhibitor mixture tablets (11873580001) and phosphatase
inhibitor mixture tablets (PhosSTOP, 04906837001) (both
from Roche Diagnostics). Beads were incubated in 5% BSA for
8 h at room temperature before binding of anti-FADD antibody
(M19, sc-6036, Santa Cruz Biotechnology) to the beads over-
night at 4 °C. The next day, FADD was immunoprecipitated at
4 °C overnight. Beads were washed three times in Nonidet P-40
buffer and boiled in sample buffer before Western blot analysis.
For immunoprecipitation of processed caspase-8, L929sA cells
were lysed in RIPA buffer and incubated for 3 h at 4 °C with
streptavidin-agarose beads (Invitrogen, S951), which had pre-
viously been incubated with biotin-IETD-fmk (MBL,
JM-1121-20C).

High Resolution Live Cell Imaging—1.929sA cells were seeded
in an eight-well chambered coverglass (NalgeNunc Intl.,, Roch-
ester, NY) and stimulated with hTNF (10,000 IU/ml) in the
presence of Hoechst 33342 (0.5 pg/ml, Invitrogen) and pro-
pidium iodide (1 ug/ml). Time-lapse microscopy was done
using an Application Solution multidimensional work station
(Leica Microsystems, Wetzlar, Germany), including a DM IRE2
microscope, HCX PL APO 63X/1.3 glycerin-corrected 37 °C
objective, 75-W Xenon burner (with monochromator) and a
12-bit Coolsnap HQ Camera. During acquisition, cells were
kept at 37 °C in a 5% CO,, environment. Cell morphology was
observed using differential interference contrast. Hoechst
33342 and PI were excited at 380 and 540 nm, respectively, and
emission was detected using a BP340/80/FT400/LP425 filter
cube and a BP515-560/FT580/LP590 filter cube, respectively.
Z-stack images (1-um interval) were acquired every 15 min.
Maximum intensity projections (for Hoechst 33342 and PI) and
autofocus images (for differential interference contrast) were
made for each time point using an in-house script for Fiji public
domain imaging software.
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RESULTS

Ectopic Expression of RIPK1AID Induces Shift from Necrop-
tosis to Apoptosis in Response to TNF—RIPK1 contains an
N-terminal kinase domain (KD) followed by an ID and a C-ter-
minal death domain (DD) (supplemental Fig. S14). To study
the role of the different RIPK1 domains in TNF-induced
necroptosis, we performed a structure-function analysis. We
overexpressed the three single-domain mutants (KD, ID, and
DD) and the three domain-deletion mutants (AKD, AID,
and ADD) of RIPK1 (supplemental Fig. S1A) in L929sA CrmA
cells and analyzed the ability of each mutant to induce necrotic
cell death. Mouse fibrosarcoma L929sA cells die by necroptosis
in response to TNF, even in the absence of caspase inhibitors
and transcription or translation inhibitors (31). Nevertheless,
these initial studies were performed in the presence of the
caspase-8 inhibitor CrmA to ensure necrotic conditions. A via-
bility assay showed that ectopic expression of wild-type RIPK1
(WT), RIPK1AKD, or RIPK1ADD induced cytotoxicity even in
absence of any trigger (Fig. 1A and supplemental Fig. S1B).
These observations suggest that ectopically expressed RIPK1
can oligomerize in the absence of DD, which was confirmed in
HEK293T cells by demonstrating interaction of overexpressed
RIPK1ADD with full-length RIPK1 (Fig. 1B). Our results fur-
ther indicate that ID is involved in induction of necrotic cell
death, as ectopic expression of RIPK1AID did not induce cell
death. Even more, stimulation with TNF resulted in substan-
tially lower induction of necrotic cell death in these cells as
compared with L929sA CrmA cells expressing the other RIPK1
mutants (Fig. 1A and supplemental Fig. S1C), further demon-
strating the involvement of ID in cell death induction.

As RIPK1 is important for activation of NF-kB in several
signaling pathways (36), we also analyzed the ability of each
RIPK1 mutant to induce an NF-kB-dependent luciferase
reporter. Because overexpression of several RIPK1 mutants in
L929sA CrmA cells rapidly resulted in necrotic death, this assay
was performed in HEK293T cells, which are devoid of the
necrotic mediator RIPK3 (29). Overexpression of RIPK1 ID was
sufficient to induce activation of NF-«kB, whereas overexpres-
sion of RIPK1AID failed to do so (Fig. 1A and supplemental Fig.
S1D), confirming the crucial role of ID in this pathway, which is
known to contain several regions responsible for interaction
with proteins involved in the NF-«kB activation pathway.

We next analyzed whether ectopically expressed RIPK1AID
acted as dominant negative on TNF-induced NF-«B and
MAPK signaling in L929sA cells. In cells expressing RIPK1AID
and stimulated with TNF, both early and late waves of NF-«B
activation were abrogated in comparison with parental cells
(Fig. 1C). This abrogation was likely caused by the absence of
Lys-377 in RIPK1AID, which has been reported to act as accep-
tor site for the polyubiquitin chains that allow recruitment of
the TAB-TAK and I«B kinase complexes (5, 6). Similarly,
ectopic expression of RIPK1AID strongly reduced both early
and late phosphorylation of p38 and JNK in response to TNF
(Fig. 1C). We therefore decided to focus our study on
RIPK1AID because this mutant acted as a dominant negative,
inhibiting both TNF-induced NF-«B activation in L929sA and
necroptosis in L929sA CrmA cells.
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FIGURE 1. Absence of the RIPK1 intermediate domain inhibits TNF-induced necroptosis and prosurvival signaling. A, overview of the results of the
structure-function analysis of RIPK1 in TNF signaling. A series of RIPK1 mutants was overexpressed in HEK293T or L929sACrmA cells as indicated, and their effect
on activation of NF-«B, induction of necroptosis, and TNF-induced necroptosis was analyzed. —, no induction of NF-«B or necroptosis; +, induction of NF-xB
or necroptosis; ND, not done due to toxic effect of overexpression. B, V5-tagged mRIPK1ADD and mRIPK1 were overexpressed together with FLAG-tagged
hRIPK1 in HEK293T cells, and their interaction was analyzed by FLAG-mediated immunoprecipitation. C, parental and RIPK1AID expressing L929sA cells were
stimulated with hTNF (10,000 1U/ml) for the indicated durations. Lysates were made and analyzed for phospho-IkB and total IkB (upper panel), phospho-JNK,
and total JNK (middle panel), and phospho-p38 and total p38 (lower panel). An asterisk indicates a nonspecific band.

Necroptosis depends on the kinases RIPK1 and RIPK3,
which interact through their RHIM domains to form the necro-
some (28, 37). Because the RHIM domain of RIPK1 is situated
in its ID, the dominant negative effect of RIPK1AID on TNEF-
induced necroptosis can be explained by defects in necrosome
formation. Intriguingly, in the absence of caspase inhibition,
L929sA cells expressing RIPK1AID showed more cell death in
response to TNF than parental cells (Fig. 24). Analysis of sev-
eral biochemical parameters, such as DNA hypoploidy (Fig.
2B), caspase-3 cleavage (Fig. 2C), and caspase activity (Fig. 2D),
revealed that cells expressing RIPK1AID underwent apoptosis,
whereas parental L929sA cells underwent necroptosis. The bio-
chemical assessment of the RIPK1AID-induced shift from
necroptosis to apoptosis was confirmed by analysis of cell mor-
phology, which showed typical apoptotic features such as bleb-
bing and DNA condensation (Fig. 2E, bottom panels), whereas
parental L929sA cells had a typical necrotic morphology (Fig.
2E, upper panels). Together, these results demonstrate that
absence of the ID of RIPK1 causes L929sA cells to respond to
TNF by apoptosis rather than by necroptosis. This finding indi-
cates that apoptosis in parental L929sA cells is inhibited by a
RIPK1-dependent mechanism that relies on RIPK1 ID.

Ectopic Expression of RIPKIAID Promotes Formation of
Caspase-8-activating Complex Independently of TRADD—In-
ternalization of TNFR1 induces the transition from a prosur-
vival complex I to a cytosolic death-inducing complex II that
contains FADD, caspase-8, RIPK1, and RIPK3 (2, 27). Depen-
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ding on the stimulus and cell line, other signaling molecules,
such as TRADD, might also be present in this complex (2, 23).

Our results indicated that distinct functional complexes are
formed during necroptotic and RIPK1AID-dependent apopto-
tic cell death in response to TNF. We therefore analyzed the
composition of TNFR1 complex II by immunoprecipitating
FADD in parental and RIPK1AID-expressing L929sA cells after
different durations of TNF stimulation. We found similar time-
dependent increases in recruitment of endogenous RIPK1 to
FADD, with a peak between 60 and 120 min in both cell types
(Fig. 3A). The recruitment of RIPKIAID to FADD in cells
expressing RIPK1AID followed similar kinetics (Fig. 3A4). In
contrast, recruitment of caspase-8 to FADD 2 h after TNF
treatment was enhanced only in cells expressing RIPK1AID
(Fig. 3A), which is in line with the shift of these cells toward
apoptosis. Furthermore, caspase-8 activation in RIPK1AID-ex-
pressing cells was confirmed by immunoprecipitating pro-
cessed caspase-8 p45 fragments using biotin-IETD-fmk as an
activity-based probe (supplemental Fig. S2). Together, those
results suggest that absence of RIPK1 ID allows apoptotic sig-
naling by facilitating the formation of the caspase-8 activating
complex. In contrast to caspase-8, no substantial levels of
TRADD could be detected in the necroptotic or apoptotic cell
death-inducing complex (Fig. 3A4), illustrating that the presence
of TRADD in TNFR1 complex II might vary with cell type and
stimulus (2, 23).
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FIGURE 2. Ectopic expression of RIPK1AID induces a shift from necroptosis to apoptosis in response to TNF. A, parental and RIPK1AID-expressing L929sA
cells were stimulated with hTNF (10,000 IU/ml) and cell death (% PI-positive cells) was analyzed by flow cytometry. B, cells from A were freeze-thawed, and their
content of hypoploid DNA was analyzed by flow cytometry. Cand D, parental and RIPK1AID-expressing L929sA cells were stimulated with hTNF (10,000 1U/ml)
for the indicated time points. Lysates were collected and analyzed for caspase-3 cleavage (Casp-3; C) and caspase activity (D). Error bars represent standard
deviation of biological triplicates. E, parental and RIPK1AID-expressing L929sA cells were stained with Hoechst 33242 (blue) and Pl (red) for live-cellimaging and
monitored for 12 h after stimulation with hTNF (10,000 IU/ml). Representative overlay snapshots of the fluorescent and transmitted light images at the

indicated time points after hTNF stimulation are shown. Scale bar, 20 um.

To confirm the contribution of caspase-8 in TNF-induced
apoptosis in cells expressing RIPK1AID, and to further investi-
gate the role of TRADD therein, cells deficient in caspase-8 or
TRADD were generated by an RNAi technique (Fig. 3, D and
G). Knockdown of caspase-8 abrogated TNF-induced caspase
activity (Fig. 3B). However, this did not rescue the cells from
TNEF-induced cell death (Fig. 3C). On the contrary, cell death
was accelerated, even when caspase activity was absent, indicat-
ing that cells underwent a shift back to caspase-independent
necroptosis. In these conditions, Nec-1 or knockdown of RIPK3
strongly diminished TNF-induced cell death (supplemental
Fig. S3, A and B). Addition of the pan-caspase inhibitor Z-VAD-
fmk to L929sA cells expressing RIPK1AID induced a similar
shift to necroptosis in response to TNF (supplemental Fig.
S3C). These results illustrate that caspase-8 deficiency or inhi-
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bition favors necroptosis, as demonstrated by others in cell
lines (19, 31, 38) and recently also in vivo (39 —41). On the other
hand, knockdown of TRADD affected neither caspase activity
nor apoptotic cell death (Fig. 3, E-G), which is in agreement
with the observation that TRADD is not present in TNFR1
complex II when RIPK1AID is expressed. This resembles the
apoptotic pathway activated when TNF and Smac mimetics are
used together (23).

In Absence of ID of RIPKI, TNF-induced Formation of
Caspase-8 Activating Complex II Requires RIPK1 Kinase
Activity—RIPK1 kinase activity is crucial not only for TNF-
induced necroptosis but also for apoptosis under specific con-
ditions, e.g. after TNF stimulation in the presence of Smac
mimetics (23, 42, 43). Therefore, we investigated whether
RIPK1 kinase activity contributes to TNF-induced apoptosis in

JOURNAL OF BIOLOGICAL CHEMISTRY 14867


http://www.jbc.org/cgi/content/full/M111.288670/DC1
http://www.jbc.org/cgi/content/full/M111.288670/DC1
http://www.jbc.org/cgi/content/full/M111.288670/DC1
http://www.jbc.org/cgi/content/full/M111.288670/DC1

RIPK1 Kinase-dependent Apoptosis

A IP FADD Whole cell lysates
Parental RIPK1AID

hTNF (min) 0 30 60 120 180 0 30 60 120 180

Parental RIPK1AID
hTNF (min) Ctl 0 30 60 120180 Ctrl 0 30 60 120 180

erGDapes > TBenan o

Caspase-8 | - : ”
*

—_--<FL

FADD

— - ————

———— e ——— — *

gy e — == =7 =T

— — - *

— — -— .- > —= — — — .|

RIPK1

: n-..qj AID 9y g
TRADD | G G A e O & o o o ) e D G S e i e o
Lo wov oy wwer v ol SRR D e L e oo -

B 120 C D

25 2 S

S © 100 1 gsiCtrl Q osiCtrl siCtrl siCasp8

= o0

8 S 801 msicasps © BsiCasp8 Caspase-8

$2 o0 3

82 4 g

S2 2 Tubulin

© o
w2
oo X
0
0 1 2 4 6 8 0 15 3 45 6 75
Hours after hnTNF Hours after hnTNF

E F'owoy G

>z . ® osiCtrl

2 5 190 osicow 8 mSITRADD SiCtl STRADD

% 8_ 80 msiTRADD [}

o = TRADD

22 60 =

©

gg 40 2 )

LB 4 T Tubulin

ag ®

o

0o 1 2 4 6 8 0 15 3 45 6 75
Hours after hnTNF Hours after h\TNF

FIGURE 3. Ectopic expression of RIPK1AID promotes the formation of a caspase-8 activating complex. A, parental and RIPK1AID-expressing L929sA cells
were stimulated with hTNF (10,000 IU/ml) after pretreatment with Z-VAD-fmk (20 um). Lysates were made at the indicated time points, and FADD was
immunoprecipitated. Levels of FADD, caspase-8, RIPK1, RIPK1AID, and TRADD in the immunocomplex were measured by Western blot. An asterisk indicates
nonspecific bands. Band C, L929sA cells expressing RIPK1AID were transfected with siRNA targeting caspase-8 before stimulation with hTNF (10,000 IU/ml).
Caspase activity (B) and cell death (C) (% Pl-positive cells measured using a BDPathway™ 855 instrument) were analyzed at the indicated time points. D,
Western blot showing efficiency of caspase-8 knockdown. E and F, L929sA cells expressing RIPK1AID were transfected with siRNA targeting TRADD before
stimulation with hTNF (10,000 IU/ml). Caspase activity (E) and cell death (F) (% Pl-positive cells measured using a BDPathway ™ 855 instrument) were analyzed

at the indicated time points. G, Western blot showing efficiency of TRADD knockdown. Error bars represent S.D. of biological triplicates. Ctrl, control.

cells expressing RIPK1AID. Inhibition of RIPK1 kinase activity
by Nec-1 almost completely inhibited the apoptotic response to
TNEF (Fig. 4A4), and this inhibition persisted for 18 h after stim-
ulation (Fig. 4B). These results clearly indicate that activation of
RIPK1 kinase activity is causally linked to TNF-induced apo-
ptosis in this cellular system.

Next, we investigated whether Nec-1 affects the formation of
TNEFR1 complex IL In line with the observation that Nec-1
rescued cells expressing RIPK1AID from TNF-induced apopto-
sis, Nec-1 pretreatment almost completely abrogated the inter-
action of caspase-8 with FADD (Fig. 4C). In addition, recruit-
ment of endogenous RIPK1 and ectopic RIPKIAID in the
FADD complex was significantly decreased. Collectively, these
results indicate that RIPK1AID promotes the formation of a
caspase-8-activating complex by a mechanism that requires
RIPK1 kinase activity.

Remarkably, our cellular model of RIPK1 kinase-dependent
apoptosis is very similar to the TNF plus Smac mimetic model.
Smac mimetics induce autodegradation of cIAPs, preventing
TAKI1 recruitment and activation of the MAPK and NF-«B
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pathways and preventing RIPK1 from integrating into and acti-
vating death complexes (7, 11-13). Depending on the cell line,
this enhances either necrotic or apoptotic cell death. Because of
the close resemblance of our model to the Smac mimetic model,
we checked whether ectopic expression of RIPK1AID affected
cIAP1 levels after TNF stimulation. cIAP1 levels remained
unchanged during RIPK1-dependent apoptosis in cells express-
ing RIPK1AID (Fig. 4D).

In conclusion, our cellular system provides an elegant genetic
model for studying RIPK1 kinase-dependent apoptosis. In con-
trast to the TNF plus Smac mimetic model, in our model,
RIPK1 kinase-dependent apoptosis does not rely on cIAP
depletion, making it particularly interesting for identifying
RIPK1 targets in apoptotic signaling.

Reconstitution of RIPK1-deficient Cells with RIPKIAID Leads
to TNF-mediated RIPK1 Kinase-dependent Apoptosis—To
evaluate the contribution of endogenous RIPK1 to our obser-
vations, L929sA cells deficient in RIPK1 were generated by sta-
ble expression of a miRNA directed against the 3’ UTR of the
RIPK1 mRNA (Fig. 5A4). As previously reported, L929sA cells
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with hTNF (10,000 IU/ml) for the indicated durations. Lysates were made and an

deficient in RIPK1 switch from a necrotic to an apoptotic path-
way in response to TNF, which occurs independently of RIPK1
kinase activity (Fig. 5, B and D) (44). Interestingly, expression of
RIPKIAID in RIPK1-depleted cells delayed caspase activation
and shifted the cell death response to RIPK1 kinase-dependent
apoptosis, as Nec-1 prevented against caspase activation and
consequent cell death (Fig. 5, C and D). These results further
suggest that endogenous RIPK1 is not involved in apoptosis
induction and that RIPK1 ID prevents RIPK1 kinase activity
from initiating apoptotic signaling. Interestingly, whereas addi-
tion of zVAD-fmk to wild-type L929sA cells expressing
RIPK1AID shifted the response to necrosis (supplemental Fig.
S3C), Z-VAD-fmk protected the RIPK1-depleted cells reconsti-
tuted with RIPK1AID (Fig. 5E). These results indicate that
endogenous RIPK1 is required for the switch back to the
necrotic signaling cascade in the wild-type L929sA cells
expressing RIPK1AID.

DISCUSSION

The last decade of research revealed an important role for
RIPK1 in TNFRI1 signaling pathways, involving different RIPK1
domains and posttranslational modifications (28, 45). Most cell
lines respond to TNF by activating prosurvival or proinflamma-
tory pathways and require the addition of transcriptional or

AV DN
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ific bands. D, parental and RIPK1AID-expressing L929sA cells were stimulated
alyzed for clAP1 levels by Western blot.

translational inhibitors for cell death to occur. Alternatively,
addition of Smac mimetics has been shown to greatly sensitize
cells to death, which in most cell lines is executed via an apo-
ptotic program. Although RIPK1 is dispensable for the classical
apoptotic pathway induced by TNF, in the presence of Smac
mimetics, RIPK1 is converted into a prodeath molecule that is
required for the formation of a caspase-8 activating complex (7,
9,19, 21-23). In this study, by performing a structure-function
analysis of RIPK1 in TNF signaling, we observed that ectopic
expression of a RIPK1 mutant lacking the intermediate domain
(RIPK1AID) in L929sA cells converted the cellular response to
TNF from RIPK1 kinase-dependent necroptosis to RIPK1
kinase-dependent apoptosis. Thus, our experimental setup rep-
resents a genetic cellular model for RIPK1 kinase-dependent
apoptosis, which resembles the apoptotic pathway in response
to TNF plus Smac mimetics in several aspects (23). First,
because in both cellular systems RIPK1 cannot be conjugated
with non-degradative polyubiquitin chains, TNFR1 complex I
signaling is abrogated. Second, formation of the caspase-8-ac-
tivating complex is enhanced in both systems, and the complex
is devoid of TRADD. This indicates that RIPK1 kinase-depen-
dent apoptosis is different from classical apoptosis, in which
TRADD serves as an initial platform for recruitment of FADD
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and caspase-8 (2, 44, 46, 47). Third, both pathways require
kinase-active RIPK1 for formation of the caspase-8-activating
complex and subsequent cell death, which were abrogated in
the presence of kinase-inactive RIPK1.

The observed shift from TNF-induced necrosis to apoptosis
upon deletion of the ID domain suggests that the ID domain
harbors an anti-apoptotic function. Indeed, RIPK1AID lacks
both the Lys-377 ubiquitylation site and the RHIM domain, the
absence of which eliminates both survival signaling and
necroptotic signaling, respectively. Therefore, it is conceivable
that the simultaneous deletion of both functions is the cause of
the observed shift in cell death mode from necroptosis to apo-
ptosis. However, blockade of survival signaling and necroptosis
in parental L929sA cells by depletion of both cIAPs and RIPK3
does not cause a shift to apoptosis but instead cells survive (11),
indicating that an additional anti-apoptotic function resides in
RIPK1 ID.

Depleting caspase-8 in RIPK1AID-expressing cells shifted
the TNF response back to RIPK-dependent necroptosis. Thus,
our data illustrate that TNF-induced cell death in L929sA cells
is regulated at several levels by RIPK1 ID and caspase-8. Paren-
tal cells by default activate RIPK1/RIPK3 kinase-dependent
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necroptosis. However, deleting the RIPK1 ID apparently
removes an anti-apoptotic signal emanating from the ID, and
the result is RIPK1 kinase-dependent apoptosis. In turn, deple-
tion of caspase-8 in these conditions redirects the cell death
response to RIPK1/RIPK3 kinase-dependent necroptosis.
These results are in line with the observation that the proapo-
ptotic proteins caspase-8 and FADD negatively regulate RIPK1/
RIPK3-dependent necroptosis not only on the cellular level (19,
31, 38), but also in vivo (39 —41). Deletion of RIPK1 and RIPK3
rescued embryonic lethality of FADD and caspase-8 deficiency
in mice, respectively, indicating that embryonic lethality in
these mice is caused by massive necrosis (39 —41). As blockade
of caspase activation in RIPK1-depleted 1L929sA cells reconsti-
tuted with RIPK1AID did not result in a shift to necrosis, we think
that the necrotic signaling in L929sA cells expressing both endog-
enous RIPK1 and RIPKIAID is due to recruitment of RIPK3 via
RHIM-mediated interaction by endogenous RIPK1.

Our genetic cellular model may have some advantages over
the Smac mimetic model for studying RIPK1 kinase-dependent
apoptotic pathways. Smac mimetics induce autodegradation of
cIAP1 and cIAP2 and affect XIAP activity, thereby abrogating
all their functions, which extend beyond mere inhibition of
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RIPK1 polyubiquitylation. For example, XIAP effectively binds
and inhibits caspase-3, -7, and -9, whereas cIAP1/2 might target
caspase-3 and -7 for proteasome-mediated degradation (48,
49). Hence, Smac mimetics not only sensitize for cell death by
their action on RIPK1 but also by relieving caspase inhibition.
Since expression of RIPK1AID specifically targets RIPK1 sig-
naling in TNFR1 complex I without affecting the function of
XIAP and other functions of cIAP1/2, as is the case when using
Smac mimetics, the L929sA cell line expressing RIPK1AID can
be considered an elegant genetic model of TNF-induced apo-
ptosis that is RIPK1 kinase-dependent. This cellular model of
RIPK1 kinase-dependent apoptosis has several potential appli-
cations. It is of particular interest for investigating the underly-
ing mechanisms that drive cells to either RIPK1/RIPK3 kinase-
dependent necroptosis in parental L929sA cells or to apoptosis
in RIPKIAID expressing 1L929sA cells in response to the same
death stimulus. To date, downstream substrates of RIPK1 dur-
ing necroptotic or apoptotic signaling are unknown. Use of this
cellular system in phosphoproteomic studies will allow identi-
fication of the differential RIPK1-mediated phosphoproteome
in both signaling pathways.

Finally, our results shed new light on the use of necrostatin-1
in vivo. Nec-1 currently is used as an inhibitor of necroptosis
and has been proven successful in the treatment of several path-
ological conditions such as neurodegenerative diseases, ische-
mia-reperfusion injury, myocardial infarction, and head
trauma (50-53). However, one should interpret these results
with caution as RIPK1 kinase activity is not linked exclusively to
TNF-induced necroptosis but in some conditions it is also crit-
ical for activating caspase-8 in TNFR1 complex II. RIPK1
kinase-dependent apoptosis has been demonstrated in the
presence of Smac mimetics (23) as well as after stimulation with
TWEAK, which induces cIAP degradation upon binding to its
cognate receptor FN14 and thus represents a more physiologi-
cal context in which RIPK1 kinase-dependent apoptosis may
occur (54, 55). Hence, protection by Nec-1 points to involve-
ment of the RIPK1 kinase activity, which does not necessarily
mean that necroptosis is implicated. In these studies, precise
analysis of cell death mode and/or validation of the results in
RIPK3-deficient conditions is therefore appropriate.
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