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Background: Rhabdomyosarcomas (RMS) are often resistant to TRAIL-induced apoptosis.
Results: IAP inhibitors prime RMS cells to TRAIL receptor 2-induced apoptosis in a RIP1-dependent but TNF�-independent
manner.
Conclusion: RIP1 is a critical regulator of IAP inhibitor/TRAIL receptor 2-triggered apoptosis.
Significance: These findings have important implications for the development of novel treatment strategies for RMS.

Searching for new strategies to trigger apoptosis in rhabdomyo-
sarcoma (RMS), we investigated the effect of two novel classes of
apoptosis-targeting agents, i.e. monoclonal antibodies against
TNF-relatedapoptosis-inducing ligand(TRAIL) receptor1 (mapa-
tumumab) andTRAIL receptor 2 (lexatumumab) and small-mole-
cule inhibitors of inhibitor of apoptosis (IAP) proteins. Here, we
report that IAP inhibitors synergized with lexatumumab, but not
withmapatumumab, to reduce cell viability and to induce apopto-
sis in several RMS cell lines in a highly synergisticmanner (combi-
nation index<0.1).Cotreatment-inducedapoptosiswasaccompa-
nied by enhanced activation of caspase-8, -9, and -3; loss of
mitochondrial membrane potential; and caspase-dependent apo-
ptosis. In addition, IAP inhibitor and lexatumumab cooperated to
stimulate the assembly of a cytosolic complex containing RIP1,
FADD, and caspase-8. Importantly, knockdown of RIP1 by RNA
interference prevented the formationof theRIP1�FADD�caspase-8
complex and inhibited subsequent activation of caspase-8, -9, and
-3; loss ofmitochondrialmembrane potential; and apoptosis upon
treatmentwith IAP inhibitor and lexatumumab. In addition, RIP1
silencing rescued clonogenic survival of cells treatedwith the com-
binationof lexatumumaband IAP inhibitor, thusunderscoring the
critical roleofRIP1 in cotreatment-inducedapoptosis. By compar-
ison, the TNF�-blocking antibody Enbrel had no effect on IAP
inhibitor/lexatumumab-induced apoptosis, indicating that an
autocrine TNF� loop is dispensable. By demonstrating that IAP
inhibitors and lexatumumab synergistically trigger apoptosis in a
RIP1-dependentbutTNF�-independentmanner inRMScells,our
findings substantially advanceourunderstandingof IAP inhibitor-
mediated regulation of TRAIL-induced cell death.

TNF-related apoptosis-inducing ligand (TRAIL)2 directly
engages the extrinsic (death receptor) pathway of apoptosis and
is therefore considered as a promising cancer therapeutic (1).
Upon binding of TRAIL to its receptors, a death-inducing sig-
naling complex is assembled that drives caspase-8 activation
(1). In turn, activated caspase-8 either cleaves downstream
effector caspases such as caspase-3 or engages the intrinsic
(mitochondrial) pathway of apoptosis. Mitochondrial outer
membrane permeabilization involves the release of cytochrome
c and second mitochondria-derived activator of caspases
(Smac) into the cytosol, where cytochrome c promotes
caspase-9 activation, whereas Smac antagonizes inhibitor of
apoptosis (IAP) proteins (2).
Resistance to TRAIL-induced apoptosis frequently occurs in

human cancers, e.g. due to the dominance of anti-apoptotic
programs (3). For example, many cancers harbor high levels of
IAP proteins (4). In an attempt to antagonize IAP proteins,
small-molecule IAP inhibitors were designed that mimic the
N-terminal part of Smac and interfere with the X-linked inhib-
itor of apoptosis (XIAP)-imposed inhibition of caspases (4). In
addition, IAP inhibitors trigger proteasomal degradation of
cIAP proteins by stimulating their E3 ligase activity (5, 6).
Depletion of cIAP proteins favors the deubiquitination of
receptor-activating protein 1 (RIP1), which in turn forms
together with FADD and caspase-8 a platform that promotes
caspase-8 activation (7, 8). Degradation of cIAP proteins also
engages the non-canonical NF-�B pathway via stabilization of
NF-�B-inducing kinase, which stimulates the production of
prototype NF-�B target genes such as TNF� (5, 6). During IAP
inhibitor-induced apoptosis, TNF� has been reported to pro-
mote apoptosis in an autocrine/paracrine loop (5, 6).
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Rhabdomyosarcoma (RMS) is the most frequent pediatric
soft tissue sarcoma (9). There are twomost common patholog-
ical subtypes, i.e. embryonal and alveolar (9). The prognosis for
children with RMS is still poor irrespective of aggressive multi-
modal treatment protocols (10), underscoring the need for
innovative therapeutic approaches. Searching for novel strate-
gies to trigger apoptotic cell death in RMS cells, we evaluated
two agonistic TRAIL receptor (TRAIL-R)-specific antibodies
against TRAIL-R1 and TRAIL-R2, i.e.mapatumumab and lexa-
tumumab, alone and in combination with small-molecule IAP
inhibitors.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—RMS cell lines were obtained
from the American Type Culture Collection (Manassas, VA)
and maintained in RPMI 1640 medium or DMEM (Invitrogen)
supplemented with 10% FCS (Biochrom, Berlin, Germany), 1
mM glutamine (Invitrogen), 1% penicillin/streptomycin (Invit-
rogen), and 25 mM HEPES (Biochrom). N-Benzyloxycarbonyl-
Val-Ala-Asp-fluoromethyl ketone (Z-VAD-fmk) was pur-
chased from Bachem (Heidelberg, Germany), recombinant
human TNF� from Biochrom, necrostatin-1 from Biomol
GmbH (Hamburg, Germany), and all chemicals from Sigma
unless indicated otherwise. Enbrel was kindly provided by
Pfizer. The fully human agonist monoclonal antibodies against
TRAIL-R1 and TRAIL-R2, mapatumumab and lexatumumab,
respectively, were kind gifts from Human Genome Sciences,
Inc. (Rockville, MD) (11). IAP inhibitor 2 corresponds to com-
pound 11 described by Oost et al. (12), and IAP inhibitor 3 was
described by Chao et al. (13), and they were kindly provided by
Idun Pharmaceuticals (now Pfizer).
RNA Interference—For stable gene knockdown, shRNA tar-

geting RIP1 sequence (ccactagtctgacggataa) or a control
sequence with no corresponding part in the human genome
(gatcatgtagatacgctca) was cloned into pGreenPuro, and lentivi-
rus-containing supernatants were generated as described pre-
viously (14). Stable cell lines were produced by selection with 1
�g/ml puromycin (Sigma).
Determination of Apoptosis, Cell Viability, and Colony

Formation—Apoptosis was determined by fluorescence-acti-
vated cell sorting analysis (FACSCanto II cytometer, BDBiosci-
ences) of DNA fragmentation of propidium iodide-stained
nuclei as described previously (15). Cell viability was assessed
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay according to themanufacturer’s instructions
(Roche Diagnostics). For colony assay, cells were seeded as sin-
gle cells (200 cells/well) in 6-well plates for 24 h and treated for
48 h before the medium was exchanged with fresh drug-free
medium, and cells were cultured for an additional 10 days
before staining with 0.75% crystal violet, 50% ethanol, 0.25%
NaCl, and 1.57% formaldehyde.
Western Blot Analysis—Western blot analysis was performed

as described previously (15) using the following antibodies:
mouse anti-caspase-8 (Alexis Biochemicals, Grünberg, Ger-
many),mouse anti-FADD andmouse anti-XIAP (clone 28) (BD
Transduction Laboratories), rabbit anti-caspase-3 and mouse
anti-caspase-9 (Cell Signaling, Beverly, MA), rabbit anti-
TRAIL-R2 (Chemicon, Billerica, MA), goat anti-cIAP1 (R&D

Systems, Wiesbaden, Germany), and rabbit anti-cIAP2 (Epito-
mics, Burlingame, CA). Mouse anti-GAPDH (HyTest Ltd.,
Turku, Finland) and mouse anti-�-actin (Sigma) antibodies
were used as loading controls. Horseradish peroxidase-conju-
gated goat anti-mouse IgG, donkey anti-goat IgG, and goat
anti-rabbit IgG (Santa Cruz Biotechnology) and horseradish
peroxidase-conjugated goat anti-mouse IgG1 and goat anti-
mouse IgG2b (Southern Biotech, Birmingham, AL) were used
as secondary antibodies. Enhanced chemiluminescence (Amer-
sham Biosciences) was used for detection. Representative blots
of at least two independent experiments are shown.
Immunoprecipitation—Immunoprecipitation of caspase-8

was performed as described previously (14). Briefly, cells were
lysed in Nonidet P-40 buffer (10 mM Tris (pH 8.0), 150 mM

NaCl, and 1% Nonidet P-40 supplemented with one protease
inhibitor tablet (Roche Diagnostics)). 1 mg of protein was incu-
batedwith 10�g ofmouse anti-caspase-8 antibody overnight at
4 °C, followed by the addition of 20�l of Dynabeads pan-mouse
IgG (Invitrogen), and then incubated for 2 h at 4 °C and washed
with Nonidet P-40 buffer. Caspase-8 was detected using rabbit
anti-caspase-8 monoclonal antibody (Epitomics), and RIP1 or
FADD was detected with mouse anti-RIP antibody (BD Biosci-
ences) or mouse anti-FADD antibody, respectively.
Cell Surface Staining—To determine surface expression of

TRAIL receptors, cells were incubated with mouse anti-
TRAIL-R1–R4 antibodies (10 �g/ml; all from Alexis Biochem-
icals) for 30 min at 4 °C, washed with PBS containing 1% FCS,
incubated with biotin-conjugated rabbit anti-mouse F(ab�)2
IgG (5 �g/ml; BD Biosciences) for 20 min at 4 °C in the dark,
washed with PBS containing 1% FCS, incubated with phyco-
erythrin-conjugated streptavidin (0.25 �g/ml; BD Biosciences)
for 20 min at 4 °C in the dark, and analyzed by flow cytometry.
Determination of Mitochondrial Membrane Potential—To

determine the mitochondrial membrane potential (MMP),
cells were incubated with tetramethylrhodamine methyl ester
(1 �M; Molecular Probes) for 30 min at 37 °C and immediately
analyzed by flow cytometry.
Statistical Analysis—Statistical significance was assessed by

Student’s t test (two-tailed distribution, two-sample, unequal
variance). Interaction between IAP inhibitors and lexatu-
mumab was analyzed by the combination index method based
on that described by Chou (16) using CalcuSyn software (Bio-
soft, Cambridge, United Kingdom). A combination index of
�0.9 indicates synergism, 0.9–1.1 indicates additivity, and
�1.1 indicates antagonism.

RESULTS

IAP Inhibitors Sensitize RMSCells to Lexatumumab-induced
Apoptosis—In a first approach, we examined the expression
levels of TRAIL receptors and IAP proteins in several RMS cell
lines, which represent the two major subtypes of RMS, i.e.
embryonal RMS (RD and TE671) and alveolar RMS (RMS13,
Rh30, and Rh41). RMS cell lines predominately expressed
TRAIL-R2 and also displayed variable levels of TRAIL-R3 and
TRAIL-R4, whereas low levels of TRAIL-R1were detected (Fig.
1A). The predominant expression of TRAIL-R2 compared with
TRAIL-R1 in RMS cell lines is consistent with a recent report
(17). Expression of cIAP1, XIAP, and survivin was detected in
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all analyzed cell lines, whereas cIAP2 protein was detected only
in Rh30 cells (Fig. 1B).
In the next step, we examined the responsiveness of RMS cell

lines to fully human monoclonal antibodies that specifically
bind to TRAIL-R1 (i.e.mapatumumab) or TRAIL-R2 (i.e. lexa-
tumumab). Mapatumumab exerted little effect on the cell via-
bility of RMS cell lines even at a relatively high concentration
(10 �g/ml) (Fig. 1C). By comparison, lexatumumab decreased
cell viability in a dose-dependent manner in RD, Rh30, and
TE671 cells, but not in RMS13 and Rh41 cells (Fig. 1D). There
was no direct correlation between the responsiveness of RMS
cell lines to lexatumumab and TRAIL-R2 surface levels (Fig. 1,
A and D). These findings are in line with our previous results
obtained in pancreatic carcinoma cell lines (18) and with a

recent study on RMS (17). This suggests that other factors in
addition to TRAIL receptor surface expression determine the
responsiveness of RMS cells to anti-TRAIL receptor antibodies.
Furthermore, we tested the effect of small-molecule IAP inhib-
itors on cell viability. RMS cell lines failed to respond to single-
agent treatment with two different IAP inhibitors that mimic
the N-terminal tetrapeptide motif of Smac (Fig. 1, E and F).

We then investigated whether IAP inhibitors are able to
sensitize RMS cells to TRAIL receptor agonists. Interest-
ingly, we found that the addition of either of the two IAP
inhibitors significantly enhanced lexatumumab-induced
loss of cell viability in a concentration-dependent manner in
RD, TE671, Rh30, and Rh41 cells, whereas little cooperative
interaction was observed in RMS13 cells (Fig. 2B). In con-

FIGURE 1. Expression of apoptosis-signaling proteins in RMS cells and effect of mapatumumab, lexatumumab, and IAP inhibitor 3 on cell viability.
A, cell surface expression of TRAIL-R1–R4 was determined by flow cytometry in RMS cell lines. The expression levels of TRAIL receptors are shown relative to the
isotype control. Means � S.D. of three independent experiments performed in triplicate are shown. B, the expression levels of cIAP1, cIAP2, XIAP, and survivin
were assessed by Western blot analysis in RMS cell lines. �-Actin was used as a loading control. Representative blots of two independent experiments are
shown. C–F, RMS cell lines were treated for 48 h with the indicated concentrations of mapatumumab (C), lexatumumab (D), IAP inhibitor 2 (IAP inh.2; E), and IAP
inhibitor 3 (IAP inh.3; F). Cell viability was determined by MTT assay and is expressed as a percentage of untreated controls. Means � S.D. of three independent
experiments performed in triplicate are shown.
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trast, both IAP inhibitors failed to potentiate mapatu-
mumab-induced cytotoxicity (Fig. 2A).
To explore in more detail the molecular mechanisms of the

cooperative interaction of IAP inhibitors and lexatumumab, we
selected the cell lines RD and Rh30 to represent embryonal
RMS and alveolar RMS as the two major subtypes of RMS. In
addition, we focused on IAP inhibitor 3 because we obtained
comparable results with the two IAP inhibitors. To investigate
whether cells die via apoptotic cell death, we analyzed DNA

fragmentation as a hallmark of apoptosis.Of note, IAP inhibitor
3 significantly increased lexatumumab-inducedDNA fragmen-
tation in a dose-dependent fashion (Fig. 3A). Calculation of the
combination index confirmed that the interaction of IAP inhib-
itor 3 and lexatumumab to induce apoptosis is highly synergis-
tic (supplemental Table 1). Kinetic studies showed that IAP
inhibitor 3 cooperated with lexatumumab to trigger apoptosis
in a time-dependent manner (Fig. 3B). Together, this set of
experiments demonstrates that IAP inhibitors sensitize several

FIGURE 2. IAP inhibitors sensitize RMS cells to lexatumumab, but not to mapatumumab. RMS cell lines were treated with the indicated concentrations of
mapatumumab (A), lexatumumab (B), and/or 10 �M IAP inhibitors (IAP Inh) for 48 h. Cell viability was determined by MTT assay and is expressed as a percentage
of untreated controls. Means � S.D. of three independent experiments performed in triplicate are shown. *, p � 0.05; **, p � 0.001 comparing cells treated with
lexatumumab in the absence and presence of IAP inhibitors.
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RMS cell lines to lexatumumab-induced apoptosis in a syner-
gistic manner.
IAP Inhibitor Cooperates with Lexatumumab to Trigger

Caspase Activation, Mitochondrial Perturbation, and Caspase-
dependent Apoptosis—We then analyzed the effect of IAP
inhibitor 3 on lexatumumab-triggered signaling events. Moni-
toring of caspase activation by Western blot analysis showed
that IAP inhibitor 3 acted in concert with lexatumumab to
induce cleavage of caspases into active fragments, including
cleavage of caspase-8 into p43/p41/p18 fragments, cleavage of
caspase-9 into p37/p35 fragments, and cleavage of caspase-3
into p17/p12 fragments (Fig. 4A). Also, the proenzyme forms of
caspase-8, -9, and -3 decreased in cotreated cells (Fig. 4A), fur-
ther supporting the notion that caspases are proteolytically
turned over. To explorewhether cell death depends on activation
of caspases, we tested the effect of the wide-spectrum caspase
inhibitor Z-VAD-fmk. The addition of Z-VAD-fmk profoundly
reduced IAP inhibitor- and lexatumumab-induced apoptosis and
rescued loss of cell viability (Fig. 4, B and C), demonstrating that
cell death occurs in a caspase-dependent manner.
To investigate the effect of the combination treatment on

mitochondrial functions, we assessed theMMP. IAP inhibitor 3

significantly enhanced lexatumumab-induced loss of MMP
compared with treatment with lexatumumab alone in a time-
dependent fashion (Fig. 4D). Because apoptosis triggered by
monotherapy with IAP inhibitors has been attributed to a
TNF�-mediated autocrine cell death loop that drives activation
of the caspase cascade (5, 6), we next tested whether the addi-
tion of the TNF�-blocking antibody Enbrel rescues cells from
IAP inhibitor- and lexatumumab-induced apoptosis. However,
Enbrel failed to block the combination treatment-mediated
apoptosis or loss of viability (supplemental Fig. 1, A and B). By
comparison, Enbrel inhibited the IAP inhibitor 3- and TNF�-
triggered loss of viability that was used as a positive control
(supplemental Fig. 1C). These experiments show that the IAP
inhibitor promotes lexatumumab-mediated caspase activation,
loss ofMMP, and apoptosis in a caspase-dependent but TNF�-
independent manner.
IAP inhibitor and Lexatumumab Cooperate to Trigger

RIP1�FADD�Caspase-8 Complex Formation—Because IAP
antagonists were reported to trigger proteasomal degradation
of RING domain-containing IAP proteins (5, 6), we monitored
their expression levels upon treatment with IAP inhibitor 3
and/or lexatumumab. Exposure to IAP inhibitor 3 resulted in

FIGURE 3. IAP inhibitor 3 and lexatumumab cooperate to induce apoptosis. RD and Rh30 cells were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3
(IAP Inh.3) and/or the indicated concentrations of lexatumumab for 48 h (A) or with 0.2 �g/ml (RD) or 1 �g/ml (Rh30) lexatumumab (Lexa) and/or 1 �M (RD) or
2.5 �M (Rh30) IAP inhibitor 3 for the indicated time points (B). Apoptosis was determined by FACS analysis of DNA fragmentation of propidium iodide-stained
nuclei. Means � S.D. of three independent experiments performed in triplicate are shown. *, p � 0.05; **, p � 0.001 comparing cells treated with lexatumumab
in the absence and presence of IAP inhibitor 3. DMSO, dimethyl sulfoxide.
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rapid and profound down-regulation of cIAP1, whereas the
expression levels of XIAP and cIAP2 were slightly reduced at
later time points in response to the combination treatment
(Fig. 5A). cIAP2 expression was monitored only in Rh30 cells
because RD cells express little cIAP2 protein (Fig. 1B).

Because depletion of cIAP proteins has been described to
result in RIP1 deubiquitination, which in turn favors the assem-
bly of a cytosolic complex containing RIP1, FADD, and
caspase-8 (7, 19), we next examined the formation of this com-
plex by immunoprecipitation of caspase-8. Interestingly, IAP

FIGURE 4. IAP inhibitor 3 and lexatumumab cooperate to trigger caspase activation, mitochondrial perturbation, and caspase-dependent apoptosis.
A, RD and Rh30 cells were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 (IAP Inh.3) and/or 0.2 �g/ml (RD) or 1 �g/ml (Rh30) lexatumumab (Lexa) for the
indicated times. Caspase activation was assessed by Western blotting. Arrows indicate caspase cleavage fragments. B and C, RD and Rh30 cells were treated for
48 h with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD) or 1 �g/ml (Rh30) lexatumumab in the presence or absence of 20 �M Z-VAD-fmk. Cell
viability was determined by MTT assay and is expressed as a percentage of untreated controls (B). Apoptosis was determined by FACS analysis of DNA
fragmentation of propidium iodide-stained nuclei (C). D, RD and Rh30 cells were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD)
or 1 �g/ml (Rh30) lexatumumab for the indicated times. Loss of MMP was analyzed by flow cytometry using the dye tetramethylrhodamine methyl ester. The
percentage of live cells with loss of MMP is shown. In B–D, means � S.D. of three independent experiments performed in triplicate are shown. *, p � 0.05; **,
p � 0.001.
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FIGURE 5. IAP inhibitor 3 and lexatumumab cooperate to trigger formation of the RIP1�FADD�caspase-8 complex. A, RD and Rh30 cells were treated with
1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 (IAP Inh.3) and/or 0.2 �g/ml (RD) or 1 �g/ml (Rh30) lexatumumab (Lexa) for the indicated times. Expression of cIAP1,
cIAP2, and XIAP was assessed by Western blotting. B, RD and Rh30 cells were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD) or
1 �g/ml (Rh30) lexatumumab for 1 h. Caspase-8 was immunoprecipitated (IP) using an anti-caspase-8 antibody, and the indicated proteins were detected by
Western blot analysis. C and D, RD and Rh30 cells were transduced with control vector (shCtrl) or a vector containing a shRNA sequence against RIP1 (shRIP1).
Expression of RIP1 was analyzed by Western blotting (C). Cells were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD) or 0.3 �g/ml
(Rh30) lexatumumab for 1 h. Caspase-8 was immunoprecipitated using an anti-caspase-8 antibody, and the indicated proteins were detected by Western blot
analysis (D).
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inhibitor and lexatumumab acted together to stimulate the
assembly of the RIP1�FADD�caspase-8 complex, whereas no or
incomplete complex formation was observed upon treatment
with either agent alone (Fig. 5B).
RIP1 Is Required for IAP Inhibitor- and Lexatumumab-in-

duced Apoptosis—To examine whether RIP1 is required for
IAP inhibitor- and lexatumumab-induced apoptosis, we genet-
ically silenced RIP1 by RNAi (Fig. 5C). Of note, knockdown of
RIP1 completely prevented the IAP inhibitor- and lexatu-
mumab-stimulated assembly of the RIP1�FADD�caspase-8
complex (Fig. 5D). Also, RIP1 silencing inhibited activation of
caspase-8, -9, and -3 as well as loss of MMP upon the combina-
tion treatment with IAP inhibitor and lexatumumab (Fig. 6, A
and B). Importantly, RIP1 silencing profoundly inhibited IAP
inhibitor- and lexatumumab-induced DNA fragmentation and
loss of cell viability in both RMS cell lines (Fig. 6C and supple-
mental Fig. 2). In addition, RIP1 knockdown rescued clono-
genic survival of cells treated with the combination of lexatu-
mumab and IAP inhibitor (Fig. 6D), thus pointing to a critical
role of RIP1 in cotreatment-induced apoptosis.
In addition to this genetic strategy, we also employed a phar-

macological approach to inhibit the kinase activity of RIP1
using the allosteric RIP1 inhibitor necrostatin-1 (20). Necrosta-
tin-1 slightly inhibited IAP inhibitor- and lexatumumab-in-
duced apoptosis in RD cells, whereas it did not interfere with
IAP inhibitor- and lexatumumab-induced apoptosis or loss of
cell viability in Rh30 cells (supplemental Fig. 3), indicating that
RIP1 kinase activity is largely dispensable for the combination
treatment-triggered apoptosis. Together, this set of experi-
ments demonstrates that IAP inhibitor and lexatumumab act
together to trigger the formation of a RIP1�FADD�caspase-8
complex, which drives activation of the caspase cascade, mito-
chondrial perturbation, and caspase-dependent apoptosis.

DISCUSSION

Searching for new strategies to trigger apoptosis in RMS, we
explored the effect of two novel classes of apoptosis-targeting
agents, i.e. anti-TRAIL receptor antibodies such as mapatu-
mumab and lexatumumab and small-molecule inhibitors of
IAP proteins. Here, we report for the first time that IAP inhib-
itors represent a promising strategy to potentiate the antitumor
activity of the TRAIL-R2 agonist lexatumumab in RMS. This
conclusion is supported by several independent lines of evi-
dence. IAP inhibitors act in concert with lexatumumab to
induce apoptosis in several RMS cells. This interaction occurs
in a highly synergistic fashion as demonstrated by a combina-
tion index of �0.1. The finding that IAP inhibitors synergize
with lexatumumab, but not with mapatumumab, to induce
apoptosis may be related to the predominant expression of
TRAIL-R2 and very low TRAIL-R1 expression in RMS cells. A
recent study similarly reported that TRAIL-R1 is present at low
levels in RMS cell lines, although the underlying molecular
mechanismswere not identified (17). As epigenetic events have
been described to regulate the expression of apoptosis regula-
tory proteins, including TRAIL receptors and caspase-8 (21,
22), it will be interesting to explorewhether epigenetic silencing
of TRAIL-R1 may contribute to its low expression in RMS.

Mechanistically, IAP inhibitor and lexatumumab cooperate
to trigger the formation of a cytosolic complex containing RIP1,
FADD, and caspase-8, which constitutes a critical platform for
activation of caspase-8 and subsequent activation of apoptosis
signaling pathways, including mitochondrial outer membrane
permeabilization, activation of caspase-9, full activation of
caspase-3, and caspase-dependent apoptosis. Accordingly,
silencing of RIP1 by RNAi inhibits the combination treatment-
stimulated assembly of the RIP1�FADD�caspase-8 complex and
the resulting activation of caspases, loss of MMP, and apopto-
sis. Importantly, RIP1 knockdown also rescues clonogenic sur-
vival of cells treated with the combination of lexatumumab and
IAP inhibitor, thus underscoring the critical role of RIP1 in
cotreatment-induced apoptosis. In contrast, an autocrine
TNF� loop turns out to be dispensable for IAP inhibitor/lexa-
tumumab-induced apoptosis.
By demonstrating that RIP1 is a critical mediator of the syn-

ergism of IAP inhibitors and lexatumumab in RMS cells, our
findings contribute to the growing body of evidence that RIP1
plays an important role in controlling cell death in response to
depletion of IAP proteins. Because cIAP proteins act as E3
ligases that put Lys-63-linked ubiquitin chains onto RIP1, IAP
inhibitor-stimulated proteasomal degradation of cIAP proteins
leads to deubiquitination of RIP1, thereby promoting the inter-
action of RIP1 with FADD and caspase-8 in the cytosol
(7, 19, 23). In this study, we have demonstrated that this
RIP1�FADD�caspase-8 complex is required for the synergistic
induction of apoptosis by IAP inhibitor together with the anti-
TRAIL-R2 agonistic antibody lexatumumab. RIP1 has previ-
ously been identified as a critical mediator of apoptosis follow-
ing treatment with IAP antagonists alone or in combination
with other cell death stimuli, including TNF�, anti-CD95 ago-
nistic antibodies, DNA-damaging drugs, and Toll-like receptor
activation (7, 14, 23–28).
In addition to apoptosis, RIP1 has been identified as a key

regulator of necroptosis (29). In this context, the kinase activity
of RIP1 has been shown to be crucial for necroptosis induction
by phosphorylating RIP3, although some forms of regulated
necrosis independent of RIP1 kinase activity have also been
described (30). In this study, we found that RIP1 kinase activity
is largely dispensable for IAP inhibitor/lexatumumab-induced
apoptosis, whereas RIP1 protein expression is required because
knockdown of RIP1 by RNAi significantly reduced IAP inhibi-
tor/lexatumumab-induced apoptosis, whereas necrostatin-1
had little or no effect. The occurrence of apoptotic rather than
necroptotic cell death in this study is supported by several lines
of evidence, e.g. the detection of typical features of apoptosis
such as DNA fragmentation, caspase activation, loss of MMP,
and rescue by the caspase inhibitor Z-VAD-fmk. This indicates
that the expression of RIP1 protein is required to mediate the
assembly of the RIP1�FADD�caspase-8 complex, which drives
caspase-8 activation, mitochondrial perturbation, and full acti-
vation of the caspase cascade during IAP inhibitor/lexatu-
mumab-induced apoptosis in RMS cells. However, the require-
ment of RIP1 kinase activity for the induction of apoptosis may
depend on the context, e.g. the stimulus and/or cell type,
because we recently reported that inhibition of RIP1 kinase

RIP1 Mediates IAP Inhibitor/TRAIL-induced Apoptosis

38774 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 46 • NOVEMBER 9, 2012

http://www.jbc.org/cgi/content/full/M112.398966/DC1
http://www.jbc.org/cgi/content/full/M112.398966/DC1
http://www.jbc.org/cgi/content/full/M112.398966/DC1


activity by necrostatin-1 significantly decreases IAP inhibitor-
and cytarabine-induced apoptosis in acute leukemia cells (14).
In addition to these insights into the signaling pathways that

are regulated by IAP inhibitors in cancer cells, our study has

important implications for the design of experimental therapies
for RMS that aim to activate apoptosis pathways. The fact that
monotherapy with either the Smac mimetic LCL161 or the
anti-TRAIL-R1 antibody mapatumumab showed little antitu-

FIGURE 6. RIP1 is required for IAP inhibitor 3- and lexatumumab-induced caspase activation, mitochondrial perturbation, and apoptosis. A, cells
transduced with control vector (shCtrl) or a vector containing a shRNA sequence against RIP1 (shRIP1) were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor
3 (IAP Inh.3) and/or 0.2 �g/ml (RD) or 0.3 �g/ml (Rh30) lexatumumab (Lexa) for 6 h. Caspase activation was assessed by Western blotting. Cleavage fragments
are indicated by arrows. B, cells transduced with control vector (white bars) or a vector containing a shRNA sequence against RIP1 (black bars) were treated with
1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD) or 0.3 �g/ml (Rh30) lexatumumab for 18 h (RD) or 12 h (Rh30), and loss of MMP was analyzed
by flow cytometry using tetramethylrhodamine methyl ester dye. The percentage of live cells with loss of MMP is shown. C, cells transduced with control vector
or a vector containing a shRNA sequence against RIP1 were treated with 1 �M (RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or the indicated concentrations of
lexatumumab for 48 h. Apoptosis was determined by FACS analysis of DNA fragmentation of propidium iodide-stained nuclei. D, cells were treated with 1 �M

(RD) or 2.5 �M (Rh30) IAP inhibitor 3 and/or 0.2 �g/ml (RD) or 0.3 �g/ml (Rh30) lexatumumab for 48 h before the medium was exchanged with fresh drug-free
medium, and cells were cultured for an additional 10 days before staining with crystal violet solution. Colonies were counted, and colony formation is
expressed as a percentage of untreated controls. In B–D, means � S.D. of three independent experiments performed in triplicate (B and C) or uniplicate (D) are
shown. *, p � 0.05; **, p � 0.001.
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mor activity in the pediatric preclinical testing program (31, 32)
underscores the relevance to rationally develop combination
therapies to synergistically trigger apoptosis. The concept of
simultaneously targeting IAP proteins and TRAIL receptors is,
in principle, suitable for clinical translation because IAP antag-
onists and anti-TRAIL receptor antibodies have individually
already entered the stage of early clinical evaluation (33, 34). In
addition, we previously reported that IAP inhibitors preferen-
tially prime various cancer types, but not non-malignant cells,
to TRAIL receptor-induced apoptosis, pointing to some cancer
selectivity (35–37). Thus, by demonstrating that IAP inhibitors
and lexatumumab synergistically trigger apoptosis in a RIP1-
dependent and TNF�-independent manner in RMS cells, our
findings have important implications for the development of
experimental treatment strategies for RMS. Beyond RMS, this
study, together with our previous reports (18, 35–38), under-
scores the broader relevance of the concept of simultaneously
targeting IAP proteins and TRAIL receptors as a promising
anticancer strategy.
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