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P rogrammed cell death, or apoptosis, is a geneti-
cally regulated cell suicide mechanism that
plays a major role in development and ho-

meostasis in metazoans (1). Insufficient apoptosis can
lead to the development and progression of human can-
cers (2, 3). Apoptotic cell death can be initiated through
the engagement of cell-surface pro-apoptotic receptors
by their specific ligands or by changes in internal cellu-
lar integrity (4, 5). Both of these pathways converge at
the activation of effector caspases (6). Caspases are
cysteine-dependent aspartyl-specific proteases that
comprise the effector arm of apoptotic cell death (6).
Blockade of programmed cell death enhances cell sur-
vival and contributes to escape from cytotoxic therapies
(7); the inhibitor of apoptosis (IAP) proteins contribute
significantly to this phenomenon (8).

Originally identified over 15 years ago in baculovi-
ruses, IAP proteins are now known in both invertebrates
and vertebrates (9, 10). The IAP proteins are character-
ized by one to three tandem baculovirus IAP repeat (BIR)
domains, and most of them also possess a carboxy-
terminal ubiquitin ligase RING domain (9, 11). Cellular
IAP proteins, c-IAP1 and c-IAP2, were identified through
their ability to interact with tumor necrosis factor
receptor-associated factor 2 (TRAF2) (12). This unique
property among IAP proteins enables recruitment of
c-IAP1 and c-IAP2 to TNFR-signaling complexes where
they regulate the activation of caspase-8 (12, 13).
X-Chromosome-linked IAP (XIAP) is a potent antiapop-
totic protein as a result of its potent inhibition of
caspases (6). For inhibition of caspases 3 and 7, XIAP
utilizes its BIR2 domain, as well as the linker between
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ABSTRACT The inhibitor of apoptosis (IAP) proteins are critical regulators of can-
cer cell survival, which makes them attractive targets for therapeutic intervention
in cancers. Herein, we describe the structure-based design of IAP antagonists with
high affinities and selectivity (�2000-fold) for c-IAP1 over XIAP and their func-
tional characterization as activators of apoptosis in tumor cells. Although capable
of inducing cell death and preventing clonogenic survival, c-IAP-selective antago-
nists are significantly less potent in promoting apoptosis when compared to pan-
selective compounds. However, both pan-IAP- and c-IAP-selective antagonists
stimulate c-IAP1 and c-IAP2 degradation and activation of NF-�B pathways with
comparable potencies. Therefore, although compounds that specifically target
c-IAP1 and c-IAP2 are capable of inducing apoptosis, antagonism of the c-IAP pro-
teins and XIAP is required for efficient induction of cancer cell death by IAP
antagonists.
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BIR1 and BIR2 (14). For caspase-9 inhibition, a peptide-
binding groove on the surface of the BIR3 domain inter-
acts with a conserved four-residue IAP-binding motif
(IBM) exposed at the amino terminus of the small sub-
unit of processed caspase-9 (15, 16).

The antiapoptotic activity of IAP proteins can be an-
tagonized by the second mitochondrial activator of
caspases (SMAC) (17, 18). Various death stimuli trigger
proteolytic processing and subsequent release of SMAC
from mitochondria into the cytoplasm (17, 18). SMAC

processing exposes an IBM (AVPI) that binds the
peptide-binding groove on the surface of the BIR do-
mains of IAP proteins (19−21). A number of IAP antago-
nists that mimic SMAC amino-terminal peptides and dis-
rupt IAP binding to activated caspase-9 and SMAC have
been reported (22−29). These IAP antagonists trigger
apoptosis in cancer cells and inhibit tumor growth in
vivo. Binding of IAP antagonists leads to induction of
c-IAP autoubiquitination activity and rapid proteasomal
degradation of the c-IAP proteins (30−32). Besides neu-
tralizing these antiapoptotic proteins, the IAP antago-
nists activate canonical and non-canonical NF-�B path-
ways and induce cell death that is dependent on TNF
signaling (30−34). The activation of NF-�B pathways by
IAP antagonists is dependent on them binding to the
BIR3 domains of c-IAP1 and 2 and thereby inducing
c-IAP ubiquitin ligase activity (30−32, 35, 36).

Small-molecule IAP antagonists reported to date
generally have high affinities for the BIR3 domain of
XIAP as well as the BIR3 domains of c-IAP1 and 2. To
elucidate the relative importance of c-IAP targeting for
IAP antagonist induced apoptosis and cellular signal-
ing, we designed c-IAP-selective antagonists. Such
c-IAP-selective antagonists induce cancer cell apopto-
sis, but the efficiency of this cell killing is significantly
reduced in comparison to that of pan-selective IAP an-
tagonists. This is despite the fact that c-IAP-selective
antagonists stimulate c-IAP1 and c-IAP2 protein degra-
dation and activation of NF-�B pathways to an extent
that is comparable to the pan-selective molecules. In
long-term survival assays, pan-selective IAP antago-
nists were also more efficient than c-IAP-selective com-
pounds, suggesting that antagonism of the c-IAP pro-
teins and XIAP is needed for efficient cell death
induction by IAP antagonists. This study provides a
functional analysis of c-IAP antagonism and further
validation of targeting IAP proteins for the treatment
of cancer.

RESULTS AND DISCUSSION
Structure-Based Design of a c-IAP-Selective

Antagonist. To examine the therapeutic potential and
biological consequence of c-IAP antagonism, structure-
based design was used to generate novel compounds
that selectively target the c-IAP1 and c-IAP2 proteins.
Analysis of the overlay of the IAP antagonist/SMAC
peptide-binding sites for the BIR domains of interest
(XIAP BIR3, c-IAP1 BIR3, and c-IAP2 BIR3) revealed a

Figure 1. IAP antagonist binding site. a) Molecular surface representation of
IAP antagonist-binding groove of the c-IAP1 BIR3 domain; also shown are rib-
bon representations of c-IAP1 (yellow) and XIAP (pink) BIR3 domains. High-
lighted residues indicate the differences between the indicated IAP proteins.
The residue positions are as follows (starting from the bottom right of the fig-
ure and going clockwise): 1) c-IAP1: V298, c-IAP2: V284, XIAP: L292; 2)
c-IAP1: R314, c-IAP2: R300, XIAP: T308; 3) c-IAP1: C315, c-IAP2: C301, XIAP:
D309; 4) c-IAP1: E317, c-IAP2: E303, XIAP: K311; 5) c-IAP1: E325, c-IAP2:
Q311, XIAP: Q319; 6) c-IAP1: F330, c-IAP2: F316, XIAP: Y324. b) Structural
model of PS1 (green) with the BIR3 domain of c-IAP1. Dashed lines indicated
hydrogen bond interactions with highlighted residues of c-IAP1.
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number of key residue variations that could be ex-
ploited to impart selectivity (Figure 1, panel a) (19−21).
Unfortunately, the majority of these variations exist in
the solvent-exposed regions of the IAP antagonist-
binding surfaces. We found that targeting these periph-
eral residues did not result in enhanced selectivity, pre-
sumably because of large desolvation penalties that the
IAP antagonists needed to overcome. Pan-selective IAP
antagonists (i.e., PS1, Table 1) make a number of dipo-
lar as well as hydrophobic interactions deep within the
binding surfaces of the BIR domains (Figure 1, panel b).
One key difference within this hydrophobic cleft that
we utilized effectively was Tyr324 in XIAP BIR3 versus
Phe330 in c-IAP1 BIR3. The steric environment created
by the hydroxyl functional group on this residue of XIAP
and absent in c-IAP1 created intolerance for substitu-
ents on the compound that were in proximity to this resi-
due of XIAP BIR3 (Figure 2); similar observations were
made previously when comparing the binding of antago-
nists to the single BIR domain of ML-IAP and XIAP BIR3

(37). This sensitivity is illustrated in
CS1, a compound with a methyl sub-
stituent on the P3 region (colored
blue) that has significantly higher af-
finity for c-IAP1 BIR3 over XIAP BIR3
(240-fold) compared to the pan-
selective PS1 lacking this substitu-
ent (Table 1).

Orthogonally, an increase in selec-
tivity was uncovered by the insertion
of a 2-pyrimidinyl substituent at the
P4 region (colored red) of these IAP
antagonists. We hypothesized that
this moiety would impart selectivity
by exploiting electronic and steric dif-
ferences between the XIAP and c-IAP
BIR3 P4 binding sites. In XIAP BIR3, a
lone pair-lone pair repulsion is ex-
pected between the hydroxyl func-
tional group of Thr308 and one of
the nitrogen atoms within the
2-pyrimidinyl heterocycle (Figure 2,
panel a). The corresponding residue
in c-IAP1 BIR3 is Arg314, whose side
chain methylene group is not capable
of similar electronic repulsion
(Figure 2, panel b). In addition, the
XIAP BIR3 P4 pocket is slightly

smaller than the c-IAP1 BIR3 P4 pocket as a result of
the presence of Leu292 (versus Val298 in c-IAP1) at
the base of the pocket. This difference may impair bind-
ing to XIAP BIR3 by compounds with bulky P4 substitu-
ents. Thus the pyrimidinyl functional group was ex-
pected to disfavor XIAP BIR3 binding because of
suboptimal interactions with both Thr308 and Leu292.
Indeed, when CS2 containing this 2-pyrimidinyl substit-
uent was synthesized and examined, it had high selec-
tivity (137-fold) for c-IAP1 BIR3 over XIAP BIR3 as well
(Table 1). Not surprisingly, incorporating this selectivity
element into an antagonist bearing the P3 methyl sub-
stituent that also enabled c-IAP1 selectivity (CS1) re-
sulted in CS3, a compound with high affinity (Ki � 20
nM) and selectivity (�2000-fold) for c-IAP1 BIR3 over
XIAP BIR3 (Table 1). Consistent with our design hypoth-
esis, the X-ray crystal structure of CS3 in complex with
XIAP BIR3 revealed that the pyrimidinyl group does not
interact with the P4 pocket but rather is exposed to the

TABLE 1. Structures of IAP antagonists and binding af-
finities for XIAP-BIR3, c-IAP1-BIR3, and c-IAP2-BIR3

Ki (�M)a

Antagonist c-IAP1 BIR3 c-IAP2 BIR3 XIAP BIR3 Selectivity (X/c1)

PS-1 0.036 0.096 0.033 �1
ent-PS-1 �34 �34 �34 ND
CS-1 0.010 0.052 2.4 240
CS-2 0.037 0.114 5.05 137
CS-3 0.016 0.085 �34 �2000

aAll results are an average of at least two experiments. ND � not determinable.
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solvent (Figure 2, panel c). Therefore, by utilizing struc-

tural differences in the IAP antagonist-binding groove on

the surface of the BIR3 domains of the c-IAP proteins
and XIAP, we have generated antagonists with high af-
finity and selectivity for c-IAP1 and c-IAP2.

c-IAP-Selective Antagonist Does Not Disrupt XIAP
Protein Complexes. Physical interactions of IAP pro-
teins with caspases and SMAC are critical for their anti-
apoptotic activity (38). To investigate the effect of a
c-IAP-selective antagonist on these protein�protein in-
teractions, CS3 and PS1 were added to cellular lysates
prepared from cells transfected with XIAP or c-IAP1 and
caspase-9 or SMAC (Figure 3). While XIAP BIR3-binding
pan-selective IAP antagonist compound PS1 prevented
XIAP:caspase-9 association at all concentrations tested,
the c-IAP-selective compound CS3 showed no effect at
lower concentrations and only partial inhibition of this
protein�protein interaction at the highest concentration
tested (25 �M) (Figure 3, panel a). Similarly, PS1 effi-
ciently blocked XIAP:SMAC association, whereas CS3
demonstrated a disruptive effect only at the highest con-
centration tested (Figure 3, panel b).

In contrast to the effect on XIAP BIR3-mediated inter-
actions, CS3 completely abrogated c-IAP1:SMAC asso-
ciation at all experimental concentrations (Figure 3,
panel c). The enantiomer of PS1, ent-PS1, did not show
any appreciable effect on these XIAP- or c-IAP1-
mediated protein�protein interactions (Figure 3, pan-
els a�c) in agreement with its inability to bind XIAP and
c-IAP1 BIR3 domains. Therefore, the c-IAP-selective an-
tagonist can efficiently disrupt c-IAP1 protein complexes
but not the association of XIAP with caspase-9 or SMAC.

Pan-Selective IAP Antagonist Is a More Potent
Inducer of Cell Death than c-IAP-Selective Antagonist.
To evaluate the ability of pan-IAP and c-IAP-selective
antagonists to induce cell death, EFM-192A, EVSA-T,
and A2080 cancer cell lines were treated with PS1 or
CS3 (Figure 4). Both IAP antagonists exhibited single-
agent cell killing activity (Figure 4, panel a and Supple-
mentary Figure 1). However, PS1 was substantially more
efficient than CS3 in stimulating apoptosis, with ap-
proximate IC50 values of 15 nM for PS1 and 150 nM for
CS3, in the highly sensitive EVSA-T cell line (Figure 4,
panel a). The enantiomer compound ent-PS1 did not in-
duce any appreciable cell death (Supplementary
Figure 2). This differential pro-apoptotic activity was
also evident in a caspase-3/7 activation assay as PS1
stimulated significantly higher caspase activity com-
pared to that of CS3 (Figure 4, panel b).

Figure 2. Structural models of CS3 (green) with the BIR3 domains
of XIAP (pink) (a) and c-IAP1 (yellow) (b) with highlighted steric
clashes of CS3 with Tyr324 (I) and electronic repulsion of CS3
with Thr308 (II) of XIAP (a). Corresponding residues for c-IAP1
are highlighted in panel b. (c) 1.8 Å resolution X-ray crystal
structure of CS3 (cyan) in complex with the BIR3 domain of XIAP
shows the 2-pyrimidinyl moiety does not bind in the XIAP BIR3
P4 pocket and validates the selectivity design hypothesis.
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IAP antagonist-induced cell death depends on
caspase-8 activation and TNF signaling (31−34). There-
fore, we wanted to examine if cell death induced by
the c-IAP-selective antagonist also relies on TNFR1-
mediated signaling. Treatment of cell with CS3 or PS1 in-
duced comparable activation of caspase-8 activity
(Figure 4, panel c). In addition, the presence of TNFR1-Fc
but not the combination of DR5-Fc and Fas-Fc pro-
tected cells from CS3- or PS1-induced apoptosis
(Figure 4, panel d), confirming the importance of the
TNFR1-mediated signaling pathway for IAP antagonist-

induced cell death. In agreement with earlier reports,
caspase inhibition efficiently blocked CS3- and PS1-
induced apoptosis (Supplementary Figure 3).

The ability of c-IAP-selective and pan-selective IAP an-
tagonists to prevent long-term cellular survival was also
examined in a clonogenic assay. High concentrations of
compounds prevented colony formation, but lower con-
centrations allowed differentiation between the more
potent pan-selective IAP compound PS1 and the c-IAP-
selective compound CS3, demonstrating that antago-
nism of both c-IAP proteins and XIAP is much more effi-

Figure 3. c-IAP-selective antagonist CS3 disrupts c-IAP1 but not XIAP protein complexes. 293T cells were transiently co-
transfected with caspase-9 and Flag-tagged XIAP-BIR3 constructs (a), SMAC and Flag-tagged XIAP-BIR3 (b), or SMAC and
Flag-tagged c-IAP1-BIR1-3 constructs (c). After 40 h, cells were lysed in NP-40 lysis buffer. The cellular lysates were in-
cubated with the indicated IAP antagonists at 25, 2.5, or 0.25 �M concentration for 2 h and then immunoprecipitated
with the anti-Flag affinity resin for 3 h. ent-PS1 and PS1 were used at 25 �M in the middle panels. Protein associations
and expression were determined by Western blotting with anticaspase-9, anti-SMAC, and anti-Flag antibodies.
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cacious in precluding clonogenic cellular survival
(Figure 5, panel a). Inhibition of caspase activity and
TNF signaling afforded protection to cells from PS1-
and CS3-induced cell death and allowed for long-term
survival (Figure 5, panel b and data not shown). These
results suggest that antagonism of c-IAP proteins with-
out targeting XIAP is not sufficient for efficient induction
of apoptosis by IAP antagonists. Nevertheless, cell
death induced by pan-selective or c-IAP-selective IAP an-
tagonists proceeds through TNF signaling and caspase
activation.

c-IAP-Selective Antagonist Triggers c-IAP1 and c-
IAP2 Degradation and NF-�B Activation. IAP antago-
nists stimulate the ubiquitin ligase activities of c-IAP1
and c-IAP2 leading to the activation of canonical and
non-canonical NF-�B signaling and the proteasomal
degradation of c-IAP1 and c-IAP2 (30−32). However,
these earlier studies used nonselective, pan-selective
IAP antagonists (30−32). To examine whether antago-
nism of c-IAP proteins is sufficient for IAP antagonist-
mediated NF-�B activation and c-IAP1 degradation, cells
were treated with PS1 or CS3 (Figure 6). Both PS1 and

Figure 4. Cell death induction by c-IAP-selective and pan-selective IAP antagonists. a) EFM-192A and EVSA-T cells were treated with in-
creasing concentrations of PS1 or CS3 for 24 h. Cell viability was determined as described in Methods. b, c) Indicated cell lines were
treated with PS1 or CS3 for 5 h and caspase-3/7 (b) or caspase-8 (c) activation was assessed as described in Methods. d) Cell death in-
duction by c-IAP-selective antagonist is dependent on TNF. A2058 cells were treated with CS3 (1 �M) or PS1 (50 nM) alone or in the pres-
ence of the TNFR1-Fc or Fas-Fc/DR5-Fc (5 �g mL�1) for 24 h. Cell viability was determined as described in Methods.
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CS3 triggered degradation of c-IAP1 and c-IAP2 in simi-
lar fashions (Figure 6, panels a and b, and Supplemen-
tary Figure 4). Administration of PS1 and CS3 also stimu-
lated activation of canonical (Figure 6, panel a) and non-
canonical NF-�B signaling (Figure 6, panel b). This NF-�B
activation resulted in comparable stimulation of TNF�

and MCP1 mRNA expression (Figure 6, panel c). At the
same time, ent-PS1 did not cause any c-IAP1 and c-IAP2
degradation or NF-�B activation (Supplementary Fig-
ures 4 and 5). Therefore antagonism of c-IAP proteins
is sufficient for the stimulation of c-IAP protein degrada-
tion and NF-�B activation. These data further establish
that IAP antagonist-stimulated activation of NF-�B sig-
naling does not require XIAP; instead it relies on c-IAP1
and c-IAP2.

The ability of IAP proteins to inhibit ap-
optosis and promote cellular survival
pathways, combined with their elevated
expression in human malignancies,
makes these proteins attractive targets
for therapeutic intervention (39). Equally
important, the interactions of IAP proteins
with pro-apoptotic proteins can be pre-
vented using SMAC-mimicking IAP an-
tagonists, thus demonstrating the feasi-
bility of targeting IAP proteins.
Mechanistic studies on IAP antagonist-
stimulated cellular responses revealed
that these reagents trigger proteasomal
degradation of c-IAP1 and c-IAP2, activa-
tion of canonical and non-canonical
NF-�B pathways, and cell death that de-
pends on TNFR1-mediated signaling (40).
Most efforts to identify small-molecule an-
tagonists of IAP proteins have targeted
the BIR3 domains of XIAP, c-IAP1, and
c-IAP2. The IAP antagonists reported to
date target indiscriminately the BIR3 do-
mains of multiple IAP proteins (41). Our
pan-selective antagonist, PS1, also binds
to the BIR3 domains of the examined IAP
proteins with similar affinities. Using
structure-based design, we sought to
maintain an equivalent affinity of antago-
nists for c-IAP1 BIR3 while disrupting the
binding to XIAP BIR3. This led to the gen-
eration of CS1, a compound with a methyl
group designed to interact favorably with

the side chain of c-IAP1 BIR3 residue Phe330 but nega-
tively with Tyr324 of XIAP-BIR3. Further investigation re-
vealed that a pyrimidine ring in the P4 position of IAP an-
tagonists resulted in significant electronic and steric
repulsion with XIAP BIR3 but that this ring can be accom-
modated in the P4 pocket of c-IAP BIR3. Ultimately, the
combination of these two selectivity elements resulted
in the production of CS3, a compound with high affin-
ity and selectivity for c-IAP1 and c-IAP2.

Although structurally similar, XIAP and the c-IAP pro-
teins regulate apoptosis in distinct fashions. While XIAP
directly binds and inhibits caspases 3, 7, and 9, c-IAP1
and c-IAP2 regulate activation of caspase-8 in TNFR1-
mediated signaling complexes (14, 30–32, 34). IAP
antagonist-induced proteasomal degradation of c-IAP1

Figure 5. Prevention of clonogenic survival by c-IAP-selective antagonist.
a) EFM-192A cells were treated with the indicated concentrations of CS3,
PS1, or PSE1 or solvent control and then plated. The average number of
colonies was determined 10 days later. b) Blockade of TNF signaling al-
lows long-term clonogenic survival of IAP antagonist-treated cells. EFM-
192A cells were treated with PS1 (100 nM) in the absence or presence of
zVAD (20 �M), TNFR1-Fc (5 �g mL�1), or DR5-Fc and Fas-Fc (5 �g mL�1),
plated, and subsequently assessed as in panel a.
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and 2, and activation of NF-�B pathways leading to pro-
duction of TNF� play critical roles in initiating the apop-
totic process. Our c-IAP-selective antagonists trigger cell
death in several tumor cell lines. In addition, these se-
lective reagents also prevent long-term clonogenic sur-
vival of tumor cells. However, direct comparison of the
c-IAP-selective and the pan-IAP antagonist revealed that
the pan-selective antagonist is significantly more effec-
tive in stimulating apoptosis and in preventing long-term

clonogenic survival of cancer
cells. Thus, these results strongly
suggest that antagonism of both
c-IAP proteins and XIAP is re-
quired for efficient induction of
apoptosis in cancer cells by IAP
antagonists.

Activation of NF-�B signaling
pathways is instrumental for IAP
antagonist-induced cell death.
By comparing the c-IAP-selective
and the pan-selective IAP an-
tagonist, we have demonstrated
that antagonism of c-IAP pro-
teins is sufficient for the stimula-
tion of proteasomal degradation
of c-IAP1 and c-IAP2, and the ac-
tivation of the canonical and
non-canonical NF-�B pathways.
Previous studies that used ge-
netic ablation and gene expres-
sion down-regulation have
shown the role of c-IAP1 and
c-IAP2 in these signaling path-
ways (30−32, 35, 36). Findings
presented herein demonstrate
that pharmacologic targeting of

c-IAP proteins leads to NF-�B activation and establish
that antagonism of c-IAP proteins, but not XIAP, is es-
sential for this activity of IAP antagonists.

In summary, our study describes c-IAP-selective an-
tagonists as valuable tools in deciphering the mode of
action of IAP antagonists in general and supports the de-
velopment of pan-selective IAP antagonists for efficient
induction of cell death and generation of novel thera-
peutic tools for the treatment of cancer.

METHODS

Cell Lines, Reagents, and Transfections. HEK 293T human em-
bryonic kidney and A2058 melanoma cells were obtained from
ATCC. EVSA-T and EFM-192A human breast carcinoma cells were
obtained from DSMZ. Transient transfection of HEK 293T cells
was done using Geneporter 2 reagent (Genlantis). All cell lines
were grown in 50:50 Dulbecco’s modified Eagle’s and FK12 me-
dium supplemented with 10% FBS, penicillin, and streptomy-
cin. Human recombinant soluble TNF� was from Genentech, Inc.
The primary antibodies against c-IAP1 were purchased from
R&D (affinity-purified goat antibody); anti-c-IAP2 antibodies
were purchased from Abcam; anticaspase-3, -XIAP, and

-phospho-specific I�B antibodies were from Cell Signaling Tech-
nology, Inc.; anticaspase-9 antibody was from BD Pharmingen;
anti-I�B antibodies were from Cell Signaling Technology and Up-
state; anti-Flag M2 antibody was from Sigma; anti-Myc anti-
body was from Roche; anti-p100/p52 antibody was from Up-
state Biotechnology; anti-Actin antibody was from ICN
Biomedicals; anti-SMAC antibody was from ProSci; MG132 was
purchased from Calbiochem; and z-VAD-Fmk was purchased
from BioMol.

Molecular Modeling. The models for CS3 and PS1 were gener-
ated from an in-house co-crystal structure of c-IAP1 with a com-
pound similar to CS3 (unpublished data). The “Protein Prepara-

Figure 6. c-IAP-selective and pan-selective IAP antagonists trigger c-IAP1 degradation and NF-�B activation.
a) Activation of canonical NF-�B signaling by selective IAP antagonists. EVSA-T cells were treated for the
indicated times with PS1 or CS3 (1 �M). The levels of c-IAP1, phosphorylated I�B and Actin were analyzed
by Western blotting. b) Selective IAP antagonists induce non-canonical NF-�B signaling. EFM-192A or
EVSA-T cells were treated for the indicated periods of time with PS1 or CS3 (1 �M). Protein levels of c-IAP1,
p100/p52 and Tubulin were analyzed by Western blotting. c) PS1 and CS3 stimulate TNF� and MCP-1
mRNA expression. Quantitative real-time PCR analysis of TNF� and MCP-1 mRNA expression was done on
RNA samples derived from cells treated with PS1 or CS3 (1 �M) for 5 h. All values were normalized to an
RPL19 RNA internal control. These data are representative from three independent experiments.
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tion Wizard” workflow within Maestro 8.0.308 (Schrödinger)
was applied to the co-crystal structure. This workflow included
the addition of hydrogens and optimization of hydrogen bonds
via exhaustive sampling of hydrogen positions, as well as mini-
mization of the complex to within 0.30 Å root-mean-square de-
viation of the starting coordinates. Subsequently, compounds
were docked using Glide version 4.5208 (Schrödinger). The grids
for docking were generated with default parameters, using the
co-crystallized ligand (IAP antagonist) to define the center and
size of the binding site. Starting structures for CS3 and PS1 were
generated using LigPrep version 2.1207 (Schrödinger), which in-
cluded ionizing the compounds at physiological pH and gener-
ating minimized 3-D conformations. The flexible ligand-docking
step was performed using default parameters under Standard
Precision mode. The top poses of these compounds made intui-
tive sense based on crystal structures of other similar com-
pounds. The XIAP coordinates were taken from the published
crystal structure of SMAC bound to XIAP BIR3 domain (21) (PDB
code: 1G73). Superposition of the backbone of XIAP and c-IAP1
was carried out using the “Protein Structure Alignment” tool
within Maestro. The aligned protein structures and docked com-
pounds were imported into PyMol version 1.1 (Delano Scien-
tific) to create the figures.

Fluorescence Polarization Binding Assay and Protein
Purifications. Fluorescence polarization experiments were per-
formed essentially as described previously (26, 42). c-IAP1,
c-IAP2, and XIAP BIR3 domain constructs were produced and pu-
rified as described previously (26, 42).

Viability, Caspase Activity, and Clonogenic Assays. Cells (1–
1.5 	 104 per well) were seeded into 96-well dishes; 8–12 h
later the media were changed, and cells were treated as indi-
cated in the figure legends. Cell viability was measured by neu-
tral red uptake as described (26, 31). Caspase-3/7 and
Caspase-8 activity assays were performed according to manu-
facturer’s instructions (Promega) as described previously (26).
Long-term survival (clonogenic) assays were performed as de-
scribed previously with 200 cells plated on 6-well plates in trip-
licates after indicated treatments (31).

Western Blot Analyses, Immunoprecipitations, and Expression
Constructs. Western blot analyses were performed as described
previously (31, 42, 43) using the following lysis buffer: 1%
NP40, 120 mM NaCl, 50 mM Hepes, pH 7.2, 1 mM EDTA, 10%
glycerol, protease inhibitory cocktail (Roche). Immunoprecipita-
tions were performed as described previously (31, 42, 43).
Analyses of canonical and non-canonical NF-�B pathways were
performed essentially as described (31, 36). Briefly, 12 h before
treatment, cells were washed once with PBS, and the growth me-
dia were replaced by media containing 2% heat-inactivated
FBS. Following treatment cells were lysed in a kinase lysis buffer
(20 mM TRIS-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% tri-
ton, 1	 phosphatase inhibitor cocktail II (Sigma)) and analyzed
by SDS–PAGE followed by immunoblot analysis, using
antiphospho-specific I�B, p100/p52 antibodies and ECL kit
(Amersham, NY). Plasmids expressing Flag-XIAP-BIR3, SMAC-
Myc and caspase-9 have been described previously (42). The re-
gion encoding c-IAP BIR1-3 (amino acid residues 1–358) was
amplified by PCR and subcloned into p3	Flag-CMV14 vector
(Sigma).
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