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Smac mimetic compounds (SMCs) potentiate TNFa-medi-
ated cancer cell death by targeting the inhibitor of apoptosis
(IAP) proteins. In addition to TNFe, the tumor microenviron-
ment is exposed to a number of pro-inflammatory cytokines,
including IL-1f. Here, we investigated the potential impact of
IL-1 on SMC-mediated death of cancer cells. Synergy was
seen in a subset of a diverse panel of 21 cancer cell lines to the
combination of SMC and IL-1 treatment, which required IL-
1B-induced activation of the NF-kB pathway. Elevated NF-«B
activity resulted in the production of TNFa, which led to apo-
ptosis dependent on caspase-8 and RIP1. In addition, concur-
rent silencing of cIAP1, cIAP2, and X-linked IAP by siRNA
was most effective for triggering IL-1-mediated cell death.
Importantly, SMC-resistant cells that produced TNFa in re-
sponse to IL-1f3 treatment were converted to an SMC-sensitive
phenotype by c-FLIP knockdown. Reciprocally, ectopic expres-
sion of c-FLIP blocked cell death caused by combined SMC
and IL-1p treatment in sensitive cancer cells. Together, our
study indicates that a positive feed-forward loop by pro-in-
flammatory cytokines can be exploited by SMCs to induce
apoptosis in cancer cells.

Inflammation is intricately linked to various aspects of tu-
morigenesis. An inflammatory microenvironment contributes
to cancer progression by driving the proliferation of tumor
cells as well as by promoting survival, angiogenesis, and me-
tastasis (1-3). Furthermore, the pro-inflammatory condition
within tumors represses adaptive immune response and re-
wires signaling pathways that respond to hormones and che-
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motherapeutics (1-3). Cytokines and chemokines are the
principal mediators of pro-inflammatory responses that shape
the progression of malignancy. In particular, tumor cells or
infiltrating cells such as macrophages produce abundant
amounts of tumor necrosis factor o (TNFa) and interleu-
kin-1 (IL-1pB) at tumor sites (1-3) where these molecules
have an important role in activating the inflammatory process
that promotes angiogenesis, invasiveness, and repression of
anti-tumor immunity (4, 5). TNFa and IL-1 further contrib-
ute to the pro-inflammatory response through the activation
of transcription factor NF-kB. Recent evidence implicates that
the cellular inhibitor of apoptosis 1 and 2 (cIAP1 and cIAP2)
proteins are critical modulators for TNFa-induced activation
of NF-kB (6, 7). Targeting of cIAP1 and cIAP2 by siRNA or
small molecule inhibitor blunts TNFa-induced NF-«B activa-
tion, switching the cellular response from a pro-inflammatory
to a pro-apoptotic signal (6, 7).

Smac mimetic compounds (SMCs)? are a novel class of ex-
perimental small molecule cancer therapeutics that target the
cIAPs and X-linked IAP (XIAP) (8, 9). The mode of action for
SMC:s in sensitive cancer cells involves binding of SMCs to
the BIR motifs of the cIAPs, which induces the rapid activa-
tion of the E3 ligase domain of the cIAPs, leading to their
autoubiquitination and subsequent proteasomal degradation
(10—14). The loss of cIAPs results in the accumulation of
their substrate, NF-«B-inducing kinase (NIK), an activator of
the alternative NF-«B pathway (13, 15). In addition, the ab-
sence of cIAP1 and cIAP2 facilitates the association of recep-
tor interacting protein 1 (RIP1) to the TNF receptor 1 (TNEF-
R1) complex, promoting activation of the classical NF-«B
pathway (14). The induction of these NF-«B pathways leads
to the production and release of TNFq, which acts in an auto-
crine fashion. With the loss of the cIAPs after SMC treatment,
TNFa can no longer promote ubiquitination of RIP1 (6, 7,
11). As a result, the downstream NF-«B response is delayed or
blunted (6, 7). Furthermore, nonubiquitinated RIP1 is re-
leased from the TNF-R1 complex to associate with caspase-8
and FADD that results in the formation of the death-inducing
complex II, activating the extrinsic apoptotic pathway
(16, 17).

2 The abbreviations used are: SMC, Smac mimetic compound; IAP, inhibitor
of apoptosis; clAP, cellular inhibitor of apoptosis; NIK, NF-«B-inducing
kinase; TRAIL, TNF-related apoptosis-inducing ligand; XIAP, X-linked IAP.
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The investigation into the SMC mechanism has revealed
some remarkable roles for the IAPs in the regulation of sig-
nals initiated from cell surface cytokine receptors. In addition
to sensitizing cells to TNFa-mediated apoptosis, down-regu-
lation of the cIAPs also promotes cell death in response to
TNEF-related apoptosis-inducing ligand (TRAIL), DR5/
TRAILR2 agonist antibody, and FasL treatment. TRAIL medi-
ates its apoptotic effects through DR4/TRAILR1 and DR5/
TRAILR2, and the combination of SMC and TRAIL
treatment synergistically induces cell death in a wide array of
cancer cell lines (17-20). In an MDA-MB-231 tumor xe-
nograft model, co-treatment of SMC and DR5 agonist anti-
body was found to promote tumor regression in a TNFa-in-
dependent manner (21). The loss of cIAPs induced by SMC
treatment can also promote sensitization of cancer cells to
FasL-mediated cell death through the recruitment of RIP1 to
death-inducing signaling complex and death-inducing com-
plex II (22). Additionally, the combination of SMC and FasL
treatment causes regression of MDA-MB-231 tumor xe-
nograft (21). Interestingly, TNF-like weak inducer of apopto-
sis can also down-regulate cIAP1 in a lysosome-dependent
fashion (23). Down-regulation of cIAP1 by TNF-like weak
inducer of apoptosis is sufficient to sensitize cells to TNFa-
induced cell death (23). Hence, the IAPs are central in deter-
mining cellular fate in response to ligands that engage the
extrinsic apoptotic pathway, and SMCs can convert a pro-
inflammatory TNF« response into an apoptotic signal. The
abundance of IL-18 in the tumor microenvironment raises
the possibility that this cytokine might impact on SMC-medi-
ated cell death.

To investigate whether the IAPs are biologically relevant to
IL-1 signaling, we combined IL-183 and SMC treatment with
siRNA knockdown and determined the effects of IAP antago-
nism on cancer cells. We demonstrate that IL-1 treatment
induces NF-«B-dependent production of TNFe, which trig-
gers RIP1- and caspase 8-dependent apoptosis when the IAPs
are down-regulated by SMC treatment. Furthermore, in those
cancer cells that are resistant to SMC and IL-1f treatment,
cellular resistance can be overcome by the down-regulation of
the caspase-8 inhibitor c-FLIP.

EXPERIMENTAL PROCEDURES

Reagents—Smac mimetic compound SM-164 was synthe-
sized as described previously (24). Smac mimetic compound
AEG40730, as described previously (11), was synthesized by
Vibrant Pharma Inc. (Brantford, Ontario, Canada). Human
IL-1 recombinant protein was obtained from eBioscience
Inc. (San Diego). Lipopolysaccharide (LPS) was obtained from
Sigma.

Cell Culture—Tumor cell lines were maintained at 37 °C
and 5% CO, in DMEM supplemented with 10% heat-inacti-
vated fetal calf serum, penicillin, and streptomycin and 1%
nonessential amino acids (all from Invitrogen). All cell lines
were obtained from ATCC with the following exceptions:
SF295 (Brain Tumor Research Center, University of Califor-
nia, San Francisco), SNB75 (Dr. D. Stojdl, Children’s Hospital
of Eastern Ontario Research Institute, Ottawa, Canada), and
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ovarian cancer cell lines (Dr. B. Vanderhyden, Ottawa Health
Research Institute, Ottawa, Canada).

Viability Assay—Tumor cells were plated onto 96-well flat
bottom plates at various cell densities depending on the cell
type. Cells were incubated overnight and then treated with
combinations of SM-164 and IL-1p for 48 h. Cell viability was
determined by resazurin/Alamar Blue vital dye (Sigma) that
measures the activity of the mitochondrial respiratory chain
(25).

Clonogenic Assay—SF295, SNB75, and U20S cells were
seeded overnight at equal densities on 6-well plates and
treated with vehicle, SM-164 or SMC-AEG40730, in the ab-
sence or presence of IL-18. At 24 h after treatment, cells were
trypsinized and re-seeded. Cells were cultured for 7 days and
fixed with methanol, and colonies were stained with crystal
violet.

Apoptosis Assay—Drug-treated cells were used to deter-
mine the translocation of phosphatidylserine from the inner
to the outer surface of the plasma membrane during apopto-
sis by using the human phospholipid-binding protein, an-
nexin V, conjugated to fluorescein isothiocyanate (FITC), ac-
cording to the manufacturer’s instructions (BD Biosciences).
The percentage of apoptotic (annexin V-positive and pro-
pidium iodide-negative) cells was determined by flow cyto-
metric analysis (BD Biosciences Immunocytometry Systems,
BD FACSDiva, and De Novo FCS Express V3).

Generation of Adenoviral Vector Expressing Dominant Neg-
ative IKKB—Plasmid vector expressing the kinase-dead
(D145N) dominant negative form of IKKB (IKKB-DN) (26)
was kindly provided by Dr. Bernd Baumann (University of
Ulm, Ulm, Germany). The coding sequence of IKKB-DN
was subcloned into pAdTrack-CMYV, and adenovirus particles
were generated using the AdEasy system (27). Adenovirus
expressing c-FLIP was obtained from Vector Biolabs
(Philadelphia).

ELISA—Cells were cultured on 96-well plates overnight and
then stimulated with 1 ng/ml IL-18 or 100 nm SM-164. After
24 h of drug treatment, cell culture supernatants were col-
lected, clarified by centrifugation, and processed for ELISA
for TNFa according to the manufacturer’s instructions (R&D
Systems catalog no. D4210 or StressGen catalog no. 900-099).
In some experiments, cells were transduced with an adenovi-
ral vector that expresses GFP or co-expresses GFP and
IKKB-DN prior to drug treatment.

Transfection of Small Interfering RNA—siRNAs targeting
caspase-8, caspase-9, RIP1, NIK, cIAP1, cIAP2, XIAP, TNF-
R1, c-FLIP (ON-TARGETplus SMARTpool) and a nontarget-
ing siRNA control (Accell) were obtained from Dharmacon.
Cells were reverse-transfected using DharmaFECT I Reagent
(Dharmacon) according to the manufacturer’s protocol.

Western Immunoblotting—For immunoblotting, equal
amounts of SDS-solubilized samples were separated on poly-
acrylamide gels and transferred to nitrocellulose as described
previously (28). Following protein transfer, individual proteins
were detected by Western immunoblotting using the follow-
ing antibodies g: B-actin (clone AC-15) from Sigma; cleaved
caspase-3 (9661), caspase-9 (9502), [kBa (4812), IKK3 (2678),
NIK (4994), p100/p52 (4882), p65 (clone C22B4), phos-
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pho(S536)-p65 (clone 93H1), and TNF-R1 (3736) from Cell
Signaling Technology; TRAF6 (1660-1) from Epitomics;
caspase-8 (AHZ0502) from Invitrogen; c-FLIP (clone NF6)
from Alexis Biochemicals; IL-1R2 (sc-52678) and MyD88 (sc-
74532) from Santa Cruz Biotechnology; and RIP1 (clone 38)
from BD Biosciences. Our rabbit anti-rat IAP1 and IAP3
(RIAP1 and -3) polyclonal antibodies were used to detect
cIAP1/2 and XIAP, respectively (6). Bound primary antibod-
ies were reacted with secondary antibodies conjugated with
Alexa Fluor® 680 (Molecular Probes) or with IRDye™ 800
(Rockland) and the infrared fluorescent signals were detected
using the Odyssey® infrared imaging system (LI-COR) (29, 30).

Protein Preparation and Immunoprecipitation—Protein
samples were prepared as described before (30). Protein con-
tent was determined by the protein assay (Bio-Rad) using bo-
vine serum albumin as a standard. For endogenous caspase-8
immunoprecipitation, ~1 X 107 cells were washed twice with
PBS and lysed in a buffer (50 mm Tris-HCI, pH 8.0, containing
10% glycerol, 1% Triton X-100, 150 mm NaCl, 1 mm NaF, 0.1
mM phenylmethylsulfonyl fluoride, 5 ug/ml pepstatin A, and
10 ug/ml each of leupeptin and aprotinin) on ice for 15 min.
Endogenous caspase-8 complex was immunoprecipitated
overnight at 4 °C with 4 ug of anti-caspase-8 (Santa Cruz Bio-
technology, SC6136), and complexes were recovered with 40
wl of protein G-agarose. Protein complexes were separated
and solubilized by heating at 100 °C for 5 min in SDS sample
buffer (62.5 mm Tris-HCI, pH 6.8, containing 2% SDS, 1%
B-mercaptoethanol, and 5% glycerol).

RESULTS

SMC Synergizes with IL-1f3 to Induce Apoptosis in Cancer
Cells—IL-1f is abundant in the tumor microenvironment (4,
31) and therefore could impact on SMC-mediated cell death.
As a first step, we screened a diverse panel of cancer cells
originating from the bone, breast, central nervous system,
colon, lung, lymphatic system, ovaries, pancreas, and skin and
measured cytotoxicity in response to the combinatorial treat-
ment of IL-18 and SMC SM-164 (Fig. 1A). Of the 21 cancer
cell lines examined, 10 were responsive to SMC treatment
alone or in combination with IL-13 (Fig. 1A4). Notably, none
of the cell lines examined was sensitive to IL-18 treatment
alone (Fig. 1A). To examine the possibility that IL-1 failed to
synergize with SMC treatment in some cancer cells because
they lack the corresponding receptor for IL-13, we analyzed
the expression of IL-1R2 by Western immunoblotting. All
cancer cell lines examined express IL-1R2 (Fig. 1B and supple-
mental Fig. 1), suggesting that IL-13 could at least bind to
IL-1R2 and possibly engage in signal transduction. To exam-
ine the possibility that defects exist in IL-1R-mediated signal
transduction in nonresponsive cells, we also analyzed for the
expression levels of MyD88 and TRAF6. The absence of
MyD88 expression in U343 and A2780-CP cells and the ab-
sence of TRAF6 expression in A431 and RPMI-8226 cells cor-
related with the lack of synergism of these cells to combined
IL-18 and SMC treatment (Fig. 1, A and B, and supplemental
Fig. 1). Therefore, in some cancer cell lines, IL-18 may not
synergize with SMC to cause cell death because they are miss-
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ing components that are necessary for IL-1R-mediated signal
transduction.

To further investigate the synergism between SMC and
IL-1pB, we selected U20S osteosarcoma cells and SF295 and
SNB75 glioblastoma cells for more in-depth analysis. Dose-
response curves showed that the IC,, values of SM-164 for
IL-1 synergism were 83, 1.6, and 50 nm for SF295, SNB75,
and U20S cells, respectively (supplemental Fig. 2, A, C, and
E), whereas the IC,, values of IL-13 for SM-164 synergism
were 36 pg/ml, 340 fg/ml, and 40 pg/ml for SF295, SNB75,
and U20S cells, respectively (supplemental Fig. 2, B, D, and
F). Furthermore, only combined treatment of IL-13 and SM-
164 or with an alternative SMC AEG40730 prevented clono-
genic survival of these three cell lines (Fig. 1C). Together,
these results demonstrate that SMC and IL-1f synergize to
induce cancer cell death.

To decipher the underlying mechanism of cell death in re-
sponse to SMC and IL-1f3 treatment, we assessed caspase ac-
tivity in sensitive cancer cells. In SF295, SNB75, and U20S
cells, we detected processing and activation of caspase-3 and
caspase-8 following combined SMC and IL-1p treatment (Fig.
2A). Down-regulation of cIAP1 and cIAP2 by SMC treatment
was also confirmed (Fig. 2A4). As activation of the caspase cas-
cade is integral to the execution of apoptosis, we quantified
the percentage of cells that were undergoing apoptosis by
identifying cells that were stained with annexin V-FITC with-
out propidium iodide uptake using flow cytometry. In SF295,
SNB75, and U20S cells, the combined treatment of SMC and
IL-1p resulted in marked apoptosis (Fig. 2, B and C). Single
treatment alone was not sufficient to induce apoptosis in
these cell lines, with the exception of a modest induction by
SMC treatment alone in SNB75 cells (Fig. 2C). These results
demonstrate that apoptosis is the underlying mechanism for
IL-1B-induced SMC-mediated cell death.

SMC-mediated IL-1B-induced Cell Death Depends on
Caspase-8 and RIP1—As a stand-alone agent, SMC exerts its
effects in responsive cells through the accumulation of NIK
that facilitates the production of TNFa, thereby killing cells in
an autocrine fashion (13, 14, 32). SMC-mediated cell death
induced by TNFa requires the formation of the death-induc-
ing complex II containing RIP1 and caspase-8 (16, 17). Fur-
thermore, caspase-9 does not appear to play a role in the exe-
cution of apoptosis in response to SMC treatment (13). To
assess for the functional roles of these molecules in the
context of SMC-mediated IL-1B-induced cell death, we indi-
vidually silenced these molecules by siRNA prior to drug
treatment. Down-regulation of caspase-8 prevented SMC-
mediated IL-1B-induced cell death in SNB75 and U20S cells,
and to a lesser extent in SF295 cells (Fig. 3, A-C, lane 7). By
contrast, down-regulation of caspase-9 failed to rescue cell
death (Fig. 3, A-C, lane 8). Similar to caspase-8 silencing,
down-regulation of RIP1 also protected these cells against
SMC-mediated IL-1B-induced cell death (Fig. 3, A-C, lane 9).
Down-regulation of each molecule by siRNA was confirmed
(Fig. 3D).

The requirement of RIP1 and caspase-8 in SMC-mediated
IL-1B-induced cell death suggests that the death-inducing
complex II might have been formed in response to SMC treat-
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FIGURE 1. Responsiveness of a panel of cancer cell lines to treatment with IL-1 and Smac mimetic compound SM-164. A, diverse panel of 21 cell
lines representing cancer cells originating from the bone (Saos2 and U20S), breast (T47D), central nervous system (U343, U118, SF295, and SNB75), colon
(HT29 and HCT116), lung (H661, H460, and H226), lymphatic system (Jurkat and RPMI8226), ovaries (A2780-CP, OV2008, and OVCARS), pancreas (MIA-PaCa2
and Panc1), skin (A375), and vulvar (A431) were tested for their sensitivity to combinations of 1 ng/ml IL-18 and 100 nm SM-164 or vehicle (veh, 0.1% DMSO)
alone. Cells were treated for 48 h, and cell viability was measured with Alamar Blue. Percentage viability relative to nontreated * S.D. (n = 4) was plotted.

B, subset of the cancer cell line panel from A was treated with 1 ng/ml IL-1p3 for 24 h. Proteins were extracted and Western immunoblotted with the indi-
cated antibodies. B-Actin was used as a loading control. C, SF295, SNB75, and U20S cells were treated with combinations of 1 ng/ml IL-13 with 500 nm SM-
164 or 500 nm SMC-AEG40730 for 24 h. Cells were washed and trypsinized, and equal numbers of cells were re-seeded. After 7 days, colonies were stained
with crystal violet. The combination of SMC and IL-1p treatment repressed clonogenic survival of cancer cells.

ment (16, 17). To assess for the formation of this complex, we
determined the level of RIP1 recruitment by immunoprecipi-
tating caspase-8 following SMC treatment. We found that in
response to SMC treatment, RIP1 increased its association
with caspase-8 in all three cell lines tested (Fig. 3E). These
results demonstrate that cell death induced by SMC and
IL-1p treatment is dependent on caspase-8 and RIP1.

In the absence of the cIAPs, NIK accumulates and thereby
activates the alternative NF-kB pathway (13, 15). Indeed,
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SMC treatment led to the accumulation of NIK, leading to
increased processing of p100 to p52, indicating activation of
the alternative NF-«B pathway (Fig. 3F). As expected, silenc-
ing of NIK by siRNA prevented the processing of p100 to p52
in response to SMC treatment. To explore for a potential role
for NIK, we knocked down NIK and assessed for cell viability
in SMC and IL-1B-treated cells. Down-regulation of NIK did
not alter cell viability in SF295 and SNB75 cells and further
promoted SMC-mediated IL-1B-induced cell death in U20S

JOURNAL OF BIOLOGICAL CHEMISTRY 40615



IAPs Block IL-1[3-mediated Cell Death

A SF295 SNB75 U20s

veh SMC veh SMC veh SMC
IL-1B¢hy: O 8 1624 0 8 16 24 0 8 24 40 0O 8 24 40 0 24 40 O 24 40 kpa

g i = v % == = — o § L
-8
cleaved _, -
- - -- _ a 2
caspase-8 = I T TR 3
S ok =% on =S
- R m R W L33
25
cleaved = &
caspase-8 -owka7
cleaved —»| 4 -] - - =
caspase-3 =] _ . — 3 '”-17
-62
c.pup-[...._.____.w- i ——— — ol e -,
48
83
CIAP2 o o o e o — —— — —
ClAP] = == = = — — G e --a . 62
- : 62
XAP»gnen enepen oo oo wlewerv v e ey e — —|E W W W wm o
48
48
B-actin —| qun a» a» G» G» > G | G E> > > > T T or| € T W O & W
. =33

B veh SMC IL-1B SMC /IL-1p
[72)
T
N
©
(3]
10 10 10° 10
- z
o w
N
3]
C
N
(o]
w
10° 1010O ' 1f 10°
Annexin V-FITC
C SF295 SNB75 U208
25 40 25
g2 = 30 £ 20
o a w
.g 15 g 20 @ 15
8 10 g- E 10
0o
2 s < 19 <5
0 Y 0
SM-164 + + SM-164 + + SM-164 + +
IL1B + | + IL1B + | + IL1g + | +

40616 JOURNAL OF BIOLOGICAL CHEMISTRY YASEMEB\  VOLUME 285-NUMBER 52- DECEMBER 24, 2010



IAPs Block IL-1[3-mediated Cell Death

i SF295 SNB75 U208
A 120 SF295 D siRNA
caspase-8 + + +
100 caspase-9 + + +
< RIP1 + + + |kDa
S 80 kDa
> ) =62
£ 60 caspase-8zjmm — @ W)= ==|= = 45
[}
S 40
20 caspase9~len @B — aw|le - - - e v awl 43
02345678910 : ; L83
-8
sl T I BE RPI-je ety fmew |oww |
z RIP1 + + ; g
NIK + + L 48
veh SM-164 + B-actin «~| =s a» a» a» || cver v || e o> o> o>
IL-1B k37
B 1 SNB75 E SF295 SNB75  U20S
veh SMC veh SMC veh smC kDa
100 ® 83
S w0 @ RIP1 | — == -
Q.
2w @ 62
] O] caspase8 | s |l S| == ==
S 40 [ 48
20 83
RIP1 ~| enne e | s snaw | Ew s
0 [62
1234567891 - : - 62
caspase-8 + + g- caspase-8 | S w— z e | ooy cw—
£ | caspase-9 + + £ F48
z RIP1 + + 48
N + + p-actin -| emy eww | wap ow | o» -
veh SM-164 + 37
L1
F SF295 SNB75 U208
C NIK-siRNA + |+ + [+ + |+
120 U20s SM-164 L kDa
: 150
100 NIK -]+ |
— z 100
< 80
'y 100
;‘;: 60 p100 —~ 100
S 40 L75
20 -
p52 50
0
12345678910 83
caspase-8 + + clAFQ = 62
< | caspase-8 + + 5
% RIP1 + + -
NK s ¥ XIAP —~|e== L
veh SM-164 +
IL-1p B-actin | e» aw» --ll---- ||----|

FIGURE 3. SMC-mediated IL-1B-induced cell death depends on caspase-8 and RIP1. SF295 (A), SNB75 (B), and U20S (C) cells were transfected with siRNA tar-
geting caspase-8, caspase-9, RIP1, NIK, or nontargeting siRNA as a control. At 48 h transfection, cells were treated with vehicle (veh) or 100 nm SM-164 and 1 ng/ml
IL-1 for 48 h. Cell viability was determined by Alamar Blue. The percentage viability relative to nontargeting siRNA and vehicle = S.D. (n = 4) was plotted.

D, SF295, SNB75, and U20S cells were transfected with siRNA targeting caspase-8, caspase-9, RIP1, or a nontargeting siRNA as a control. At 48 h transfection, cells
were harvested, and protein expression levels of targeted genes were analyzed by Western immunoblotting. B-Actin was used as a loading control. £, SF295,
SNB75, and U20S cells were treated with vehicle (veh) or 100 nm SM-164 (SMC) for 24 h, and endogenous caspase-8-associated complexes were isolated by immu-
noprecipitation, resolved by SDS-PAGE, and probed for the presence of RIP1. Input levels of RIP1, caspase-8, and -actin were assessed and are shown in the lower
panel. F, SF295, SNB75, and U20S cells were transfected with siRNA targeting NIK or nontargeting siRNA for 48 h, and cells were treated with vehicle (veh) or 100 nm
SM-164 (SMC) for an additional 8 h. Cells were harvested, and protein expression levels of NIK, p100, clAP1, clAP2, and XIAP were analyzed by Western immuno-
blotting. B-Actin was used as a loading control. Down-regulation of caspase-8 or RIP1 rescues cells from SMC-mediated IL-1B-induced cell death.

cells (Fig. 3, A—C, lane 10). These results suggest that the al- cIAPI, cIAP2, and XIAP Cooperatively Protect against IL-
ternative NF-kB pathway does not partake in promoting cell 1B-induced Cell Death—The ability of SMCs to antagonize
death in response to SMC and IL-1f3 treatment. the cIAPs, and possibly XIAP, is critical for sensitizing cells to

FIGURE 2. SMC synergizes with IL-1 to induce apoptosis in cancer cells. A, SF295 cells were treated with 500 nm SM-164 (SMC) and 1 ng/ml IL-13

for the indicated times. SNB75 and U20S cells were treated with vehicle (veh) or 100 nm SM-164 (SMC) for 24 h and then treated with 1 ng/ml IL-18. At the
indicated times, cells were harvested, and protein extracts were subjected to Western immunoblotting with antibodies recognizing caspase-8, cleaved
caspase-3, c-FLIP, clAP1, clAP2, and XIAP. B-Actin was used as a loading control. B, SF295, SNB75 and U20S cells were treated with combinations of 500 nm
SM-164 (SMC) and 1 ng/ml IL-1 for 24 h, and cells were stained with annexin V and propidium iodide to measure the rate of apoptosis by flow cytometry.
G, plotted numbers represent the average =+ S.D. of three independent assays. The co-treatment of SMC and IL-18 induces apoptosis in cancer cells.
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FIGURE 4. clAP1, clAP2, and XIAP cooperatively protect against IL-13-induced cancer cell death. SF295 (A), SNB75 (B), and U20S (C), cells were trans-
fected with siRNA targeting clAP1, clAP2, XIAP, or nontargeting siRNA as a control. 48 h after siRNA-mediated silencing, cells were treated with vehicle
(black bars) or with 1 ng/ml IL-1 (white bars) for an additional 48 h. Cell viability was determined by Alamar Blue. The percentage viability relative to non-
targeting siRNA and vehicle = S.D. (n = 4) was plotted. D, cells were transfected with siRNA as in A-C for 48 h and harvested, and protein expression levels
of clAP1, clAP2, and XIAP were analyzed by Western immunoblotting. -Actin was used as a loading control. The combined silencing of clAP1, clAP2, and
XIAP by siRNA results in the highest sensitization to IL-1B8-mediated cancer cell death.

TNFa-mediated apoptosis (12—14, 32—34). To analyze the
potential contribution of each of these IAPs in blocking IL-
1B-induced cell death, we individually and jointly silenced
cIAP1, cIAP2, and XIAP prior to IL-1 treatment. In SF295
and SNB75 cells, sensitization to IL-1B-mediated cell death
required the combined down-regulation of cIAP1, cIAP2, and
XIAP (Fig. 4, A and B), whereas the combined down-regula-
tion of any two of the three IAPs was sufficient to sensitize
U20S cells to IL-1B3-mediated cell death (Fig. 4C). The down-
regulation of IAPs in the absence of exogenous IL-1f resulted
in varying degrees of cell death, with the lowest cell viability
observed with the combined down-regulation of all three
IAPs (Fig. 4, A-C). The efficiency of cIAP1, cIAP2, and XIAP
knockdown by siRNA was confirmed (Fig. 4D). These results
demonstrate that the combined targeting of cIAP1, cIAP2,
and XIAP is the most effective approach to trigger IL-13-in-
duced cell death.

SMC-mediated IL-1B-induced Cell Death Requires TNF-R1
Signaling—SMC treatment either blunts or delays activation
of the TNFa-induced classical NF-«B pathway (7, 17). Inacti-
vation of the classical NF-kB pathway can in part sensitize
cells to TNFa-mediated apoptosis (6, 7). As NF-«B pathway
activation is also modulated by IL-18 (35), and because SMC
treatment can sensitize cells to IL-13-induced apoptosis, we
asked whether SMC treatment might also blunt NF-«B acti-
vation mediated by IL-18. To measure activation of NF-«B,
we analyzed the degradation of IkBa and phosphorylation of
p65 following IL-18 treatment. As expected, IL-18 activated
the NF-kB pathway in SF295, SNB75, and U20S cells, and
similar kinetics were seen with prior treatment of SMC (Fig.
5A and supplemental Fig. 3, A and B). These results indicate
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that SMC treatment does not interfere with activation of the
NE-kB pathway in response to IL-18 stimulation.

Because SMC treatment does not alter activation of the
NEF-«B pathway in response to IL-18 treatment and TNF«a
is an NF-kB-targeted gene (36), we next explored the possi-
bility that TNFa might be a mediator for IL-1B-induced
cell death. We detected production of TNFa in sensitive
cells SF295, SNB75, and U20S in response to IL-1f3 treat-
ment (Fig. 5B, lanes 6 —8) but not to SMC treatment (data
not shown). In contrast, TNFa was not detected in A2780-
CP, OV2008, U343, and H460 cells (Fig. 5B, lanes 1-4)
which were resistant to cell death by SMC and IL-1p treat-
ment. To confirm that the NF-kB pathway is required for
TNFa production in response to IL-18 treatment, we
blocked the NF-«B pathway by expressing a dominant neg-
ative form of IKKB (IKKB-DN) (26). Expression of
IKKB-DN prevented IL-1B-mediated degradation of IkBa
and hence activation of the NF-kB pathway (Fig. 5C and
supplemental Fig. 4). As expected, inhibition of the IL-13-
mediated NF-kB pathway repressed the production of
TNFa in response to IL-18 treatment (Fig. 5D).

Next, we investigated whether TNF« signaling has a func-
tional role in SMC-mediated IL-1B-induced cell death by
down-regulating TNF-R1 using siRNA. In SF295, SNB75, and
U20S cells, silencing of TNF-R1 blocked cell death induced
by SMC and IL-1p treatment (Fig. 6, A—C). Down-regulation
of TNF-R1 in each of the cell lines was also confirmed (Fig.
6D). Together, these results indicate that cancer cell apoptosis
induced by SMC and IL-1f co-treatment requires TNFa
signaling.
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FIGURE 5. IL-13 induces TNFa production via the NF-«B pathway. A, SF295 cells were treated with vehicle (veh) or 100 nm SM-164 (SMC) for 2 h and then
treated with 1 ng/ml IL-1 for the indicated times, and protein lysates were immunoblotted for IkBe, p65-pS536, p65, clAP1, clAP2, and XIAP. B-Actin was
used as a loading control. B, cells were treated with 1 ng/ml IL-1 for 24 h, and cell culture supernatants were processed for the presence of TNFa through
ELISA. C, SF295 cells were transduced with adenoviral vectors expressing GFP or co-expressing GFP and a dominant negative form of IKKS at a multiplicity
of infection of 100 for 24 h. Cells were treated with vehicle (veh) or 100 nm SM-164 (SMC) for 2 h and then treated with 1 ng/ml IL-1 for 10 min. Cells were
harvested, and protein expression levels of IkBa, IKKB, clAP1, clAP2, and XIAP were analyzed by Western immunoblotting. B-Actin was used as a loading
control. Asterisk denotes a nonspecific band. D, cells were transduced with an adenoviral vector that expresses GFP or co-expressing GFP and a dominant
negative form of IKKB for 24 h and then treated with 1 ng/ml IL-13 for an additional 24 h. Cell culture supernatants were collected for ELISA analysis for the
presence of TNFa. Inhibition of the NF-«B pathway prevented IL-13-mediated production of TNFa.

Resistance of Cancer Cells to SMC and IL-1 Treatment Is
Overcome by c-FLIP Knockdown—IL-13-mediated release of
TNFa promotes cell death in response to SMC treatment.
H226 cells are resistant to SMC and IL-1 treatment (Fig. 1A)
despite the fact that TNFa is secreted following IL-13 addi-
tion (Fig. 5B). These results indicate that TNFa signaling is
necessary but is not sufficient to induce cell death. In SMC-
resistant cells, we previously reported that c-FLIP blocks
SMC-mediated TNFa-induced apoptosis (17). In this study,
we found that c-FLIP levels decreased in response to SMC
and IL-1 treatment in the sensitive cell lines SF295, SNB75,
and U20S (Fig. 24). We reasoned that the same principle
might apply to explain the cellular resistance to SMC and
IL-1p treatment, given that TNFa signaling is a critical inter-
mediate. We therefore examined whether c-FLIP is responsi-
ble for resistance to SMC-mediated IL-13-induced cell death
by silencing c-FLIP with siRNA in H226 cells prior to treat-
ment with SMC and IL-1p. Depletion of c-FLIP led to the
processing and activation of caspase-8 and caspase-3 (Fig. 7A)
and reversed the resistance of SMC-mediated IL-13-induced
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cell death (Fig. 7B). To further analyze the contribution of
c-FLIP, we ectopically expressed c-FLIP by adenoviral trans-
duction prior to exposure to combined IL-18 and SMC treat-
ment. We observed that ectopic expression of c-FLIP blocked
cell death induced by the combined IL-183 and SMC treat-
ment in SF295, SNB75, and U20S cells (Fig. 7, C-E). Expres-
sion of c-FLIP was also confirmed (Fig. 7F). These results
demonstrate that c-FLIP prevents the induction of cell death
by SMC and IL-1f3 treatment.

LPS Potentiates SMC-mediated Cell Death—To extend our
observations on the ability of an inflammatory cytokine to poten-
tiate SMC-mediated cell death, we analyzed for the potential of
endotoxin LPS to similarly cause cancer cell death. We selected
SF295, SNB75, and U20S cells for further analysis because of
their robust response to combined IL-183 and SMC treatment,
and the LPS receptor TLR4 was expressed in these cells (data not
shown). We found that LPS potentiated SMC-mediated cell
death in the selected cell lines (supplemental Fig. 5). In sum,
these results indicate that inflammatory signaling can synergize
with SMC treatment to induce cancer cell death.
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FIGURE 6. SMC-mediated IL-13-induced cell death requires TNF-R1 signaling. SF295 (A), SNB75 (B), and U20S (C) were transfected with nontargeting
siRNA or TNF-R1-siRNA. At 48 h transfection, cells were treated with combinations of 1 ng/ml IL-18 and 100 nm SM-164 for 48 h, and then cell viability was
determined by Alamar Blue. The percentage viability relative to nontargeting siRNA and vehicle = S.D. (n = 4) was plotted. D, cells were transfected with
siRNA as in A-C. At 48 h transfection, cells were harvested, and protein expression levels of TNF-R1 were analyzed by Western immunoblotting. -Actin was
used as a loading control. The silencing of TNF-R1 prevented SMC-mediated IL-1B-induced cell death.

DISCUSSION

SMC-mediated IL-1B-induced Apoptosis Depends on TNFa
Signaling Involving Caspase-8 and RIP1—Smac mimetic com-
pounds are IAP antagonists that are under clinical develop-
ment as cancer therapeutics. SMCs function either by activat-
ing the NF-«kB pathways to produce TNFa for autocrine
signaling (13, 14, 32) or by potentiating cytokines TNFa,
TRAIL, or Fas ligand within the tumors to induce cancer cell
death (17-22, 37-39). The abundance of the cytokine IL-1p, a
known inducer of the NF-kB pathway, within the tumor mi-
croenvironment (1-3, 35) suggests that IL-13 could impact
on the efficacy of SMC treatment. Here, we investigated the
potential synergism between SMC and IL-1p for the induc-
tion of apoptosis in cancer cells. We found that SMC syner-
gizes with IL-1f to induce cytotoxicity in a diverse subset of
cancer cell lines that include glioblastoma, osteosarcoma, and
pancreatic cancer. We found that the IC, values of IL-13 for
SM-164 synergism were 36 pg/ml, 340 fg/ml, and 40 pg/ml for
SF295, SNB75, and U20S cells, respectively. Because cultured
alveolar macrophages from patients of non-small cell lung
cancer produce 238 pg/ml IL-18 (40), our IC, values for IL-
1B-induced death in SMC-treated cells suggest that the en-
dogenous level of IL-18 might be sufficient to synergize with
SMC treatment. The synergism in sensitive cell lines requires
activation of the NF-«B pathway by IL-1f treatment, which in
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turn leads to the production of TNFa. SMC-mediated deple-
tion of cIAP1 and cIAP2 has two consequences with respect
to TNFa signaling. First, the absence of cIAP1 and cIAP2 can
blunt TNFa-mediated activation of the classical NF-«B path-
way (6, 7). Second, depletion of cIAP1 and cIAP2 prevents
TNFa-mediated RIP1 ubiquitination (6, 7), resulting in the
release of RIP1 from the TNF-R1 complex. Released nonubigq-
uitinated RIP1 is free to form the death-inducing complex II
with FADD and caspase-8, thereby activating the extrinsic
apoptotic pathway (16, 17). However, it should be noted that
most cells that are resistant to SMC and IL-1 treatment do
not produce TNFw« in response to IL-13. However, if resistant
cells do produce TNF« following IL-1f3 treatment, resistance
to SMC treatment can be circumvented by c-FLIP knock-
down. Thus, our data demonstrate that a pathway in cancer
cells exists by which IL-138-mediated cell death is potentiated
by SMC treatment (Fig. 8).

Improving the Efficacy of SMC-based Cancer Therapies—Ef-
fective targeting of the IAPs is crucial for the induction of cell
death by SMC treatment. This study and others have shown
that the concurrent down-regulation of cIAP1, cIAP2, and
XIAP by SMC or siRNA treatment, either in the absence or
presence of an extrinsic apoptotic trigger, can induce cytotox-
icity in responsive cancer cells (12, 33, 34). Although the level
of XIAP in response to SMC treatment appears to somewhat
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ing control.

fluctuate over the early and intermediate time points (10 min
to 8 h), prolonged treatment results in noticeable XIAP down-
regulation. Fluctuation of XIAP levels at earlier times may be
due to the result of rapid cIAP1 degradation by SMC treat-
ment, as the ubiquitin E3 ligase RING domain of cIAP1 can
mediate the degradation of other IAPs, including XIAP (30,
41, 42). Therefore, the loss of cIAP1 might allow XIAP levels
to undergo transient recovery. Nonetheless, in addition to
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changes in the structural design of SMCs to improve specific-
ity, either prolonged exposure or increased dosage of SMC
should also lead to increased targeting of XIAP.

Interestingly, resistance to SMC-induced death in cancer
cells has also been reported, but the mechanism for this re-
sistance appears complex and is dependent on the molecular
signature of the particular cancer cell. However, attempts
have been made to increase our understanding of the basis of
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IL-1B occupancy, IL-1R transduces a signal by recruiting adaptor protein
MyD88, which in turn recruits IRAK1 and IRAK4 (51). IRAKT is likely phos-
phorylated and activated by IRAK4, allowing IRAK1 to interact with TRAF6.
Autoubiquitination of TRAF6 recruits TAB2 and TAB3, and the binding of
MEKK3 to TAK1 may stabilize TRAF6-associated signaling complex, allowing
the cascade involving MEKK3, TAK1, and IKK complex to proceed, leading to
NF-«B activation. In turn, activation of NF-«B results in production of TNFq,
which is secreted to engage the TNF-R1 signaling complex in an autocrine
fashion. In the presence of TRAF2, cIAP1, and clAP2, cells respond to TNF«
stimulation by promoting RIP1 ubiquitination. However, as a result of SMC
treatment, clAP1 and clAP2 are down-regulated, thereby preventing ubig-
uitination of nonubiquitinated RIP1 and allowing RIP1 to bind and activate
the death-inducing complex Il that includes caspase-8 and FADD. Death-
inducing complex Il in turn activates caspase-3, promoting apoptosis.

SMC resistance, resulting in some emerging themes. First,
persistent c-FLIP levels can block cancer cell death triggered
by SMC treatment when combined with TNFa or TRAIL
(17). Silencing of c-FLIP restored sensitivity toward combined
SMC and TNFe«, TRAIL (17), or IL-1 treatment in previ-
ously resistant cancer cells. Current chemotherapeutics such
as paclitaxel and bortezomib are known to down-regulate
c-FLIP (43, 44), raising the possibility that these agents can be
used with SMC treatment for an improved therapeutic out-
come. Second, some cancer cells are resistant to SMC-in-
duced apoptosis because the cells become refractory to SMC-
mediated degradation of cIAP2 (45). As protein expression
level of cIAP2 is also modulated by the phosphatidylinositol
3-kinase (PI3K) pathway, exposure to a PI3K inhibitor can
repress cIAP2 expression and re-sensitize cancer cells to SMC
and TNF« treatment (45). Third, inactivation of caspase-8
renders certain cancer cells to be nonresponsive to SMC and
TNFa treatment (17). Because interferon has been reported
to reactivate caspase-8 expression (46, 47), interferon treat-
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ment can potentially restore sensitivity to SMC and TNF«
treatment in cancer cells deficient in caspase-8 expression.
Therefore, the concurrent targeting of caspase inhibitors,
IAPs and c-FLIP, may provide the broadest success in causing
cancer cell death triggered by an intact extrinsic apoptotic
pathway.

Tumor microenvironments are frequently subjected to in-
flammatory stress, including exposure to the pro-inflamma-
tory cytokines TNFa and IL-1 that are produced either by
the tumor cells or infiltrating cells such as macrophages (1-
3). An emerging approach for cancer therapy is to harness this
existing inflammatory condition (48). The ability of SMCs to
promote TNFa-induced apoptosis suggests that SMCs may
provide anti-tumor activity in situ. Indeed, SMCs have dem-
onstrated in vivo efficacy in preclinical xenograft models, ei-
ther as a stand-alone therapy or in combination with addi-
tional agents (32, 33, 49, 50). From our current data, we
propose that IL-18 contributes to SMC synergism by acting as
a TNFa inducer in cancer cells through the NF-«B pathway,
providing a positive feed-forward loop of pro-inflammatory
cytokines that activate SMC-mediated cancer cell death.
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