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The current model for the intrinsic apoptotic pathway holds that mitochondrial activation of caspases in response
to cytotoxic drugs requires both Apaf-1-induced dimerization of procaspase 9 and Smac/Diablo-mediated seques-
tration of inhibitors of apoptosis proteins (IAPs). Here, we showed that either pathway can independently promote
caspase 9 activation in response to apoptotic stimuli. In drug-treated Apaf-1�/� primary myoblasts, but not
fibroblasts, Smac/Diablo accumulates in the cytosol and sequesters X-linked IAP (XIAP), which is expressed at
lower levels in myoblasts than in fibroblasts. Consequently, caspase 9 activation proceeds in Apaf-1�/� myoblasts;
concomitant ablation of Apaf-1 and Smac is required to prevent caspase 9 activation and the onset of apoptosis.
Conversely, in stimulated Apaf-1�/� fibroblasts, the ratio of XIAP to Smac/Diablo is high compared to that for
myoblasts and procaspase 9 is not activated. Suppressing XIAP with exogenous Smac/Diablo or a pharmacological
inhibitor can still induce caspase 9 in drug-treated Apaf-1-null fibroblasts. Thus, caspase 9 activation in response
to intrinsic apoptotic stimuli can be uncoupled from Apaf-1 in vivo by XIAP antagonists.

Programmed cell death by apoptosis is an essential process that
affects normal development and homeostasis as well as cancer
progression and tumor response to antineoplastic therapies (re-
viewed in references 11 and 43). Apoptosis involves activation of
apical (upstream) caspases, including caspase 8 and caspase 9,
which subsequently cleave and activate executioner (downstream)
caspases such as caspases 3, 6, and 7, and suppression of inhibitors
of apoptosis proteins (IAPs). In the extrinsic pathway, death li-
gands bind cognate receptors on the cell membrane and induce
direct recruitment and activation of caspase 8. In the intrinsic
pathway, DNA-damaging agents elicit caspase 9 activation indi-
rectly via proapoptotic members of the Bcl-2 protein family, such
as Bax and Bak, that induce mitochondrial outer membrane per-
meabilization (MOMP) (32).

Upon MOMP, a number of apoptogenic factors, including
cytochrome c, Smac/Diablo, and apoptosis inducing factor
(AIF), are released into the cytosol (6, 21, 24, 46, 48). Inter-
action of cytochrome c with a cytosolic apoptosis protease-
activating factor, Apaf-1, induces recruitment of procaspase 9
into a high-molecular-weight complex, termed the apoptosome
(52). Aggregation of procaspase 9 at the apoptosome promotes
dimerization, which activates the zymogen; dimer-induced au-
tocleavage of caspase 9 further stabilizes its active state (3, 18,
30). A high concentration of purified procaspase 9 induces
caspase activation and autocleavage in vitro even in the ab-
sence of Apaf-1, though formation of the apoptosome accel-
erates this process by an order of magnitude (3, 18, 30). The
processed, activated caspases are antagonized by direct inter-

action with the X-linked IAP, XIAP (8, 40, 47). While XIAP is
a bona fide inhibitor of caspases, other members of the IAP
family, including cIAP-1 and cIAP-2, may not function as caspase
inhibitors in vivo but rather prevent apoptosis by other means (7,
8). A second mitochondrial-derived activator of caspases, Smac/
Diablo, binds and neutralizes XIAP, allowing executioner
caspases to target a plethora of intracellular molecules, ultimately
leading to cell demise (reviewed in reference 19).

Inactivation of Bax and Bak or overexpression of the survival
factors Bcl-2 and Bcl-xL inhibits MOMP and confers long-lasting
resistance to a variety of intrinsic apoptotic stimuli (25, 32, 49).
Persistent apoptotic stimulation and mitochondrial permeabiliza-
tion are believed to mark a point of no return, after which cells die
even in the absence of caspase activation, presumably through
AIF or other mechanisms (2, 4, 5, 9, 45). Nonetheless, apoptosis
may be delayed and cells may survive transient apoptotic insults
that induce MOMP and cytochrome c release as long as activa-
tion of the caspases fails (10). This is evident from the survival of
neurons in Apaf-1�/� and caspase 9�/� mutant embryos (13, 50),
the resistance to apoptosis conferred by a combination of muta-
tions in caspase 3 and caspase 7 (22), and the enhanced survival of
tumor cells expressing reduced levels of Apaf-1 or high levels of
XIAP (39, 41).

Both the cytochrome c-Apaf-1 and Smac/Diablo-IAP axes
are thought to be required for caspase 9 activation (reviewed in
reference 37). Indeed, in Drosophila melanogaster, the wide-
spread cell death seen in IAP (Diap1) mutant flies is inhibited
by loss-of-function mutations in the Apaf-1 homolog Dark,
suggesting that apoptosis via the intrinsic pathway is absolutely
dependent on Apaf-1 activity (36). Cooperation between these
axes for caspase 9 activation is also suggested by the observa-
tions cited above that mutations in Apaf-1 or caspase 9 in the
mouse inhibit apoptosis in certain, but not all, cell types (13,
50) and that down-regulation of Apaf-1 or overexpression of
XIAP suppresses apoptosis in human cancer cells (39, 41).
However, the effect of each axis alone, cytochrome c-Apaf-1 or
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Smac/Diablo-XIAP, on caspase 9 activation and apoptosis has
not been investigated in mammalian cells. Here we showed
that in drug-treated primary myoblasts and fibroblasts, caspase
9 activation and caspase 9-mediated apoptosis can be induced

independently of Apaf-1, provided that XIAP and/or related
proteins are antagonized. Our findings suggest a model in
which the cytochrome c-Apaf-1 and Smac/Diablo-XIAP axes
can independently induce caspase 9 activation in stimulated

FIG. 1. The caspase 9-dependent, Apaf-1-independent apoptotic response in myoblasts correlates with a high cytosolic Smac/Diablo-to-XIAP ratio.
(A) Uncoupling of caspase 9 from Apaf-1. The indicated MEFs or MEMs were exposed to 2 �M STS for 4 h and analyzed by an annexin V binding assay
and flow cytometry. Both control cultures were of Apaf-1�/� cells. (B) Accumulation of Smac/Diablo in mitochondrion-depleted cytosol fractions from
STS-treated Apaf-1�/� myoblasts (indicated by asterisks). The control cultures in this and all subsequent panels were of wild-type (e.g., Apaf-1�/�) cells.
(C) Similar analysis as for panel C, with indicated primary myoblasts. (D and E) Two experiments with different exposures demonstrating differential
expression of XIAP in myoblasts versus fibroblasts. Western blots of total protein lysates (40 �g) isolated from the indicated cultures were analyzed with
antibodies reactive to XIAP. �-Tubulin was used as a loading control. ctrl., control; PI, propidium iodide; FITC, fluorescein isothiocyanate; Cyto., cytosolic.

5674 HO ET AL. MOL. CELL. BIOL.



cells in vivo and point to the involvement of an additional
mitochondrial factor, yet to be unraveled, in this process.

MATERIALS AND METHODS

Mice. Apaf-1�/�, Casp9�/�, Smac�/�, and Apaf-1�/� Smac�/� embryos were
obtained by intercrossing Apaf-1�/�, Casp9�/�, Smac�/�, and Apaf-1�/� Smac�/� het-
erozygote mice. The day of vaginal plug observation was considered embryonic
day 0.5 (E0.5). PCR-based genotyping was performed on duplicate tissues as
previously described (13, 28, 50). Mice were maintained in accordance with the
Canadian Animal Care Council.

Isolation and propagation of primary myoblasts and fibroblasts. Limb mus-
cles were removed from E16.5 embryos under a dissecting microscope; isolation
and culturing of myoblasts were performed as previously described (15). Primary
fibroblasts were isolated from the skin of the same embryos. Primary cultures
were used by the fourth passage.

Long-term cell survival by MTT assay. Briefly, 3,000 cells/well were seeded in
24-well plates and grown overnight. After a 4-h drug treatment, the cells were
washed with PBS and cultured in normal media for an additional 72 h. An MTT
[3-(4,5-dimethylthiazol-2-yl)-(2,5-diphenyl-tetrazolium bromide] assay was per-
formed as previously described (15).

Immunofluorescent and confocal microscopy. Subconfluent cell cultures,
grown on collagen 1-coated glass coverslips (Biocoat/VWR), were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS) at room temperature for
5 min. For multiple immunofluorescent labeling, the coverslips were treated with
extraction buffer (1 mM EGTA, 4% polyethylene glycol 8000, 0.1 M 1,4-piper-
azine-bis-ethanesulfonic acid [pH 6.9], and 0.1% Triton X-100) for 5 min, fol-
lowed by three washings in PBS and 5 min of blocking with 1% bovine serum
albumin-PBS. The coverslips were incubated with anti-�-tubulin antibody (1:100
dilution; Sigma-Aldrich, MI) and anti-MyoD (1:50 dilution; Santa Cruz, CA) in
blocking solution for 45 min in a humidified chamber at room temperature. After
being washed three times for 5 min each in PBS, the samples were incubated for
45 min with 1:200 dilutions of Alexa 568 (red) and Alexa 488 (green) secondary
antibodies (Molecular Probes). For Smac/Diablo labeling, cells were grown on
collagen 1 coverslips, incubated with 300 nM MitoTracker Red 580 (Molecular
Probes) for 30 min, fixed in 100% methanol (prechilled at �20°C) for 5 min, and
placed in blocking solution (1% bovine serum albumin/PBS). Anti-Smac/Diablo
antibody (1:100 dilution; Alexis) in blocking solution was added for 45 min at
room temperature. After being washed three times in PBS, the coverslips were
incubated with Alexa 488 (Molecular Probes) goat anti-rabbit secondary anti-
body at a dilution of 1:100 and 10 �g/ml Hoechst (Sigma) in blocking solution.
Specimens were mounted with fluorescent media (Dakocytomation) and sealed
with nail enamel. Confocal images of 0.5-�m optical sections were captured,
using a �63 c-apochromat objective lens on an LSM 510 Zeiss Axiovert 100 M
confocal microscope.

Annexin V and TUNEL assays for cell culture. Subconfluent cultures were
trypsinized to obtain single-cell suspensions, washed once in binding buffer (10
mM HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgCl2, and 1.8 mM CaCl2 [pH
7.4]) and stained with propidium iodide (10 �g/ml) and annexin V-fluorescein
isothiocyanate (25 �g/ml). For experiments with green fluorescent protein
(GFP), annexin V-phycoerythrin (PE) (25 �g/ml) was used. After 20 min at room
temperature, the cells were washed once with binding buffer and quantified,
using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). Ten
thousand events were counted for each sample. Cells undergoing DNA fragmen-
tation were detected by flow cytometry, using a modified terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) protocol.
Briefly, 2 � 106 staurosporine (STS)-treated and control cells were fixed in 4%
paraformaldehyde, digested for 1 min digestion in 0.1% trypsin, and washed
twice in PBS. The cells were labeled with 10 �M fluorescein-dUTP (Boeringer
Manheim) by terminal deoxynucleotidyl transferase (100 U/ml; Boeringer Man-
heim) at 37°C for at least 1 h and washed twice with PBS prior to being analyzed
by flow cytometry.

Western blotting. Apoptosis was induced by adding 2 �M STS for the duration
specified in each experiment. Cells were lysed in CHAPS {3-[(3-cholamido-
propyl)-dimethylammonio]-1-propanesulfonate} cell extraction buffer {50 mM
PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid)]/HCl [pH 6.5], 2 mM EDTA,
0.1% CHAPS [Sigma], 20 �g/ml leupeptin, 10 �g/ml pepstatin A, 10 �g/ml
aprotinin, 5 mM dithiothreitol [DTT], and 1 mM phenylmethylsulfonyl fluoride}.
Cytosolic and mitochondrial fractions were isolated by a modified subcellular
fractionation protocol provided with the mitochondrial fractionation kit (Active
Motif). Briefly, cell pellets were resuspended in a hypotonic buffer (10 mM
HEPES [pH 7.9], 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 0.5
mM phenylmethylsulfonyl fluoride, and 1% [vol/vol] aprotinin) for 30 min on ice

and lysed either by Dounce homogenization or by flash freezing and thawing
three times. Sequential centrifugation was used to isolate the mitochondrial and
cytosolic fractions. First centrifugation at 800 � g for 20 min was used to remove
unlysed nuclei and insoluble cell debris. The supernatant was then subjected to
10,000 � g for 30 min to separate the mitochondrial fraction (pellet) from the
cytosolic fraction (supernatant). Forty micrograms of each sample was separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, Western blotted
onto nitrocellulose membranes, and immunodetected, using mouse-specific caspase
9 polyclonal antibodies (Cell Signaling) at a dilution of 1:1,000 in 2.5% skim milk-
TBST (Tris-buffered saline containing 10 mM Tris-HCl [pH 8.0], 150 mM NaCl, and
0.05% Tween 20) or anti-activated caspase 9 antibody at a dilution of 1:200 (Santa
Cruz Biotechnology) and anti-rabbit immunoglobulin G-horseradish peroxidase
(HRP)-conjugated secondary antibody at a dilution of 1:2,000 in 2.5% skim milk-
TBST (Cell Signaling). Antibodies for Smac and XIAP (ProSci Inc.), poly(ADP-
ribose) polymerase (PARP; Cell Signaling), cIAP1 (R & D Systems, Inc.), and
cytochrome c (clone A-8; Santa Cruz Biotech) were used at dilutions of 1:1,000 in
5% skim milk-TBST and incubated with the appropriate HRP-conjugated secondary
antibody (Cell Signaling) at dilutions of 1:2,000 in 5% skim milk-TBST. Incubation
with goat anti-fast skeletal troponin T (1:100 dilution; Santa Cruz Biotech) in 5%
milk-TBST was followed by incubation with secondary donkey anti-goat HRP anti-
body (at a 1:2,000 dilution in 5% skim milk-TBST; Santa Cruz Biotech). Anti-�-
tubulin antibody (1:1,500 dilution in 5% skim milk-TBST; Sigma) was used with
anti-mouse immunoglobulin G-HRP antibody (1:3,000 dilution in 5% milk-TBST;
Cell Signaling). HRP activity was visualized by using SuperSignal West Dura chemi-
luminescence substrate (Pierce) and was captured digitally by a Bio-Rad Flour-S-
Max multimager equipped with a Nikon CCD camera or by using X-ray films.

In vitro caspase activity assays. In vitro caspase activities were performed
according to the instructions for the ApoAlert caspase kit (Clontech/BD
Biosciences). Briefly, after being exposed to apoptotic stimuli, cell pellets were
lysed with an equal volume of 2� DTT reaction mix provided by the manufac-
turer. After a 30-min incubation on ice, 250 �M of caspase 9 substrate (LEHD-
aminomethyl coumarin) or caspase 3 substrate (DEVD-aminomethyl coumarin)
was added to each sample (10 �g). The reaction was carried out in buffer
containing 100 mM HEPES [pH 7.5], 20% glycerol, 5 mM DTT, and 0.5 mM
EDTA [pH 8.0] at 37°C for 1 h. Caspase 9 and caspase 3 activities were measured
by a GENios fluorometer (Tecan) at wavelengths of 400 nm excitation/505 nm
emission and 380 nm excitation/460 nm emission, respectively.

Histology and TUNEL analysis on sections. Briefly, embryos were fixed in 4%
paraformaldehyde at 4°C overnight, dehydrated, and embedded in paraffin. Sec-
tions 8 �m thick were stained with hematoxylin and eosin, and TUNEL assays
were performed using biotin-dUTP followed by 3,3�diaminobenzidine tetrahy-
drochloride staining (51).

pSmac�MTS-IRES2-eGFP construction and transfection. PCR was used to
amplify a DNA fragment containing amino acids 54 to 237 of Smac. The 5�
primer (5�-ATACTCGAGCCACCATGGCGGTTCCTATTGCTCAG-3�) in-
cluded an XhoI site, an optimal Kozak CGACCATG sequence with a methio-
nine fused to A54 in the mouse Smac gene, thereby deleting the first 53 amino
acids of the protein that contains the mitochondrial targeting sequence (MTS).
The 3� primer (5�-TAAGGATCCTCAATCTTCACGCAGGTAGGC-3�) con-
tained a stop codon followed by a BamH1 site. The PCR product was purified,
digested with Xho1 plus BamH1, and subcloned into pIRES2-eGFP (Clone-
tech/BD Bioscience). Sequence analysis confirmed the in-frame deletion and
lack of unwanted, inadvertent mutations. Transfection of primary cells with
pSMAC�MTS-IRES2-eGFP was performed using a Lipofectamine 2000 kit
(Invitrogen). Briefly, subconfluent cells were incubated with a 1:3 ratio of DNA
(�g) to Lipofectamin (�l) in serum-free Opti-MEM I medium (Invitrogen) for
8 h at 37°C. The medium was replaced with 10% fetal bovine serum-Dulbecco’s
modified Eagle’s medium, and cultures were analyzed 24 h later.

TABLE 1. Frequency of live progeny from Apaf-1 and Smac
heterozygous intercrosses at E16.5

Genotype No. (%) of live
embryos expected

No. (%) of live
embryos observed

Controla 168 (56.25) 172 (57.72)
Apaf-1�/�b 56 (18.75) 49 (16.44)
Smac�/� 56 (18.75) 61 (20.47)
Apaf-1�/� Smac�/�c 18 (6.25) 16 (5.37)

a Includes Apaf-1�/� and/or Smac�/� genotypes.
b Eight of 49 (16.32%) embryos had protruded brain morphology.
c Three of 16 (18.75%) embryos had protruded brain morphology.
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FIG. 2. Combined loss-of-function mutations in Apaf-1 and Smac confer resistance to transient exposure to apoptotic stimuli in primary
myoblast cultures: reversal by embelin. (A) The indicated littermate cultures were treated with STS for 5 h, and early apoptosis was assessed by
a fluorescein isothiocyanate-annexin V binding assay followed by flow cytometry analysis. Each bar graph and error bar represents the average and
standard deviation calculated from three independent experiments. * and ** denote a significant difference at P 	 0.05 and P 	 0.001, respectively,
as determined by the Student t test. (B) Similar experiment as for panel A, comparing the apoptosis levels of Apaf-1�/� Smac�/� MEMs to those
of the control, Apaf-1�/�, and caspase 9�/� MEMs 0, 3, and 5 h posttreatment. (C) Similar long-term survival rates of Apaf-1�/� Smac�/� MEMs
and Apaf-1�/� MEFs following transient exposure to apoptotic stimuli. Cultures were treated for 4 h with the indicated concentrations of STS or
doxorubicin, washed, and replated in 6 wells per culture in 24-well plates. Three days later, cell proliferation/survival was assessed by an MTT assay.
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RESULTS

Uncoupling of caspase 9 activation from Apaf-1 in stimu-
lated primary myoblasts correlates with accumulation of cy-
tosolic Smac/Diablo. Previously, we showed that in contrast to
fibroblasts, where Apaf-1 is required to process procaspase 9,
skeletal myoblasts undergo Apaf-1-independent caspase 9 activa-
tion and apoptosis (12, 15). This is demonstrated in Fig. 1A, for
which we used a fluorescent-based annexin V binding assay,
which detects phosphatidylserine residues that translocate to the
outer cell membrane during early stages of apoptosis. Exposure of
primary embryonic fibroblasts (MEFs) to 2 �M STS for 4 h
induced annexin V reactivity in 22% of the cells, whereas
Apaf-1�/� (and casp9�/�; data not shown) fibroblasts were highly
resistant (0.3%) (Fig. 1A, left panels). In contrast, embryonic
myoblasts (MEMs) exhibited early signs of apoptosis in the ab-
sence of Apaf-1 (22%) but not in the absence of caspase 9 (0.1%)
(Fig. 1A, right panels). Thus, in mammals, the coupling of caspase
9 activation to Apaf-1 is cell type specific.

After various considerations (16) and numerous trials to define
the mechanism of Apaf1-independent apoptosis, we explored the
expression of IAPs and Smac/Diablo in these two cell lineages. To
test the levels of Smac, mitochondrion-free cytosols from STS-
treated or untreated cells were isolated, using hypotonic lysis
conditions and differential centrifugations. Remarkably, the levels
of Smac/Diablo were reproducibly higher in the cytosolic fractions
from STS-treated Apaf-1�/� myoblasts than in the control myo-
blasts, fibroblasts, or Apaf-1-deficient fibroblasts (Fig. 1B and C
show two independent experiments with different exposures).
Low levels of cytosolic Smac/Diablo were observed in Apaf-1�/�

myoblasts even under nonstimulating conditions and significantly
increased upon STS treatment. A similar increase in Smac/Diablo
in STS-treated Apaf-1�/� myoblasts was also observed when mi-
tochondrion-free cytosolic fractions were prepared by a freeze-
thaw procedure (data not shown). Notably, the kinetics of cyto-
chrome c release are similar in the different myoblast and
fibroblast cell types (15) (see Fig. 4B), indicating that accumula-
tion of Smac/Diablo in the cytosols of apoptosing Apaf-1�/� myo-
blasts is not due to an indirect effect of Apaf-1 deficiency on
mitochondrial integrity. In addition, the total amount of Smac/
Diablo was not elevated in drug-treated versus untreated cells, as
evident from Western blot analysis of whole-cell lysates and con-
focal microscopy (see Fig. S1B and C in the supplemental mate-
rial), indicating that Smac/Diablo accumulated specifically in the
cytosols of Apaf-1�/� myoblasts following STS treatment. Inter-
estingly, expression of XIAP was reproducibly reduced by at least
50% in myoblasts compared with fibroblasts in both wild-type and
Apaf-1 mutant cells (Fig. 1D and E). Expression of another IAP
member, cIAP-1, was also lower in myoblasts than in fibroblasts
(Fig. S1A). Thus, upon apoptotic stimulus, the cytosolic Smac/
Diablo-to-XIAP ratio is significantly higher in primary Apaf-1�/�

myoblasts than in primary Apaf-1�/� fibroblasts.

Apaf-1�/� Smac�/� double mutant myoblasts resist early
onset of apoptosis. The aforementioned results suggest that
the susceptibility of Apaf-1�/� myoblasts to apoptotic stimuli
may be due to efficient sequestration of XIAP by Smac/Diablo
in these cells. If this notion is correct, inactivation of both
Apaf-1 and Smac should increase the effective level of XIAP
and inhibit caspase 9 activation and apoptosis. To test this idea,
we interbred Apaf-1�/� and Smac�/� knockout mice to generate
double mutant embryos. Most Apaf-1�/� embryos on a 129/sv �
C57BL/6 mixed background die in utero with craniofacial abnor-
malities and reduced apoptosis in the brain (50). In contrast,
Smac�/� mutant mice are viable and sensitive to both intrinsic
and extrinsic apoptotic stimuli (28). Apaf-1�/� Smac�/� double
mutant embryos were recovered at embryonic day E16.5 with
near-Mendelian inheritance (Table 1). Histology and apoptosis
assays failed to detect obvious differences between Apaf-1�/�

Smac�/� and Apaf-1�/� embryos (see Fig. S2 in the supplemental
material). Primary myoblasts were isolated from the soleus mus-
cles of Apaf-1�/� Smac�/� and control embryos, expanded, and
used by passage 2 to 4 to avoid senescence. A total of over 16
independent primary Apaf-1�/� Smac�/� and over 40 Apaf-1�/�

mutant cultures were generated for this study, and at least three
independent primary cultures were analyzed per experiment.

After exposure to apoptotic stimuli, Apaf-1�/� and Smac�/�

myoblasts underwent a robust apoptotic response which was ap-
proximately 75% of the level observed in wild-type cells, as mea-
sured by an annexin V binding assay, (Fig. 2A). Strikingly, Apaf-
1�/� Smac�/� double mutant myoblasts exhibited only
background levels of annexin V binding under the same condi-
tions. We extended this analysis to compare the Apaf-1�/�

Smac�/� double mutant myoblasts with caspase 9�/� myoblasts,
which are highly resistant to intrinsic apoptotic signals (15) (Fig.
1A, right panel). Remarkably, time course experiments demon-
strated that the Apaf-1�/� Smac�/� myoblasts were as resistant to
STS treatment as the caspase 9�/� myoblasts (Fig. 2B).

To test whether the Apaf-1�/� Smac�/� mutations conferred
long-term survival, the various cell types were treated with lower
doses of STS (0.5 and 1 �M) for 4 h. The cells were then washed
to remove the drug and cultured for 3 days in drug-free media. At
this stage, the number of cells was evaluated by measuring mito-
chondrial reductase activity by a colorimetric MTT assay. As
shown in Fig. 2C, the Apaf-1�/� Smac�/� myoblasts exhibited a
twofold increase in resistance to transient exposure to STS rela-
tive to the control myoblasts. Importantly, the level of resistance
to STS exhibited by the Apaf-1�/� Smac�/� myoblasts was similar
to that of the Apaf-1�/� fibroblasts. Comparable results were also
obtained with the clinically relevant cytotoxic drug doxorubicin
(Adriamycin) (Fig. 2C).

To further test the resistance of Apaf-1�/� Smac�/� myo-
blasts to apoptotic stimuli, we infected the various primary
cultures with a recombinant adenovirus (Ad) vector encoding

(D) Resistance to E2F1-induced apoptosis in Apaf-1�/� Smac�/� myoblasts relative to that in Apaf-1�/� myoblasts. The indicated cultures were
infected with an Ad vector encoding E2F1 and GFP and stained 24 h later with phycoerythrin R-annexin V (AnnexinV-PE). Relative apoptosis
(annexin V-positive cells) normalized for infection efficiency (GFP-positive cells) is indicated by the AnnexinV/GFP ratio. (E) Restimulation of
apoptotic response in Apaf-1�/� Smac�/� double mutant myoblasts by embelin (Emb). Control (ctrl.) and Apaf-1�/� Smac�/� myoblast cultures
were treated with vehicle (dimethyl sulfoxide), STS (2 �M), or STS plus embelin (30 �M) for 3 h. The total percentage of annexin V-positive cells
is indicated below each panel.
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E2F1 and GFP; infection efficiency and cell death were quan-
tified by analyzing the GFP- and PE-conjugated annexin V
fluorescent signals by flow cytometry. At 16 h post-Ad.E2F1-
GFP infection, both the control and Apaf-1�/� myoblasts died
by apoptosis (
100% and 78%, respectively) (Fig. 2D). In
contrast, the double mutant Apaf-1�/� Smac�/� myoblasts
were highly resistant to E2F1-induced apoptosis (15%).

It was important to demonstrate that the resistance of
Apaf-1�/� Smac�/� myoblasts to apoptotic stimuli was not due
to contaminating fibroblasts, where loss of Apaf-1 alone con-
fers cytoprotection. We first ruled out this possibility by ana-
lyzing the expression of myogenic markers in the various cul-
tures. Western blot analysis revealed similar levels of expression of
troponin T in control, Apaf-1�/�, and Apaf-1�/� Smac�/� myoblasts
(Fig. 3A). Immunostaining for MyoD also demonstrated similar
abundances of MyoD-positive cells in the various myoblast
cultures tested (Fig. 3B). Second, we simultaneously labeled
MyoD-expressing and apoptosing cells, using a fluorescent
TUNEL assay, which marks nuclei with nicked/fragmented
DNA, the hallmark of apoptosis. In a representative experi-
ment shown in Fig. 3C, MyoD-positive Apaf-1�/� and
Smac�/� myoblasts exhibited 34% and 37.6% TUNEL-posi-
tive cells, respectively, compared with 41% in the control wild-
type cells. In contrast, MyoD-positive Apaf-1�/� Smac�/� dou-
ble mutant myoblasts analyzed in parallel displayed only 7.1%
apoptosis. Thus, combined inactivation of Apaf-1 and Smac/
Diablo inhibits early onset of apoptosis specifically in primary
skeletal myoblast cells.

Caspase 9 activation is inhibited in Apaf-1�/� Smac�/� dou-
ble mutant myoblasts. We next asked whether the early signs of
cytoprotection observed in stimulated Apaf-1�/� Smac�/� mu-
tant myoblasts was accompanied by lack of caspase activation. We
first tested the enzymatic activity of caspase 9 using a synthetic
substrate, LEHD-AMC, which fluoresces upon cleavage by
caspase 9 as well as other caspases (caspases 2 and 10). This assay
revealed a significant reduction in LEHD-AMC cleavage in cy-
tosolic extracts from Apaf-1�/� Smac�/� double mutant myo-
blasts and Apaf-1�/� MEFs compared with those from control
wild-type MEMs (Fig. 4A).

To determine whether the reduced enzymatic activity of
caspase 9 in Apaf-1�/� Smac�/� myoblasts was associated with
reduced processing of the caspase, we performed Western
blots with a murine-specific caspase 9 antibody that recognizes
the 49-kDa zymogen as well as the 39- and 37-kDa cleaved
forms of the enzyme (23). Processing of procaspase 9 was
observed at 4 h in control myoblasts, and it had increased
further at 6 h post-STS treatment (Fig. 4B). Caspase 9 cleavage
in Apaf-1�/� and Smac�/� myoblasts followed a similar, albeit
slightly delayed, kinetic. In contrast, processing of procaspase
9 was strongly suppressed in Apaf-1�/� Smac�/� double mu-
tant myoblasts even 6 h post-STS treatment, despite efficient
release of cytochrome c into the cytosol (Fig. 4B). Densitom-
etry analysis revealed that whereas caspase 9 cleavage in-
creased 12.2-, 12.2-, and 8-fold in the control, Apaf-1�/�, and
Smac�/� myoblasts, respectively, it increased by only 1.8-fold
in the Apaf-1�/� Smac�/� compound mutant myoblasts. Inhi-
bition of caspase 9 cleavage in Apaf-1�/� Smac�/� mutant
myoblasts was also observed by using an antibody that reacts
exclusively with the processed form of caspase 9 (data not
shown).

To further assess the extent of resistance to apoptosis in
Apaf-1�/� Smac�/� myoblasts, we followed caspase 9 process-
ing in these cells over an extended period of time. Cleaved
caspase 9 was readily detected in wild-type control, Apaf-1�/�,
and Smac�/� myoblasts at 8 and 24 h following exposure to
STS (Fig. 4C). In contrast, caspase 9 processing was clearly
observed in Apaf-1�/� Smac�/� myoblasts and Apaf-1�/� fi-
broblasts only 24 h post-STS treatment. Thus, the inhibition of
caspase 9 processing conferred by inactivation of both Apaf-1
and Smac in myoblasts was similar to that observed by loss of
Apaf-1 alone in fibroblasts. The eventual activation of caspase
9 may account in part for the cell death observed in Apaf-1�/�

Smac�/� myoblasts and Apaf-1�/� fibroblasts after long-term
exposure to cytotoxic drugs (Fig. 2C).

Cytosolic lysates prepared from Apaf-1�/� Smac�/� double
mutant myoblasts exhibited a marked reduction in caspase
3/caspase 7 enzymatic activity (with DEVD-AMC substrate)
compared with that from control wild-type, Apaf-1�/�, or
Smac�/� myoblasts, which was similar to the activity observed
in lysates from caspase 9�/� mutant myoblasts (Fig. 4D).
Cleavage of PARP, a substrate for caspase 3, was readily detected
in control wild-type myoblasts within 4 h, and it peaked at 6 h
(Fig. 4E). In Apaf-1�/� mutant myoblasts, PARP was cleaved in
a similar, yet slightly delayed, kinetic. In contrast, PARP cleavage
was severely inhibited in Apaf-1�/� Smac�/� double mutant myo-
blasts, being undetectable even 8 h post-STS treatment. We con-
cluded that in primary myoblasts, the combined loss of Apaf-1
and Smac/Diablo, but not Apaf-1 alone, inhibits caspase 9 acti-
vation and the onset of apoptosis.

A testable model for the role of XIAP in Apaf-1-independent
caspase 9 activation. Based on the observations described
above, we propose that in drug-treated mammalian cells, pro-
caspase 9 autodimerization and activation are sufficiently ro-
bust to occur in the absence of Apaf-1 as long as XIAP or
related proteins are kept in check. In Apaf-1�/� myoblasts,
XIAP is expressed at a relatively low level and further antag-
onized by Smac/Diablo, which accumulates in the cytosols in
these cells in response to MOMP (Fig. 1B to E). In these
mutant cells, caspase 9 is activated in the absence of Apaf-1;
inactivation of both Apaf-1 and Smac is required to prevent cell
death (Fig. 2 to 4 and 5A). In contrast, XIAP is expressed at
high levels in fibroblasts, and Smac/Diablo does not accumu-
late in the cytosol. We hypothesized that in MEFs, loss of
Apaf-1 alone blocks apoptosis because the abundant XIAP
traps caspase 9 in an inactive state (40) (Fig. 5B). If this model
is correct, inhibition of XIAP should induce caspase 9 activa-
tion and apoptotic response in stimulated Apaf-1�/� MEFs.

XIAP antagonists induce caspase 9 activation and apoptotic
response in Apaf-1�/� fibroblasts and Apaf-1�/� Smac�/� myo-
blasts. To test this model (Fig. 5B), we inhibited XIAP in
Apaf-1�/� MEFs by overexpressing Smac/Diablo or by treat-
ment with a pharmacological inhibitor. We constructed a mul-
ticistronic plasmid, pSmac�MTS-IRES2-eGFP, which encodes
a cytosolic Smac�MTS allele with an in-frame deletion of the
MTS, as well as GFP. Transfected cells were gated on the basis
of GFP expression, and the percentage of PE-annexin V-pos-
itive cells within this gated population was determined. When
Apaf-1�/� MEFs were transfected with an empty vector,
pGFP, they retained their characteristic resistance to STS
(3.3%) (Fig. 6A, right panels). Remarkably, when transfected
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with pSmac�MTS-IRES2-eGFP, Apaf-1�/� MEFs became
highly sensitive to STS (51.3%) (Fig. 6A, right panels).

Smac/Diablo can induce apoptosis by IAP-dependent and IAP-
independent pathways (35). To ensure that the increased apop-

totic response observed in STS-treated Apaf-1�/� MEFs was due
to sequestration of XIAP and not other proapoptotic functions of
Smac, we used embelin, a cell-permeable small-molecular-weight
inhibitor of XIAP (27). Previous work determined the 50%

FIG. 3. Combined loss-of-function mutations in Apaf-1 and Smac confer resistance to apoptotic stimuli specifically in the myoblast lineage.
(A) Western blot analysis of indicated primary cultures with the myogenic marker troponin T. (B) Immunostaining of the indicated primary
cultures with anti-MyoD (green), anti-�-tubulin (red), and DAPI (4�,6�-diamidino-2-phenylindole; blue). (C) The indicated cultures treated with
STS for 4 h were double labeled with anti-MyoD and Alexa 568 secondary antibodies to tag MyoD-expressing myoblasts and subjected to
fluorescein-dUTP TUNEL to detect apoptotic cells. MyoD-positive cells were first gated (upper rows), and the percentage of TUNEL-positive cells
within the gated population was quantified by flow cytometry (lower rows).
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effective dose of embelin to be 50 �M (27). We observed that at
30 �M, embelin alone did not induce caspase enzymatic activity
or annexin V reactivity (Fig. 6B and C). When combined with
STS, the addition of embelin to Apaf-1�/� fibroblasts increased
the percentage of annexin V-positive cells by four- to sevenfold
(Fig. 6D; see Fig. S2E and S3 in the supplemental material).

Induction of apoptosis in Apaf-1�/� fibroblasts by embelin
was even more dramatic when combined with E2F1. In a typ-
ical experiment, infection of Apaf-1�/� MEFs with Ad.E2F1-
GFP alone induced a marginal apoptotic response (
4%)
(Fig. 6E). However, when combined with embelin, E2F1 in-
duced massive apoptosis in Apaf-1 mutant fibroblasts (
80%).

The induction of apoptosis in Apaf-1�/� MEFs by embelin
plus STS was accompanied by Apaf1-independent stimulation
of caspase activity, as measured in vitro with the synthetic
substrate LEHD-AMC (Fig. 6F). Importantly, treatment with
STS and embelin also induced the processing of procaspase 9
in the absence of Apaf-1 (Fig. 6G). Thus, in fibroblasts, caspase
9 activation and the onset of cell death can occur in the ab-
sence of Apaf-1 as long as XIAP is sequestered (by Smac/
Diablo) or inhibited (by embelin).

We next asked whether the resistance to apoptosis observed in
Apaf-1�/� Smac�/� double mutant myoblasts (Fig. 2B to D) was
due to an increase in XIAP activity and was therefore reversible
by embelin. To this end, we measured the level of annexin V-
positive Apaf-1�/� Smac�/� double mutant myoblasts treated
with vehicle, STS, or STS plus embelin for 3 h. As expected, STS
treatment alone did not increase the level of annexin V-positive
Apaf-1�/� Smac�/� myoblasts (3.76%) (Fig. 2E). However, com-
bined treatment of these cells with STS plus embelin induced over
a fivefold increase in apoptotic response (20%). The resensitiza-
tion of Apaf-1�/� Smac�/� myoblasts to STS by embelin indicates
that the resistance of these cells to STS treatment alone is due to
the accumulation of XIAP.

MOMP is required for Apaf-1-independent caspase 9 acti-
vation in the absence of XIAP. Caspase 9 activation and apop-
totic responses were induced by XIAP inhibitors only in the pres-
ence of apoptotic stimuli (STS or E2F1), suggesting that MOMP
and the subsequent release of a mitochondrial factor other than
cytochrome c or Smac/Diablo may be required for Apaf-1-inde-
pendent caspase activation. To further investigate this idea, we

FIG. 4. Combined loss-of-function mutations in Apaf-1 and Smac in-
hibit caspase 9 activation and processing in primary myoblasts. (A) Inhi-
bition of caspase 9 enzymatic activity in Apaf-1�/� Smac�/� double mu-
tant myoblasts. Cytosolic fractions from treated or untreated cultures
were analyzed for caspase 9 enzymatic activity with the fluorogenic sub-
strate LEHD 4 h post-STS treatment. The bar graphs and standard error
bars were calculated from the means of three independent experiments,
and the corresponding standard deviations, respectively. * and ** indicate

significant differences at P 	 0.05 and P 	 0.001, respectively, by the
Student t test. RFU, relative fluorescence units. (B) Inhibition of
caspase 9 processing in Apaf-1�/� Smac�/� double mutant myoblasts.
Cultures were exposed to 2 �M STS for the indicated periods; cytosolic
fractions were collected and analyzed by Western blotting with an
antibody that recognizes both the 49-kDa procaspase 9 (Pro-casp.9)
and processed 39- and 37-kDa caspase 9 (Casp.9). Immunoblotting
with cytochrome c (Cyto. cyt. C) demonstrates similar kinetics of
mitochondrial release in all cultures. �-tubulin served as a loading
control. The vertical dotted lines in panels B, C, and E separate two
Western blots analyzed in parallel. (C) Similar delays in the kinetics of
caspase 9 processing in Apaf-1�/� Smac�/� myoblasts and Apaf-1�/�

fibroblasts. Caspase 9 cleavage was analyzed at the indicated time
points as for panel B. (D) Inhibition of caspase 3/caspase 7 enzymatic
activity, using DEVD substrate in Apaf-1�/� Smac�/� mutant myo-
blasts. The horizontal dotted line marks the lysate-only controls. (E)
Inhibition of PARP cleavage in cytosolic fractions of Apaf-1�/� Smac�/�

but not Apaf-1�/� mutant myoblasts following STS treatment.
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tested whether the cell death induced in Apaf-1�/� MEFs by
embelin plus STS could be suppressed by cyclosporine (CsA), a
MOMP inhibitor (34). As we showed previously (15), CsA sup-
pressed apoptosis induced by STS in wild-type MEFs and
Apaf-1�/� MEMs by about 40 to 50% (Fig. S3). Importantly, CsA
also suppressed apoptosis induced by treatment with STS plus
embelin in Apaf-1�/� MEFs by 48% (Fig. S3). We conclude that,
while inhibition of XIAP is required for Apaf-1-independent pro-
cessing of procaspase 9, it is not sufficient; MOMP and possibly
the release of an additional mitochondrial factor, yet to be iden-
tified, are also required.

DISCUSSION

Caspase 9 activation can be uncoupled from Apaf-1 in skeletal
myoblasts but not fibroblasts (15) (Fig. 1A). Using Apaf-1�/�

Smac�/� compound mutant mice and pharmacological drugs, we
showed that in primary Apaf-1�/� myoblasts, caspase 9 activation

is independent of Apaf-1, due to efficient inhibition of XIAP
and/or related proteins by Smac/Diablo, which accumulates in the
cytosols of these cells upon drug treatment. We also showed that
combined inactivation of Apaf-1 and Smac/Diablo inhibits
caspase 9 activation in primary myoblasts. Thus, our results dem-
onstrate that both the cytochrome c-Apaf-1 and Smac-XIAP
pathways must be disrupted in order to prevent the activation of
caspase 9 in response to apoptotic stimuli (Fig. 2 to 5). Indeed, in
experiments done in parallel, Apaf-1�/� Smac�/� myoblasts ex-
hibited a level of resistance to apoptotic signals similar to that of
caspase 9�/� myoblasts (Fig. 2B and 4D) and Apaf-1�/� fibro-
blasts (Fig. 2C and 4A and C). The observation that embelin
induces an apoptotic response in STS-treated Apaf-1�/�

Smac�/� myoblasts (Fig. 2E) also implicates XIAP in resis-
tance to apoptosis in these cells.

Annexin V positivity, caspase 9 processing and activation,
and PARP cleavage are all slightly delayed (
1 h) in Apaf-1�/�

myoblasts compared with those in wild-type myoblasts (Fig. 4).

FIG. 5. Models for the proposed effects of XIAP on Apaf-1-dependent and -independent caspase 9 activation. Upon MOMP, cytochrome c and
Smac/Diablo, as well as procaspase 9 or a novel factor yet to be defined, are released from the mitochondria (see text for details). Casp., caspase.
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We suggest that this delay reflects the absence of the apopto-
some and the amount of time required for Smac/Diablo to
accumulate in the cytosol, sequester the low levels of XIAP
expressed in myoblasts, and allow caspase 9 autoactivation. In
contrast, in wild-type myoblasts, where both the cytochrome
c-Apaf-1 and Smac/Diablo-IAP pathways are intact, efficient
caspase 9 activation via the apoptosome occurs shortly after
the release of cytochrome c and Smac/Diablo. These results
are consistent with the notion that either Apaf-1 induction or
XIAP inhibition can independently promote caspase 9 activa-
tion.

It was previously shown that Apaf-1�/� cells undergo cell
death after prolonged exposure to cytotoxic drugs, possibly by
caspase-independent apoptosis via AIF (2, 4, 5, 9, 45). We
found that caspase 9 is processed 24 h posttreatment in both
Apaf-1�/� Smac�/� myoblasts and Apaf-1�/� fibroblasts (Fig.
4C). This delayed, Apaf-1-independent caspase 9 activation
may also contribute to the incomplete resistance of these mu-
tant cells to apoptotic stimuli in long-term assays.

In fibroblasts, Apaf-1 is thought to be absolutely required for
caspase 9 activation and caspase 9-mediated apoptosis (13, 50).
However, we showed that fibroblasts express high levels of
XIAP relative to Smac/Diablo and that inhibition of the former
by overexpression of Smac/Diablo or a pharmacological antag-
onist induces efficient caspase 9 activation and apoptotic re-
sponse even in Apaf-1�/� fibroblasts (Fig. 6). Thus, our results
suggest that Apaf-1 may not be absolutely required for caspase
9 activation in vivo, as is commonly thought. Instead, the
Apaf-1 requirement for caspase 9 activation and caspase 9-me-
diated apoptosis are cell type specific and reflect the relative
levels of cytosolic Smac/Diablo and XIAP.

Loss of Smac alone does not compromise survival; Smac�/�

mutant mice are alive and sensitive to various apoptotic insults
(28). HtrA2/Omi, a serine protease released from mitochon-
dria upon MOMP was thought to have IAP binding functions
similar to those of Smac. However, HtrA2/Omi�/� mice do not
show evidence of reduced cell death, and this phenotype is not
altered in HtrA2/Omi�/� Smac�/� compound mutant mice
(26). When placed on an Apaf-1-null background, our results
finally revealed a biological role for Smac/Diablo in controlling
XIAP inhibition of caspases, at least in myoblasts.

Is XIAP alone responsible for the Apaf-1-independent apop-
tosis observed here or are other IAPs involved? Caspase 9
activation and apoptosis were induced in Apaf-1�/� MEFs not

only by Smac, which binds all IAPs, but also by embelin, a
specific inhibitor of XIAP (Fig. 2E and 6). While these obser-
vations indicate that the induction of apoptosis is due to XIAP
rather than caspase-independent proapoptotic functions of
Smac, they do not rule out the possibility that other IAPs, in
addition to XIAP, may be involved. We note that there is
growing evidence that XIAP is the only IAP that inhibits
caspases. The other IAPs, including cIAP-1 and cIAP-2, do not
harbor several motifs (in the peptide strands surrounding
BIR2 and BIR3) found in XIAP which are required for
caspase inhibition and are believed to promote survival by
other mechanisms (7, 8). One approach to discern between
these possibilities is to knock down XIAP by small interfering/
short hairpinRNA technology. However, so far we are unable
to infect primary myoblasts with lentivirus-short hairpinRNA-
GFP and sort and analyze the GFP-positive cells without in-
ducing senescence. Another possible direction is to generate
myoblasts from Apaf-1�/� XIAP�/� double mutant mice(14).
However, while acute inactivation of XIAP may promote apop-
tosis, chronic inactivation of the protein in XIAP�/� mice may
induce compensatory pathways that may mask XIAP function.

Our findings appear to differ from results for Drosophila,
where the Apaf-1 homolog, Dark, is required for apoptosis
induced by mutations in Diap1, the fly IAP homolog (36). The
fly data promoted the view that caspase activation requires
both “stepping on the gas” (activating Apaf-1) and “releasing
the brakes” (removing XIAP) (Fig. 5) (37). In contrast, our
results with mammalian myoblasts and fibroblasts demonstrate
that caspase activation and apoptosis can be mediated by ei-
ther mechanism, that inhibition of Apaf-1 alone does not block
caspase 9 activation, and that suppression of both pathways is
required to inhibit caspase 9 activation and the onset of apop-
tosis. The discrepancy between the fly data and our results may
be due to differences in efficacy of dimerization, autoprocess-
ing, or distinct subcellular localization of procaspase 9 in mam-
mals versus Drosophila or the presence of additional mitochon-
drial apoptogenic factors in mammalian cells that can facilitate
caspase 9 activation in the absence of Apaf-1 (see below).
Other discernible differences in caspase activation among ver-
tebrates, flies, and nematodes have been documented (20),
suggesting that the mechanisms of caspase activation via the
intrinsic pathway may be diverse and species specific. Notably,
however, recent studies indicated that even in Drosophila, de-
letion of Dark abrogates cell death induced by DIAP1 inhibi-

FIG. 6. XIAP antagonists induce caspase 9 activation and apoptosis in Apaf-1�/� MEFs. (A) pSmac�MTS-IRES2-eGFP (pSmac) induces
apoptosis in STS-treated Apaf-1�/� MEFs. The indicated cultures were first transfected with pSmac or empty vector (pGFP) and were then treated
with STS alone or STS plus embelin for 4 h. GFP-positive cells were gated and presented as forward scatter (FSC) versus annexin V-PE.
(B) Primary MEFs were treated with 2 �M STS and the indicated concentrations of embelin for 4 h; caspase 9 enzymatic activity was assessed using
the fluorogenic substrate LEHD. RFU, relative fluorescence units. (C) The indicated MEFs were treated with vehicle or 30 �M embelin for 4 h
and then assessed by an annexin V binding assay. (D) Embelin induces apoptosis in STS-treated Apaf-1�/� MEFs. The indicated MEF and MEM
cultures were treated for 4 h with vehicle (dimethyl sulfoxide) alone, 2 �M STS, or 2 �M STS plus 30 �M embelin (STS/Emb). Apoptotic response
was assessed by an annexin V assay. (E) Embelin cooperates with E2F1 to induce apoptosis in Apaf-1�/� MEFs. Apaf-1�/� MEFs were infected
with Ad.E2F1-IRES-eGFP. The cultures were treated with vehicle alone or vehicle plus embelin (30 �M) and stained 24 h later with annexin V-PE.
Relative apoptosis (annexin V-positive cells) normalized for infection efficiency (GFP-positive cells) is indicated by the AnnexinV/GFP ratio. ctrl.,
control. (F) Embelin induces caspase 9 enzymatic activity in STS-treated Apaf-1�/� MEFs. Wild-type or Apaf-1�/� MEFs were treated with vehicle
alone, STS, or STS plus embelin for 4 h. Bar graph and standard error bars represent the corrected means of six independent experiments and
the corresponding standard deviations. (G) Embelin induces caspase 9 processing in STS-treated Apaf-1�/� MEFs. Wild-type or Apaf-1�/� MEFs
were treated with vehicle alone, STS, or STS plus embelin for the indicated intervals and then analyzed by Western blotting with caspase 9-specific
antibodies. Emb., embelin; casp., caspase.
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tion in most, but not all, cell types, suggesting that even in this
organism caspases may be activated via the intrinsic pathway in
the absence of Dark (1, 44).

Caspase 9 is thought to dimerize only at high concentrations
created by the apoptosome in vivo or during purification and
crystallization in vitro; it is otherwise predominantly mono-
meric (33). Our data indicate that Apaf-1 is not essential for
caspase 9 activation in drug-treated cells as long as XIAP is
inhibited. In agreement with our findings, a recent report
shows that the level of Apaf-1 is reduced in postmitotic cardi-
omyocytes and that the Smac/Diablo-XIAP axis plays a central
role in regulating apoptosis in these cells (31). Our results
demonstrate plasticity in the two pathways even in cells (myo-
blasts and fibroblasts) that normally rely on both. The require-
ment for Apaf-1 has recently been shown to be strain depen-
dent; on a pure C57BL/6 background, Apaf-1�/� mice are
recovered at a near Mendelian ratio (29). Given our results, it
would be interesting to test the cytosolic XIAP-to-Smac ratio
in 129/sv versus C57BL/6 mice.

Smac or embelin induced caspase 9 activation only in the
presence of MOMP inducers. In addition, using a MOMP
inhibitor, CsA, we showed that MOMP is required for the
apoptotic response observed in Apaf-1 mutant fibroblasts
treated with STS plus embelin (see Fig. S3 in the supplemental
material). Thus, inhibition of XIAP is necessary but not suffi-
cient to induce processing of caspase 9 in the absence of
Apaf-1. Procaspase 9 was reported to reside in the mitochon-
dria in normal cells, including skeletal muscles, and to be
released into the cytosol only upon MOMP (21, 46). Thus,
MOMP may be required to release procaspase 9 into the
cytosol, and provided XIAP is antagonized, this may be suffi-
cient for caspase 9 autodimerization, autoactivation, and apop-
tosis, even in the absence of Apaf-1. We have tested this
possibility but detected caspase 9 in both cytosolic and mito-
chondria fractions in untreated primary MEFs and MEMs
(A. T. Ho and E. Zacksenhaus, unpublished data). Nonethe-
less, MOMP may be required to release the mitochondrial
fraction of procaspase 9 and increase its cytosolic concentra-
tion beyond a critical threshold level, thereby allowing efficient
aggregation and autoprocessing in the absence of XIAP. Fu-
ture studies may unravel whether caspase 9 alone, another
known factor (17), or a novel factor is released upon MOMP to
facilitate the Apaf-1-independent caspase 9 activation ob-
served herein. Regardless of the mechanism, our findings dem-
onstrate that caspase 9 activation and the onset of apoptosis
can be induced in mammalian cells independently of Apaf-1 by
modulating XIAP activity.

Cancer cells often escape apoptosis by elevating the levels of
antiapoptotic Bcl-2 proteins or by reducing the levels of Bax,
thereby inhibiting MOMP. Yet in other normal and malignant
cells, factors directly downstream of MOMP clearly affect apop-
tosis. For example, mutations in Apaf-1 or caspase 9 in the
mouse reduce cell death, leading to neuronal outgrowth (13,
28, 50). In Apaf-1-positive tumors, overexpression of XIAP
often increases resistance to chemotherapy; inhibition of XIAP
in combination with cytotoxic drugs accelerates cell death in
such tumor cells (38, 39). Reduced Apaf-1 levels observed in
subsets of melanoma, acute myelogenous leukemia, acute lym-
phoblastic leukemia, glioblastoma, and other malignancies was
shown to lead to resistance to cytotoxic insults (41, 42). In light

of our results, it will be important to determine whether such
Apaf-1-deficient tumor cells can be induced to undergo apop-
tosis by combinatorial drug treatment with cytotoxic drugs plus
IAP inhibitors.
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