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X-linked inhibitor of apoptosis (XIAP) is an endogenous inhibitor of cell death that functions by suppressing
caspases 3, 7, and 9. Here we describe the establishment of Jurkat-derived cell lines stably overexpressing
either full-length XIAP or a truncation mutant of XIAP that can only inhibit caspase 9. Characterization of
these cell lines revealed that following CD95 activation full-length XIAP supported both short- and long-term
survival as well as proliferative capacity, in contrast to the truncation mutant but similar to Bcl-x; . Full-length
XIAP was also able to inhibit CD95-mediated caspase 3 processing and activation, the mitochondrial release
of cytochrome ¢ and Smac/DIABLO, and the loss of mitochondrial membrane potential, whereas the XIAP
truncation mutant failed to prevent any of these cell death events. Finally, suppression of XIAP levels by RNA
interference sensitized Bcl-x; -overexpressing cells to death receptor-induced apoptosis. These data demon-
strate for the first time that full-length XIAP inhibits caspase activation required for mitochondrial amplifi-
cation of death receptor signals and that, by acting upstream of mitochondrial activation, XIAP supports the
long-term proliferative capacity of cells following CD95 stimulation.

Apoptosis is a genetically programmed, biochemically or-
dered process by which cells die in response to defined stimuli
and is a critical event in multicellular organisms for such pro-
cesses as developmental progression, tissue homeostasis, and
the immune response (33, 47, 68). Deregulation of apoptosis
has been implicated in a range of human diseases, including
cancer, neurodegenerative disorders, and autoimmunity (65).
The principal mediators of apoptosis are members of the
caspase family of cysteine proteases (13, 66), which are divided
into two groups. Initiator caspases respond to and are activated
by apoptotic stimuli, while effector caspases are cleaved and
activated by the initiator caspases and are responsible for the
majority of substrate proteolysis during cell death (7, 48, 60).

Among the molecules that regulate apoptosis are several
members of the inhibitor of apoptosis (IAP) family (16, 27),
which prevent cell death by acting as endogenous suppressors
of caspase activity (18). The IAPs contain one to three copies
of a domain known as the baculoviral IAP repeat (BIR), the
defining motif of the IAP family. In addition, several IAP
members contain a RING domain at the carboxyl terminus
that in many cases has been shown to possess E3 ubiquitin-
ligase activity (28, 29, 40, 74). The most thoroughly character-
ized member of the IAP family is X-linked inhibitor of
apoptosis (XIAP) (21, 41, 67). XIAP contains three amino-
terminal BIR domains and a carboxy-terminal RING domain,
and it is the most potent endogenous inhibitor of caspases
known, specifically targeting the initiator caspase 9 and the
effector caspases 3 and 7, binding each with nanomolar affinity
(18). Recent structural studies have revealed that determinants
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in BIR3 of XIAP are responsible for inhibition of caspase 9
(52, 61) and that the region immediately amino terminal to
BIR?2 is the major determinant for inhibition of caspases 3 and
7 (11, 30, 50).

Despite overlap of both function and substrate specificity
among the many known caspases, a hierarchical cascade of
activation exists (55), and the exact subset of caspases activated
during apoptosis appears to be stimulus specific. By examining
the patterns of caspase activation following many different
apoptotic stimuli, at least two distinct pathways have emerged.
Death signals originating from cellular stress, growth factor
deprivation, radiation, and chemotherapeutic drugs activate an
intrinsic apoptotic program that is mediated largely by the
mitochondria. Mitochondrial release of cytochrome c into the
cytoplasm induces the formation of an oligomeric complex
containing cytochrome ¢ and Apaf-1 (38). This complex, or
“apoptosome” (1, 8, 9), supports the catalytic activation of
caspase 9, which further cleaves and activates the effector
caspase 3, resulting in the subsequent degradation of cellular
death substrates. In addition to cytochrome ¢, the nuclear-
encoded, mitochondrially localized proteins Smac/DIABLO
(19, 69) and Omi/HtrA2 (26, 44, 70) are also released into the
cytoplasm. Once released, these two proteins bind to XIAP in
a manner similar to caspases (10, 42, 59) and thereby promote
apoptosis by neutralizing the caspase inhibitory function of
XIAP. Additionally, Omi/HtrA2 may further inactivate XIAP
through proteolytic processing (58, 73).

In contrast to the intrinsic pathway, death receptor stimula-
tion activates an extrinsic apoptotic program that often re-
quires no mitochondrial involvement. Instead, death receptor
ligation induces the formation of a death-inducing signaling
complex (DISC) which contains the initiator caspase 8 (45).
DISC formation activates caspase 8 through a proximity-
induced dimerization mechanism requiring no autoproteolysis
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(5), which then cleaves and activates caspase 3, resulting in
further cleavage of cellular targets. In some cell types, how-
ever, the linear progression from DISC formation to caspase 3
activation is insufficient to complete the cell death program,
and amplification of the death receptor stimulus by engage-
ment of the mitochondrially mediated cell death pathway is
required (35, 51). One reported mechanism by which the mi-
tochondrial pathway is engaged following death receptor acti-
vation is through caspase 8-mediated cleavage of Bid, a
prodeath member of the Bcl-2 family. Once cleaved, truncated
Bid translocates to the mitochondria (25, 37, 43), where it can
induce the release of cytochrome ¢, Smac/DIABLO, and Omi/
HtrA2. In this manner, death receptor signals may be amplified
through formation and activation of the apoptosome, which
can increase the activation of caspase 3, or through the neu-
tralization of XIAP by Smac/DIABLO and Omi/HtrA2.

Much that is known about the caspase inhibitory properties
of XIAP has been derived either from in vitro caspase activity
studies employing recombinant proteins (17, 18) or from tran-
sient-expression studies of XIAP in intact cells (15, 20). While
critical to advancing our understanding of XIAP function, due
to their short-term nature these studies have been limited in
that no examination of the long-term effects of XIAP expres-
sion has been possible. Here we describe a detailed character-
ization of the protective properties of XIAP stably overex-
pressed in Jurkat cells. Experiments evaluating both full-length
XIAP and a truncation mutant of XIAP lacking the first two
BIR domains (BIR3-sp-RING) show that the caspase 3 inhib-
itory property of XIAP, though dispensable for protection
from etoposide treatment, is absolutely required for protection
from activation of the death receptor CD95 (Apo-1/Fas). In
contrast, full-length XIAP supports both long-term survival
and proliferative capacity of cells following CD95 stimulation,
an effect that stems from the ability of full-length XIAP to
prevent caspase 3 and 9 activation, to inhibit the release of the
mitochondrial proteins cytochrome ¢ and Smac/DIABLO, and
to suppress the loss of mitochondrial membrane potential.
Finally, reduction of XIAP protein levels by RNA interference
(RNAI) in cells overexpressing Bel-x; results in sensitization to
CD95-mediated death. These data are consistent with a model
in which XIAP, through inhibition of caspase activity, func-
tions upstream of mitochondrial activation and confers both
apoptotic resistance and long-term proliferative capacity to
cells by preventing mitochondrial amplification following death
receptor engagement.

MATERIALS AND METHODS

Materials. Reagents were obtained from the following sources: puromycin
(Calbiochem, San Diego, Calif.); phosphate-buffered saline (PBS), G418, and
protein G-coupled agarose beads (Invitrogen, Carlsbad, Calif.); fetal bovine
serum (HyClone, Logan, Utah); cell culture media (Mediatech, Herndon, Va.);
tetramethylrhodamine methyl ester (TMRM; Molecular Probes, Eugene, Oreg.);
20 pM  N-acetyl-Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl  coumarin)
(DEVD-AFC; BioMol, Plymouth Meeting, Pa.); PhiPhiLux-G,D, (OncoIm-
munin, Gaithersburg, Md.); protease inhibitor cocktail tablets (Roche, Indianap-
olis, Ind.); etoposide (Bristol-Meyers Squibb, New York, N.Y.); soluble CD95
ligand (Alexis Biochemicals, San Diego, Calif.); bovine serum albumin, pro-
pidium iodide (PI), digitonin, and all other chemicals were from Sigma (St.
Louis, Mo.). Antibodies were obtained from the following sources: anti-CD95
(CH.11; Upstate Biotechnology, Charlottesville, Va.); anti-XIAP, anti-FADD,
and anti-Bcl-x; (Transduction Labs, Lexington, Ky.); anti-CD95 (sc8009; Santa
Cruz Biotechnology, Santa Cruz, Calif.); anti-CD95 ligand, anti-cytochrome c,
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and anti-caspase 3 (Pharmingen, San Diego, Calif.); anti-caspase 9 (Stressgen,
San Diego, Calif.); anti-FLIP-L/S (Alexis Biochemicals); anti-Smac/DIABLO
(Calbiochem); anti-B-actin and anti-FLAG (M2; Sigma); anti-COX IV (Molec-
ular Probes); antihemagglutinin (anti-HA; Covance, Princeton, N.J.); peroxi-
dase-conjugated anti-mouse and anti-rabbit (Amersham, Piscataway, N.J.). Anti-
caspase 8 was the kind gift of M. Peter (University of Chicago, Chicago, IIL.).

Cell lines. Jurkat cells were maintained in either Iscove’s medium or RPMI
1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and 100 U
of penicillin-streptomycin/ml at 37°C in an atmosphere of 95% air-5% CO,.

Transfections. Parental Jurkat cells were electroporated with the following
constructs: pBABE-puro, pEBB-HA, pEBB-HA-XIAP, pEBB-HA-BIR3-sp-
RING, pcDNA3, and pcDNA3-Bcl-x;, which have been described elsewhere (4,
6, 49). Briefly, 107 cells per transfection were electroporated with 30 pg of
pEBB-HA, pEBB-HA-XIAP, or pEBB-HA-BIR3-sp-RING-XIAP along with 3
ng of pBABE-puro, or with 30 wg of either pcDNA3 or pcDNA3-Bcl-x; .
pBABE-puro-based transfectants were selected in the presence of 1 pg of pu-
romycin/ml, and pcDNA3-based transfectants were selected in the presence of 1
mg of G418/ml. Single-cell clones were obtained by limited dilution of bulk
cultures arising from selection. High-expressing single-cell clones were main-
tained in either 1 pug of puromycin/ml or 1 mg of G418/ml.

Cell lysate preparation. Cells were harvested by centrifugation, washed in
PBS, and resuspended in radioimmunoprecipitation assay (RIPA) lysis buffer
(PBS containing 1% NP-40, 0.5% Na-deoxycholate, and 0.1% sodium dodecyl
sulfate [SDS]) supplemented with 1 mM dithiothreitol, 1 mM phenylmethylsul-
fonyl fluoride, and 1 protease inhibitor cocktail tablet per 10 ml. Cells were
incubated on ice for 20 min, and lysates were then cleared by centrifugation prior
to protein concentration determination using the Bio-Rad protein assay kit
according to the manufacturer’s instructions.

Viability experiments. For titrations, cells (3 X 10° cells/ml; 1.25 ml/sample)
were left untreated or treated with various concentrations of either anti-CD95 (1
to 500 ng/ml) or etoposide (0.1 to 50 pg/ml) and incubated at 37°C for 20 h. For
all subsequent experiments, anti-CD95 and etoposide were used at concentra-
tions of 100 ng/ml and 10 pg/ml, respectively. For soluble CD95 ligand experi-
ments, cells were left untreated or treated with 5 ng of CD95 ligand/ml in the
presence of 1 pg of anti-FLAG M2/ml at 37°C for 20 h. Following treatment,
cells were harvested by centrifugation, washed with PBS, resuspended in PBS
plus 1% bovine serum albumin and 2 pg of PI/ml, and then analyzed by flow
cytometry using a Coulter EPICS model XL-MCL flow cytometer.

Long-term proliferation. Cells were left untreated or treated with either anti-
CD95 or etoposide. Immediately following treatment, and once each day for 6
days thereafter, 50 pl from each culture was removed and cell density was
determined by using a Beckman-Coulter model Z1 particle counter. Following 6
days of treatment, lysates were prepared from surviving cells as described above.

Extract preparation and immunoblot analysis. Jurkat and Jurkat-derived cells
(5 X 107 to 10 X 107 cells/treatment) were treated with anti-CD95 or etoposide
for 0, 2, 4, or 6 h. Following treatment, extracts were prepared as described
previously (2), with minor modifications. Briefly, cells were harvested and
washed once with PBS. Cell pellets were resuspended at 3 X 107 cells/ml in
digitonin extraction buffer (PBS containing 250 mM sucrose, 70 mM KCl, 1 mM
phenylmethylsulfonyl fluoride, 200 pg of digitonin/ml, and 1 protease inhibitor
cocktail tablet per 10 ml) and incubated on ice for 5 min. Samples were then
centrifuged at 1,000 X g for 5 min; the pellets were lysed in RIPA lysis buffer as
described above, and the supernatants (cytoplasmic extracts) were collected and
centrifuged again at 1,000 X g for 5 min to clear any remaining debris. The
protein concentrations of all extracts were then determined using the Bio-Rad
protein assay Kit.

Western blot analysis. Cytoplasmic extracts (25 pg) or whole-cell lysates (60
ng) were prepared in LDS sample buffer (Invitrogen) and separated by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) using 4-to-12% gradient SDS-
PAGE gels (Invitrogen), followed by transfer to nitrocellulose membranes (In-
vitrogen). Membranes were blocked with a 5% milk solution in Tris-buffered
saline containing 0.02 to 0.2% Tween and then incubated with the indicated
antibodies for 1 h at room temperature. Following washing, membranes were
incubated with horseradish peroxidase-conjugated anti-mouse immunoglobulin
G or anti-rabbit immunoglobulin G secondary antibodies for 45 min at room
temperature. Blots were visualized by enhanced chemiluminescence using Kodak
XAR film.

Immunoprecipitations. Whole-cell lysates were prepared in RIPA lysis buffer
as described above, normalized for protein content, and immediately incubated
with anti-HA antibodies for 2 h at 4°C. Protein G-coupled agarose beads were
then added, and the incubation was continued for 1 h. Agarose beads, along with
any bound immune complexes, were recovered by centrifugation and washed in
RIPA buffer, and precipitated proteins were eluted from the agarose beads by
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adding LDS sample buffer and heating to 95°C for 5 min. Recovered proteins
were then separated by electrophoresis, and immunoblot analysis was carried out
as described above.

In vitro caspase assays. Cytoplasmic extracts (12 pg; prepared as described
above) were diluted with activation buffer [S0 mM piperazine-N,N'-bis(2-eth-
anesulfonic acid) (pH 6.9), 0.1 mM EDTA, 10% glycerol, and 2 mM dithiothre-
itol] in the presence of 20 pM DEVD-AFC to a final volume of 200 pl. AFC
release over time (a total of 40 measurements at 75-s intervals) was then mea-
sured at 37°C using a Cytofluor 4000 multiwell plate reader (Applied Biosystems)
with an excitation wavelength of 400 nm and an emission wavelength of 508 nm.

Intact cell caspase assays. Cells (5 X 10° cells/ml; 1.25 ml/sample) were left
untreated or treated with anti-CD95 and incubated at 37°C for 4 h. Following
incubation, cells were harvested by centrifugation, resuspended in 50 pl of 10 pM
PhiPhiLux-G D, substrate (OncoImmunin), and incubated for 1 h at 37°C.
Samples were then washed once, resuspended in PBS, and analyzed by flow
cytometry.

Mitochondrial membrane potential assays. Cells were left untreated or
treated with anti-CD95 or etoposide. At 20 h after treatment, cells were har-
vested and washed with PBS. Cells were then resuspended in PBS plus 200 nM
TMRM and incubated at 37°C for 15 min. Samples were then placed on ice and
analyzed by flow cytometry.

RNAi. Cells (107 cells/transfection) were transfected with 16 wg of double-
stranded RNA oligonucleotides by electroporation. Gene-specific targeting of
XIAP was performed using an oligonucleotide corresponding to nucleotides 111
to 131 (AAGTGGTAGTCCTGTTTCAGC) of the coding sequence of XIAP.
As a negative control, an oligonucleotide targeting nucleotides 322 to 342 (AA
GACCCGCGCCGAGGTGAAG) of the coding sequence of green fluorescent
protein (GFP) was used. At 24 h following transfection, viable cells from each
sample were recovered by Ficoll-Paque gradient centrifugation (Roche) accord-
ing to the manufacturer’s instructions. At 48 h after transfection, a portion of
cells from each transfection was used for viability experiments, as described
above. The remaining cells were used for immunoblot analysis, as described
above.

RESULTS

In order to more thoroughly characterize the function of
XIAP in intact cells, the Jurkat T-cell leukemia line, which
requires mitochondrial amplification during death receptor-
mediated apoptosis (51), was used to establish stable, clonal
cell lines overexpressing full-length wild-type (WT) XIAP. Pre-
vious reports (53, 54) suggested that the caspase 3 binding
domain is not required for the protective effects of XIAP.
Given the very high affinity of XIAP for caspase 3 (18) and in
order to test the possibility that XIAP may exert a cytoprotec-
tive effect in a context- and stimulus-specific manner, we also
established Jurkat-derived cells stably expressing the XIAP
truncation mutant BIR3-sp-RING, which lacks the first two
BIR domains of the WT protein and is therefore incapable of
inhibiting caspase 3. As a positive control for resistance to
apoptosis, Jurkat-derived lines overexpressing Bcl-x; were also
established. Cells stably overexpressing each XIAP protein
demonstrated XIAP levels that were three- to fivefold greater
than those of endogenous XIAP in either parental or vector
control cells (Fig. 1A). Similarly, Bcl-x; protein levels were
approximately fourfold greater in the stably transfected cells
than in parental or control transfected cells. Protein expression
of a number of apoptosis regulators, including CD95, FADD,
FLIP,, FLIPg, and caspases 8, 9, and 3, was also assessed by
immunoblot analysis (Fig. 1A), and no changes in any of these
molecules were observed among the four cell lines. CD95
ligand expression was undetectable in all cell lines tested by
immunoblot analysis (data not shown).

Sensitivities to apoptosis of cell lines stably overexpressing
WT-XIAP, BIR3-sp-RING, or Bcl-x; were tested by titration
of either the agonistic CD95 antibody CH.11 (Fig. 1B) or
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etoposide (Fig. 1C), or treatment with soluble CD95 ligand
(Fig. 1D). Following overnight incubation, cell viability was
assessed by staining with PI and flow cytometric analysis. After
treatment with CH.11, WT-XIAP- and Bcl-x, -, but not BIR3-
sp-RING-overexpressing cells, were significantly protected
from death at all concentrations tested compared to control
cells, and similar results were observed following treatment
with CD95 ligand. The differences in anti-CD95 and CD95
ligand sensitivity observed were not due to differences in CD95
expression among the lines tested, as all lines possessed iden-
tical levels of CD95 protein (Fig. 1A). Since treatment with
CH.11 and CD95 ligand yielded similar results, all subsequent
experiments were preformed with CH.11. Following etoposide
treatment, both WT-XIAP and BIR3-sp-RING, as well as Bcl-
x., effectively prevented cell death over the wide range of drug
concentrations tested. These data suggest that the caspase 3
inhibitory properties of XIAP, while dispensable for protection
from etoposide, are necessary for protection following anti-
CD9s.

The abilities of WT-XIAP, BIR3-sp-RING, and Bcl-x; cell
lines to survive long-term administration of either anti-CD95
or etoposide were next assessed. Cells were treated with anti-
CDO95 or etoposide, and the cell density of each culture was
determined every day for 6 days after the initial treatment. In
this manner, the proliferative capacity of each cell line, as
indicated by an increase in cell number over time, was deter-
mined. Following anti-CD95 administration, both WT-XIAP
and Bcl-x; cells were capable not only of surviving long-term
treatment (Fig. 2C) but also of resuming proliferation after a
short lag phase, which was not the case for either the BIR3-
sp-RING cells or control cells (Fig. 2A). To confirm that the
proliferation observed for WT-XIAP and Bcl-x; cells was not
due to selection of cells that express lower levels of CD95,
immunoblot analysis for CD95 protein was performed follow-
ing treatment (Fig. 2B). While there appeared to be a reduc-
tion in the levels of monomeric CD95 in both cell lines follow-
ing treatment, oligomerized CD95 was readily detectable in
long-term-treated cultures from both cell lines, in contrast to
untreated samples that displayed no oligomerized CD95. Thus,
the total levels of CD95 remained unchanged during treat-
ment, suggesting that the long-term survival and proliferation
observed for WT-XIAP and Bcl-x; cells was not due to a
reduction in CD95 protein levels. Removal of anti-CD95 after
24 h had no effect on the survival or growth of WT-XIAP and
Bel-x; cells and was unable to restore either viability or pro-
liferative capacity to the BIR3-sp-RING cells (data not
shown). None of the cell lines examined were capable of pro-
liferating following etoposide administration (data not shown),
and only cells overexpressing Bcl-x; remained viable following
long-term etoposide treatment (Fig. 2D).

Given the striking difference in the ability of WT-XIAP to
protect cells from CD95-mediated death compared to BIR3-
sp-RING, as well as the inability of both proteins to protect
from long-term etoposide administration, a thorough charac-
terization of the molecular events preceding apoptosis was
undertaken. XIAP is a potent inhibitor of caspase 9 and
caspase 3 but has no inhibitory effect on caspase 8 (17, 18).
Since caspase activation is an early event in the apoptotic
program, the activation of caspases 9 and 3 was examined in
WT-XIAP and BIR3-sp-RING cells. Cytoplasmic extracts
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FIG. 1. Protective properties of XIAP following anti-CD95 and etoposide. (A) Lysates were prepared from control transfected Jurkat cells or
Jurkat-derived cells stably overexpressing either WT-XIAP, BIR3-sp-RING, or Bcl-x; and immunoblotted for the presence of XIAP, Bcl-x; , CD95,
FADD, FLIP,, FLIPg, caspase 9, caspase 8, caspase 3, and B-actin. (B) Cells were treated overnight with various concentrations of anti-CD95
followed by PI staining and analysis by flow cytometry. (C) Cells were treated overnight with various concentrations of etoposide and analyzed as
for panel B. (D) Cells were treated overnight with soluble CD95 ligand at 5 ng/ml in the presence of 1 pg of anti-FLAG/ml and analyzed as for
panel B. For panels B, C, and D, the average *1 standard deviation of multiple independent measurements is shown for each sample, and the data

are representative of at least three independent experiments.

were prepared from control, WT-XIAP-, and BIR3-sp-RING-
expressing cells following treatment with either anti-CD95 or
etoposide for various times from 0 to 6 h, and caspase process-
ing was examined by immunoblot analysis. As expected, no
differences in caspase 8 processing were observed among these
cell lines following treatment with anti-CD95 (Fig. 3A), and no
processing of caspase 10 was observed (data not shown). Fol-
lowing anti-CD95 (Fig. 3A), processing of both caspase 9 and
caspase 3 was clearly observed in control cells (Fig. 3A), and

cleavage products were apparent as early as 2 h after treat-
ment. In these cells, the processing of caspase 3 preceded that
of caspase 9, an observation consistent with the direct cleavage
of caspase 3 by caspase 8 during CD95-mediated apoptosis in
Jurkat cells. Interestingly, when compared to control cells,
BIR3-sp-RING cells showed nearly identical cleavage patterns
for both caspase 9 and caspase 3. Since BIR3-sp-RING is
capable of inhibiting caspase 9 processing following etoposide
treatment (Fig. 3B), the observed cleavage of caspase 9 in
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FIG. 2. Protective properties of XIAP following long-term anti-CD95 treatment. (A) Jurkat-derived cells were treated with anti-CD95 for 6
days. Proliferation was assessed by cell density determination every 24 h using a Coulter Counter. Representative data from untreated control cells
are shown (filled squares). (B) Lysates were prepared from WT-XIAP- and Bcl-x, -expressing Jurkat cells prior to and following treatment with
anti-CD95 for 6 days and then immunoblotted for the presence of CD95. Shown are two separate exposures of the same immunoblot, separated
by the black line: the lower exposure (1 min) shows monomeric CD95, and the upper exposure (5 min) shows oligomeric CD95. Note that while
levels of monomeric CD95 decreased following treatment, the presence of oligomeric CD95 following treatment accounted for this loss. As a
loading control, immunoblot analysis for B-actin was also performed (lower panel). (C and D) Viability of cell lines shown in panel A (C) or of
cells treated with etoposide (D) was assessed 96 h following treatment by PI staining followed by flow cytometry. The average = standard deviation
of multiple independent measurements is shown. Data are representative of at least three independent experiments.

BIR3-sp-RING cells suggests that this is a caspase 3-mediated
event, consistent with previous reports (24, 55, 57). In contrast,
in the WT-XIAP line there was little or no observable caspase
9 processing, and the pattern of caspase 3 processing was
strikingly different: while the upper cleavage fragment of
caspase 3 accumulated, albeit with slower kinetics and to a
lesser extent than in control or BIR3-sp-RING cells, the
smaller caspase 3 cleavage fragment was not detected, even at
the latest time point examined (Fig. 3A). This pattern of
caspase 3 processing is consistent with a recent report suggest-
ing that XIAP binds to a partially processed, intermediate form
of caspase 3 and that this binding prevents subsequent matu-
ration of caspase 3 (62).

Following etoposide treatment (Fig. 3B), the appearance of
caspase 9 and caspase 3 cleavage products in control cells was
similar to that following anti-CD95 treatment, with cleavage of
both caspases apparent by 4 h. In contrast, the amount of

cleaved caspase 9 and 3 observed in both WT-XIAP and BIR3-
sp-RING cells was significantly reduced, even at the latest time
point (Fig. 3B). These data indicate that while the caspase 3
inhibitory properties of XIAP are dispensable for preventing
caspase processing following etoposide treatment, they are re-
quired to prevent caspase cleavage following anti-CD95 ad-
ministration.

Since the immunoblot analysis detects caspase cleavage, but
does not directly address caspase activity levels, the activity of
caspase 3 was assessed both in vitro and in intact cells using
fluorescent substrate cleavage assays. Using the same extracts
prepared for immunoblot analysis (Fig. 3), caspase activity was
tested by incubating these extracts with the caspase 3 substrate
DEVD-AFC. Consistent with the immunoblot analysis, extracts
from anti-CD95-treated control and BIR3-sp-RING cells con-
tained significant caspase activity, whereas extracts from anti-
CD95-treated WT-XIAP cells showed little to no caspase 3 acti-



7008 WILKINSON ET AL.

MoL. CELL. BIOL.

A Control WT-XIAP BIR3-sp-RING
Anti-CD95 (h) 0 2 4 6 0 2 4 6 0 2 4 6
66 — ]
45— <
kDa oo - SuB-LLb
Anti-
30— Caspase-8
D7 oo @ -
14 =— -
S |
kDa - - ' ' 1: Anti-
30 — Caspase-9
kDa 20= "7 - <+ A
~S8B_S=S_E88 7 caspases
14 — - - o
B Control WT-XIAP BIR3-sp-RING
Etoposideth) 0 2 4 6 0 2 4 6 0 2 4 6
o5 — R A C A S .
Anti-
kDa
iy - & Caspase-9
- Anti-
kD2 = «—|Caspase-3
- - -“ - — - -
14— - N—— <
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Cytoplasmic extracts were then prepared, and immunoblot analysis was performed to detect the presence of caspase 8 (A), caspase 9 (A and B),
and caspase 3 (A and B). Arrows indicate the positions of the processed forms of each caspase. For caspase 8, three exposures of the same
immunoblot are shown, separated by black lines: the upper exposure (1 min) shows unprocessed caspase 8, and the middle (10 min) and lower (180
min) exposures show processed caspase 8. Molecular mass markers are shown in kilodaltons. As a loading control, immunoblot analysis for B-actin

was performed and appears below in Fig. 5.

vation (Fig. 4A). Furthermore, while control extracts contained
caspase activity at the later time points following etoposide treat-
ment, neither BIR3-sp-RING nor WT-XIAP extracts exhibited
DEVD cleavage (Fig. 4B). To evaluate caspase 3 activity in the
WT-XIAP line in vivo following anti-CD95 treatment, an addi-
tional caspase 3 activity assay was performed in intact cells by
treating with anti-CD95 and then incubating cells with the cell-
permeable caspase 3 substrate PhiPhiLux. When cleaved by acti-
vated caspase 3, this substrate becomes fluorescent, allowing the
amount of caspase 3 activity to be quantified in intact cells by
observing changes in fluorescence intensity (34). Cells were
treated with anti-CD95, and caspase 3 activation was clearly ob-
served in both control cells and BIR3-sp-RING cells, but no
observable PhiPhiLux cleavage was present in WT-XIAP cells
(Fig. 4C). These intact-cell results were consistent with both the
immunoblot analysis and DEVD cleavage experiments and con-
firm that in WT-XIAP cells treated with anti-CD95, caspase 3
activity is inhibited.

Given the differences between WT-XIAP and BIR3-sp-
RING in suppressing caspase activity and protecting from
death following anti-CD95 treatment, mitochondrial events
were next examined. Using the same cytoplasmic extracts pre-
pared for the caspase immunoblot assays shown in Fig. 3
above, the release of both cytochrome ¢ and Smac/DIABLO
from the mitochondria to the cytoplasm was assessed by im-
munoblot analysis. Interestingly, while both cytochrome ¢ and
Smac/DIABLO were released from control and BIR3-sp-
RING cells following anti-CD95 treatment, WT-XIAP cells
failed to release either cytochrome ¢ or Smac/DIABLO (Fig.
5A). This contrasted with results obtained from etoposide-
treated extracts, where control, WT-XIAP, and BIR3-sp-
RING lines all exhibited release of cytochrome ¢ and Smac/
DIABLO with similar kinetics, as release of both proteins was
observed by 4 h (Fig. 5B). As a control for both stimuli, Bel-x_
cells were also tested and displayed no release of either mito-
chondrial protein following up to 6 h of treatment with either
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FIG. 4. Caspase activity in Jurkat-derived cells. (A and B) Jurkat-
derived cells were treated with anti-CD95 (A) or etoposide (B) for 0,
2,4, or 6 h. Cytoplasmic extracts were then prepared and tested for the
presence of caspase 3 activity by incubation with the fluorogenic sub-
strate DEVD-AFC. The average * standard deviation of multiple
independent measurements is shown, and data are representative of
three independent experiments. (C) Cells were treated with anti-CD95
followed by incubation with the cell-permeable caspase 3 substrate
PhiPhiLux and analysis by flow cytometry. The average * standard
deviation of positively fluorescent cells is shown.

stimulus. Equivalent protein loading for all samples was con-
firmed by immunoblotting for B-actin (Fig. 5), and extract
quality was determined by immunoblotting for cytochrome ox-
idase subunit IV (data not shown).

Caspase activation and mitochondrial protein release are
two relatively early events in the progression of apoptosis. A
subsequent event that is often caspase dependent is the loss of
mitochondrial membrane potential, AWm (31, 72) (see Fig. S1
in the supplemental material). To further characterize the dif-
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ferences in the protective properties of WT-XIAP versus
BIR3-sp-RING, the loss of AWm was examined. Cells were
treated overnight with either anti-CD95 or etoposide, and
AWm was determined by flow cytometry (Fig. 6A) following
staining with TMRM. Both Bcl-x; and WT-XIAP cells main-
tained A¥m following treatment with anti-CD95, whereas
BIR3-sp-RING and control cells both lost AVm (Fig. 6B).
However, following etoposide treatment, only Bcl-x; cells were
capable of maintaining normal AWm, while control, WT-
XIAP, and BIR3-sp-RING lines all showed a significant re-
duction of AWm (Fig. 6C). Since only those cells that maintain
AWm survive long-term anti-CD95 treatment, these data cor-
relate well with the results shown in Fig. 2 and suggest that
XIAP supports the proliferative capacity of anti-CD95-treated
cells, at least in part, by preventing the loss of AWm.

These data suggested that the caspase 3 inhibitory prop-
erties of XIAP are required to protect from anti-CD95 but
are dispensable for suppression of cell death following eto-
poside treatment. Although caspase 9 and caspase 3 activa-
tion were clearly prevented in BIR3-sp-RING cells follow-
ing etoposide treatment, the mechanism for this inhibition
was unclear. BIR3-sp-RING may inhibit caspase 9 activity
directly and thereby prevent caspase 9-dependent activation
of caspase 3. Alternatively, since the third BIR domain of
XIAP appears sufficient for binding to Smac/DIABLO in
vitro (59), and since Smac/DIABLO is released from the
mitochondria during etoposide-mediated death in BIR3-sp-
RING cells (Fig. 5B), the possibility remained that BIR3-
sp-RING might also bind Smac/DIABLO and therefore pre-
vent the inhibition of endogenous XIAP. To assess if the
BIR3-sp-RING used here (which lacks an additional 19
amino acids at the amino terminus compared to a BIR3-sp-
RING truncation mutant detailed previously [59]) is indeed
capable of functioning in this capacity, coimmunoprecipita-
tion experiments were performed to determine whether
BIR3-sp-RING is capable of binding to Smac/DIABLO.
Under nonapoptotic conditions, XIAP and Smac/DIABLO
are sequestered into cytoplasmic and mitochondrial com-
partments, respectively, and are therefore unable to inter-
act. However, solubilization of both cytoplasmic and mito-
chondrial compartments prior to immunoprecipitation
analysis permits any potential interactions between XIAP
and Smac/DIABLO to occur postlysis. As shown in Fig. 7,
immunoprecipitation of WT-XIAP followed by immunoblot
analysis for the presence of Smac/DIABLO in precipitated
complexes revealed a strong association between WT-XIAP
and Smac/DIABLO. In contrast to WT-XIAP, Smac/DIA-
BLO was undetectable in precipitated complexes from
BIR3-sp-RING cells despite equivalent protein expression
levels and immunoprecipitation efficiency. These data indi-
cate that Smac/DIABLO and BIR3-sp-RING cannot inter-
act and that the ability of BIR3-sp-RING to protect from
etoposide-mediated death likely relies on direct inhibition
of caspase 9.

Based on the above experiments evaluating caspase process-
ing and activation, mitochondrial protein release, and loss of
AW¥m, XIAP appears capable of functioning upstream of mi-
tochondrial activation in the prevention of cell death. Recent
data suggest that in cells requiring mitochondrial amplification
during death receptor-mediated apoptosis, the targeting of
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FIG. 5. Mitochondrial protein release in Jurkat-derived cells. Jurkat-derived cells were treated with anti-CD95 (A) or etoposide (B) for 0, 2,
4, or 6 h. Cytoplasmic extracts were then prepared and immunoblotted for the presence of both cytochrome ¢ and Smac. Equivalent protein loading
was confirmed by immunoblotting for the presence of B-actin, and extract quality was determined by immunoblotting for the presence of

cytochrome oxidase subunit IV (data not shown).

XIAP by the cytoplasmic release of Smac/DIABLO may play a
more important role in apoptosis than the concurrent release
of cytochrome ¢ and subsequent apoptosome formation (14,
39, 62). Taken together, these data predict that in Bel-x,_ cells,
which are resistant to both etoposide- and anti-CD95-medi-
ated death (Fig. 1 and 2), reducing XIAP protein levels would
sensitize cells to anti-CD95 treatment. To test this hypothesis,
XIAP protein levels were reduced in Bcl-x; cells by RNAi
following transfection of short interfering RNA oligonucleo-
tides (siRNA) specifically targeting XIAP. Forty-eight hours
after transfection, the level of XIAP protein was greatly re-
duced (~90%) by XIAP-specific siRNA compared to control
siRNA-transfected cells (Fig. 8A). Treatment of these cells
with anti-CD95 showed that the reduction of XIAP protein
significantly reduced the protective effects of Bel-x; (Fig. 8B).
However, reduction of XIAP protein by RNAIi had no effect
upon the viability of Bcl-x; cells following etoposide treatment
(Fig. 8C), suggesting that the points at which XIAP functions
in regulating apoptosis are stimulus dependent. These data
support the hypothesis that XIAP can function upstream of
mitochondrial activation during death receptor-mediated apo-
ptosis, and the data further implicate XIAP as a target of
mitochondrial amplification during death receptor-induced
cell death.

DISCUSSION

In this study, we established Jurkat-derived cell lines that
stably overexpress either WT-XIAP or the truncation mutant

BIR3-sp-RING, and we report here a detailed examination of
the cytoprotective properties of these two XIAP variants.
Short-term administration of agents that induce either intrinsic
or extrinsic apoptotic programs revealed that while both vari-
ants of XIAP were equally capable of protecting cells from
intrinsic apoptotic death, only the wild-type protein was further
capable of protecting from the extrinsic stimulus, anti-CD95.
Since the major functional difference between these two vari-
ants of XIAP is the ability to bind and inhibit caspase 3, these
data strongly suggest that the caspase 3 inhibitory properties of
XIAP, while dispensable for protection from intrinsic apopto-
tic stimuli, are required to prevent death receptor-mediated
apoptosis. While previous reports have suggested that caspase
3 inhibition is not required for XIAP-mediated protection (53,
54), the fact that these studies only examined intrinsic cell
death (following UV irradiation) highlights the stimulus-de-
pendent nature of the protective properties of XIAP. When
viability experiments were extended to examine long-term anti-
CD95 administration, more striking differences in the protec-
tive properties of the two XIAP variants were observed: WT-
XIAP conferred not only long-term survival, but also
proliferative capacity to anti-CD95-treated cells, effects that
were not observed with BIR3-sp-RING. These data are in
agreement with the short-term protection data and further
suggest that, since XIAP was as potent as Bcl-x; at protecting
cells following anti-CD95, XIAP may function upstream of the
mitochondria in protecting cells from CD95-mediated death.
Interestingly, both XTAP variants failed to protect cells and
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FIG. 6. Mitochondrial membrane potential in Jurkat-derived cells.
(A) Representative raw flow cytometry data from untreated Jurkat-
derived cells or cells treated with either anti-CD95 or etoposide and
subsequently stained with TMRM. Lines indicate regions used to
quantify TMRM-positive cells. (B) Quantification of AWm in cells
treated overnight with anti-CD95 followed by TMRM staining and
analysis by flow cytometry. (C) Quantification of AWm in cells treated
overnight with etoposide followed by analysis as described for panel B.
Bars represent the average = standard deviation for multiple indepen-
dent measurements from untreated (white bars) and treated (black
bars) samples.

were incapable of supporting proliferative capacity following
long-term administration of etoposide. Furthermore, Bcl-x;
was also unable to facilitate eventual proliferation, though
significantly higher levels of long-term viability by Bel-x; were
observed than with the XIAP variants. This observation con-
trasts with similar experiments examining Bcl-2-mediated pro-
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FIG. 7. XIAP-Smac coimmunoprecipitation. Whole-cell lysates
from control, WT-XIAP, and BIR3-spRING cells were prepared and
incubated with anti-HA antibodies followed by protein G-coupled
agarose beads. Precipitated immune complexes were then immuno-
blotted for the presence of Smac/DIABLO (top panels) or the HA tag
(bottom panels). Input samples contained 10% of the total protein
used for immunoprecipitations. Specificity of immune complex precip-
itation was verified by control samples containing protein G-coupled
agarose beads alone (data not shown).

tection of Jurkat cells, in which clonogenic survival was ob-
served following a variety of intrinsic stimuli (3). However, this
discrepancy may highlight differences among the various
agents used to induce intrinsic cell death, since the previous
report employed staurosporine, a protein kinase inhibitor,
rather than etoposide, an inhibitor of topoisomerase II, used in
the experiments shown here. By acting as a topoisomerase II
inhibitor, etoposide induces DNA damage and subsequent cell
cycle arrest at either the G,/S or G,/M transition (12). Given
this mechanism of action, it is not surprising that despite re-
maining viable following long-term etoposide treatment, the
Bcl-x; -overexpressing cells presented here were unable to re-
enter the cell cycle and continue proliferation.

Examination of caspase processing and activity following
anti-CD95 revealed that in contrast to the BIR3-sp-RING
mutant, WT-XIAP significantly inhibited both processing and
activation of caspase 9 and caspase 3. Further, the partial
processing of caspase 3 observed in WT-XIAP cells is consis-
tent with the hypothesis that in the case of caspase 3, XIAP
binds to a partially processed form of the zymogen and pre-
vents subsequent cleavage to the fully active form (62). Fol-
lowing etoposide treatment, both XIAP variants equally inhib-
ited caspase 9 and caspase 3, supporting the hypothesis that the
caspase 3 inhibitory properties of XIAP are not required to
protect cells from intrinsic proapoptotic stimuli. Moreover,
since BIR3-sp-RING was incapable of binding Smac/
DIABLO, it is likely that this protein prevents cell death
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FIG. 8. Suppression of XIAP sensitizes Bel-x; cells to anti-CD95.
(A) Control and Bcl-x; cells were transfected with siRNA oligonucle-
otides targeting XIAP or control siRNA oligonucleotides targeting
GFP. Reduction of XIAP protein was assessed by immunoblot analysis
performed on a portion of cells 48 h after transfection (top panel).
Equivalent loading of each sample was confirmed by immunoblot
analysis for the presence of B-actin (bottom panel). (B and C) The
remaining cells were then treated overnight with either anti-CD95
(B) or etoposide (C) followed by PI staining and flow cytometry. The
average * standard deviation of multiple independent measurements
is shown.

through inhibition of caspase 9, rather than by preventing
Smac/DIABLO from inhibiting endogenous XIAP.

By examining the events of mitochondrial amplification, a
major insight into the mechanism by which XIAP supports
long-term protection of cells from CD95-mediated death was
obtained. Cytochrome ¢ and Smac/DIABLO release, while not
inhibited by either XIAP variant following etoposide treat-
ment, was potently inhibited in WT-XIAP cells following anti-
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CD95 treatment. Furthermore, mitochondrial membrane po-
tential was significantly reduced in both lines following
etoposide treatment, yet remained normal in the WT-XIAP
line. Several studies suggest that the preservation of mitochon-
drial integrity, in terms of preventing both the release of in-
termembrane proteins and the loss of membrane potential, is
a major contributing factor in allowing cells not only to survive
an apoptotic stimulus but also to proliferate once that stimulus
is removed (3, 46). Our data agree with this view: only in cells
that both failed to release mitochondrial proteins and contin-
ued to maintain mitochondrial membrane potential was cell
death averted and proliferative capacity maintained. Since nei-
ther mitochondrial event occurs in WT-XIAP cells following
anti-CD95 treatment, these observations support a model in
which XIAP functions upstream of the mitochondria during
death receptor-mediated death and that, by functioning prior
to mitochondrial activation, XIAP can allow cells not only to
survive, but to resume proliferation.

The functional consequences of cytochrome ¢ and Smac/
DIABLO release during death receptor-mediated apoptosis
have recently been investigated, and it has been shown that
Smac/DIABLO release plays a major role in allowing death to
proceed (14, 62). Since XIAP is the predominant target of
Smac/DIABLO (14, 39, 62), this suggests that preventing
XIAP-mediated inhibition of caspase 3 may be more important
than the activation of caspase 9 that occurs as a result of
cytochrome c¢ release. In support of this model, our data
showed that reduction of XIAP protein levels by RNAI sensi-
tized Bel-x;_ cells to CD95-mediated death, in agreement with
previous studies suggesting that the major consequence of mi-
tochondrial amplification is the inhibition of XIAP by Smac/
DIABLO.

Despite the data presented here, implicating an upstream
regulatory role for XIAP in preventing death receptor-medi-
ated apoptosis, the exact mechanism by which XIAP prevents
mitochondrial amplification remains unclear. Neither full-
length XIAP nor BIR3-sp-RING appears to affect the process-
ing of caspase 8 following anti-CD95 treatment (Fig. 3A), and
these results agree with previous reports describing the failure
of XIAP to inhibit the activity of caspase 8 both in vitro (17, 18,
64) and in intact cells (22, 23, 32, 36, 71). It is therefore
extremely unlikely that the protective effects of XIAP reported
here are the result of direct caspase 8 inhibition. While it has
been proposed that caspase §-mediated Bid cleavage may play
a role in mitochondrial amplification following death receptor
activation (37, 43, 63), Bid cleavage has also been observed
during intrinsic apoptosis induced by a variety of chemother-
apeutic drugs (56), and caspase 8 activity has been shown to be
dispensable for Bid cleavage following activation of intrinsic
cell death in Jurkat cells (22). The implication of these studies
is that caspase 3 plays a direct role in mediating Bid cleavage
during intrinsic cell death and, indeed, at least one consensus
caspase 3 cleavage site is present within the primary amino acid
sequence of Bid (25). In light of these studies and along with
the data presented here, one possible mechanism by which
XIAP prevents CD95-mediated death in Jurkat cells is through
preventing caspase 3-mediated Bid cleavage, an event that may
be required for mitochondrial amplification during death re-
ceptor-mediated apoptosis. Alternatively, since Bid-deficient
mice display no overt phenotype in CD95-mediated apoptosis
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in any cell type other than hepatocytes (75), it is possible that
XIAP prevents death receptor amplification by inhibiting a
caspase 3-dependent pathway that does not require Bid cleav-
age.

Taken together, the data presented here highlight a new
position where XIAP can function in regulating apoptosis and
support a model in which XIAP functions upstream of the
mitochondria during CD95-mediated death through the inhi-
bition of caspase 3. This inhibition prevents mitochondrial
protein release and loss of membrane potential and further
shows that the activity of caspase-3 is required for this mito-
chondrial amplification of death receptor signals. Finally, by
preventing caspase 3-dependent mitochondrial amplification,
XIAP not only protects cells from apoptosis but also supports
the long-term proliferative capacity of cells following CD95
activation.
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