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Activation of executioner caspases during receptor-mediated
apoptosis in type II cells requires the engagement of the mito-
chondrial apoptotic pathway. Although it is well established
that recruitment of mitochondria in this context involves the
cleavage of Bid to truncated Bid (tBid), the precise post-mito-
chondrial signaling responsible for executioner caspase activa-
tion is controversial. Here, we used distinct clones of type II
Jurkat T-lymphocytes in which the mitochondrial apoptotic
pathway had been inhibited to investigate the molecular
requirements necessary for Fas-induced apoptosis. Cells over-
expressing either Bcl-2 or Bcl-xL were protected from apoptosis
induced by agonistic anti-Fas antibody. By comparison, Apaf-1-
deficient Jurkat cells were sensitive to anti-Fas, exhibiting Bid
cleavage, Bak activation, the release of cytochrome c and Smac,
and activation of executioner caspase-3. Inhibiting downstream
caspase activationwith the pharmacological inhibitor Z-DEVD-
fmk or by expressing the BIR1/BIR2 domains of X-linked inhib-
itor of apoptosis protein (XIAP) decreased all anti-Fas-induced
apoptotic changes. Additionally, pretreatment of Bcl-xL-over-
expressing cells with a Smac mimetic sensitized these cells to
Fas-induced apoptosis. Combined, our findings strongly suggest
that Fas-mediated activation of executioner caspases and induc-
tion of apoptosis do not depend on apoptosome-mediated
caspase-9 activation in prototypical type II cells.

Apoptosis is an active form of cell death that is executed by a
family of cysteine proteases that cleave intracellular substrates
after aspartate residues (caspases). Because apoptosis is impor-
tant for cell removal during development and tissue homeosta-
sis, disruptions in the regulation of apoptosis can play a role in
the onset of numerous pathologies, including neurodegenera-
tive disorders, autoimmunity, and cancer (1).
Apoptosis can occur through two distinct signaling path-

ways. One is the extrinsic (receptor-mediated) pathway in
which binding of a death receptor (e.g. tumor necrosis factor
(TNF)2 receptor-1, TNF-related apoptosis-inducing ligand

(TRAIL) receptor-1, TRAIL-R2, and Fas) by a cognate ligand
(e.g. TNF�, TRAIL, and FasL) or an agonistic antibody (e.g.
CH-11) causes the recruitment of adaptor proteins (e.g.
TRADD and FADD) and initiator procaspase-8 molecules to
the cytosolic side of the receptor to form the death-inducing
signaling complex (DISC) (2). Within the DISC, procaspase-8
molecules are activated by dimerization and subsequently
undergo autoprocessing (3, 4). In most cell types (type I), active
caspase-8 activates the executioner caspase-3, which, in turn, is
responsible for many of the morphological and biochemical
manifestations of apoptosis. In other cell types (type II), the
amount of caspase-8 that is activatedwithin theDISC is low and
insufficient to directly activate downstream executioner pro-
caspases, including caspase-3 and -7 (5). Instead, active
caspase-8 in type II cells is known to cleave the cytosolic BH3-
only protein Bid to truncated Bid (tBid) (6–8). In turn, tBid can
activate a multidomain Bcl-2 family protein (i.e. Bax and Bak)
that stimulates mitochondrial outer membrane permeabiliza-
tion (MOMP) and the release of intermembrane space proteins
into the cytosol (9, 10). In this regard, it is now widely accepted
that the mitochondrial apoptotic pathway plays an essential
role during receptor-mediated apoptosis in type II cells (5,
11–16); however, conflicting results exist regarding the precise
molecular signaling requirements. In particular, some evidence
obtained using prototypical type II Jurkat cells demonstrated
that overexpression of XIAP could inhibit Fas-induced apopto-
sis in wild-type cells, and knocking down XIAP expression
could sensitize Bcl-xL-transfected cells to receptor-mediated
cell killing (12). A different study using a reconstituted in vitro
cell-free system showed that recombinant Smac was sufficient
to activate caspase-3 activity by inhibiting XIAP (13). Although
these findings suggested that Smac-dependent neutralization
of XIAP-mediated caspase-3 inhibition might be the most
important consequence of MOMP during Fas-mediated apo-
ptosis in type II cells, neither study examined this possibility in
an experimental system in which a component of the apopto-
some was absent. Intriguingly, a more recent study reported
that a caspase-9-deficient Jurkat clone was highly resistant to
Fas-induced caspase activation, which, in contrast to the two
earlier studies, implicated an essential role for cytochrome
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c-dependent apoptosome formation and the activation of
caspase-9 during Fas-induced apoptosis (11).
Therefore, the aim of this study was to clarify the precise

signaling requirements necessary for Fas-mediated apoptosis in
prototypical type II cells. Because each of the aforementioned
studies was performed using Jurkat cells, we also used clones of
this cell line in which the intrinsic pathway had been inhibited
due to either stable overexpression of Bcl-2/Bcl-xL, the stable
depletion of Apaf-1, or the stable expression of the baculoviral
inhibitor of apoptosis protein repeat 1 and 2 (BIR1/BIR2)
domains of XIAP (17). The data provided direct evidence that
apoptosome-mediated caspase-9 activation is not required for
extrinsic apoptosis induced by anti-Fas (CH-11). Instead, our
findings suggested that the inhibition of XIAP was a better
determinant of the susceptibility of type II cells to anti-Fas-
induced apoptosis.

EXPERIMENTAL PROCEDURES

Cell Culture—Wild-type Jurkat T-lymphocytes (clone E6.1)
were cultured in RPMI 1640 complete medium (Invitrogen,
Carlsbad, CA) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum (HyClone, Logan, UT), 2% (w/v) glutamine,
100 units/ml penicillin, and 100�g/ml streptomycin at 37 °C in
a humidified 5% CO2 incubator. For Apaf-1-deficient, Bcl-2-
and Bcl-xL-overexpressing, and Myc-BIR1/BIR2-expressing
Jurkat cells, 1 mg/ml Geneticin (Invitrogen) was substituted for
penicillin and streptomycin. Cells were maintained in an expo-
nential growth phase for all experiments. All cellswere re-plated
in fresh complete nonselective medium prior to apoptosis induc-
tion. Apoptosis was induced with anti-Fas antibody (100 ng/ml)
(clone CH-11, MBL International, Woburn, MA). The caspase-
3/7 inhibitor Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-CH2F
(Z-DEVD-fmk) (Kamiya Biomedical Company, Seattle, WA) was
used at a final concentration of 25 �M, and the Smac mimetic
(compound 3) was used at a final concentration of 100 nM.
Western Blotting—Pelleted cells (5 � 106) were resuspended

and lysed in 200 �l of ice-cold lysis buffer (10 mMTris/HCl, pH
7.4, 10mMNaCl, 3mMMgCl2, 1mMEDTA, 0.1%Nonidet P-40)
supplemented with a mixture of protease inhibitors (Complete
Mini EDTA-Free, Roche, Indianapolis, IN). Protein concentra-
tions were determined using the bicinchoninic assay (Pierce)
and equal amounts were mixed with Laemmli. Western blot
analysis was carried out as described previously (18). The anti-
bodies used were rabbit anti-Bak, NT (Millipore), rabbit anti-
Bid (Cell Signaling), rabbit anti-caspase-3 (clone 8G10, Cell
Signaling), rabbit anti-caspase-7 (Cell Signaling), mouse anti-
caspase-8 (clone 1C12, Cell Signaling), rabbit anti-caspase-9
(Cell Signaling), mouse anti-cytochrome c (clone 7H8.2C12,
BDPharmingen, San Jose, CA), andmouse anti-Smac/DIABLO
(Cell Signaling).
FlowCytometry for Cell Death andMitochondrialMembrane

Potential (��) Measurements—Phosphatidylserine exposure
on the outer leaflet of the plasmamembranewas detected using
the annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit II (BD PharMingen) according to the manufac-
turer’s instructions. In brief, 106 cells were pelleted following
anti-Fas treatment and washed in phosphate-buffered saline
(PBS). Next, the cells were resuspended in 100 �l of binding

buffer containing annexin V-FITC and propidium iodide. Prior
to flow cytometric analysis, 400�l of binding buffer were added
to the cells. For �� determination, theMitoProbe DiIC1(5) Kit
(Invitrogen,Molecular Probes, Carlsbad, CA) was used. Briefly,
cells (106) were pelleted following drug treatment, washed once
in PBS, and resuspended in 1 ml of warm PBS. Next, 5 �l of 10
�M DiIC1(5) were added to the cells and incubated in a humid-
ified 5% CO2 incubator at 37 °C for 15 min. Cells were pelleted,
resuspended in 500 �l of PBS, and analyzed by flow cytometry.
In Vitro Reconstitution of Caspase-9 Activation—Cells were

collected and washed twice in ice-cold PBS, resuspended in
cytosolic extraction buffer (20 mM Hepes, pH 7.5, 10 mM KCl,
1.9mMMgCl2, 1mMEGTA, 1mMEDTA) supplementedwith a
mixture of protease inhibitors (Complete Mini EDTA-Free)
and allowed to swell on ice for 12min. Plasmamembrane integ-
ritywasmonitored by trypan blue staining, and cell suspensions
were centrifuged at 16,000 � g for 15 min at 4 °C. Resulting
supernatants were collected and protein concentrations were
determined using the bicinchoninic assay. Subsequently, cyto-
solic extract (2.5 mg of protein/ml) was incubated in the
absence or presence of 50 �g/ml cytochrome c purified from
horse heart (Sigma) for 1 h at 37 °C. Aliquots were collected at
the indicated times and analyzed by Western blotting for the
cleavage of caspase-9.
Determination of Bak Oligomerization and Activation—For

detection of Bak oligomerization, cells (106) were harvested,
washed, and resuspended in 80 �l of 100 mM EDTA/PBS, incu-
bated with the cross-linking agent bismaleimidohexane (BMH)
(1 mM) for 30 min at room temperature (22 °C), quenched with
100 mM dithiothreitol for 15 min, pelleted, and processed for
Western blotting. For detection of activated Bak by flow cytom-
etry, cells (106) were washed in PBS and fixed in 400�l of 0.25%
paraformaldehyde for 5 min, subsequently washed two times
with 1% FBS in PBS, and incubated in 50 �l of staining buffer
(1% FBS and 100 �g/ml digitonin in PBS) with a conformation-
specific mouse monoclonal antibody against Bak (1:30; AM03,
Calbiochem) for 30 min at room temperature (22 °C). Then,
cells were washed and resuspended in 50 �l of staining buffer
containing 0.25�gAlexa Fluor 488-labeled chicken anti-mouse
for 30min in the dark. Cells were washed again and analyzed by
flow cytometry. Analysis and histogram overlays were per-
formed using FlowJo software (Tree Star, Ashland, OR).
Subcellular Fractionation—Following treatment with anti-

Fas, cells (106) were washed in PBS, resuspended in 50 �l of
buffer (140 mM mannitol, 46 mM sucrose, 50 mM KCl, 1 mM

KH2PO4, 5 mMMgCl2, 1 mM EGTA, 5mMTris, pH 7.4) supple-
mented with a mixture of protease inhibitors (Complete Mini-
EDTAFree) and permeabilized with 3 �g of digitonin (Sigma)
on ice for 10 min. Plasma membrane permeabilization was
monitored by trypan blue staining, and cell suspensions were
centrifuged at 12,000 � g for 10 min at 4 °C. Supernatant and
pellet fractions were subjected to Western blot analysis.

RESULTS AND DISCUSSION

Bcl-2 or Bcl-xL Overexpression, but Not Apaf-1 Knockdown,
Confers Resistance to Fas-induced Apoptosis—Previously, we
demonstrated that Jurkat cells, in which either an anti-apopto-
tic Bcl-2 family protein had been overexpressed or Apaf-1 had

Fas-induced Apoptosis in Type II Cells

33448 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 48 • NOVEMBER 27, 2009



been knocked down, were entirely resistant to mitochondria-
mediated apoptosis (17). Here, we were interested in the sus-
ceptibility of the different cells to receptor-mediated killing
induced by agonistic anti-Fas antibody (CH-11). As shown in
Fig. 1A, only control-transfected and Apaf-1-deficient cells
underwent Fas-induced apoptosis. Specifically, after treatment
with a concentration of 100 ng/ml of anti-Fas, vector control
and Apaf-1-silenced cells displayed �38 and �25% apoptosis,
respectively, at 6 h. By comparison, when the Bcl-2- and Bcl-xL-
overexpressing cells were incubated under the same conditions
they exhibited �2 and �4% apoptosis, respectively. In agree-
ment with these findings, Western blot analysis of cell lysates
revealed that proteolytic processing of caspase-8 was signifi-
cantlymore pronounced inwild-type, vector control, andApaf-
1-deficient cells as compared with Bcl-2- and Bcl-xL-overex-
pressing cells (Fig. 1B). That is, more of both the cleaved
intermediate (p43/p41) and active (p18) fragments of caspase-8
were evident after incubationwith 100 ng/ml of anti-Fas for 6 h.
Similarly, cleavage of Bid to tBid and the processing of
caspase-3 to its fully active p19/p17 fragments occurred in the
wild-type, vector control, and Apaf-1-deficient cells (Fig. 1B,
lanes 2, 8, and 10). By comparison, only the p20 caspase-3 inter-
mediate fragment was observed in the Bcl-xL- and Bcl-2-over-
expressing cells (Fig. 1B, lanes 4 and 6) suggesting that normal
caspase-3-mediated autocatalytic removal of the N-terminal

prodomain had been impaired (19,
20), presumably due to inhibition by
an inhibitor of apoptosis protein
(IAP) (21). Cleavage of caspase-9
occurred in four out of the five cell
lines, although producing two frag-
ments (p37/p35) in wild-type and
control-transfected cells, and only
one fragment (p37) in Apaf-1-de-
ficient and Bcl-xL-overexpressing
cells (Fig. 1B, lanes 2 and 8 versus
lanes 4 and 10). This is impor-
tant because apoptosome-medi-
ated activation and self-cleavage
of caspase-9 has been reported to
occur after Asp315 yielding a p35
fragment, whereas the appearance
of the catalytically inactive p37 frag-
ment (22) is most often linked to
caspase-3-mediated cleavage of
caspase-9 after Asp330 (23). The
small amount of p37 caspase-9 that
was produced in the anti-Fas-
treated Bcl-xL-overexpressing cells
could be due to a trace amount of
autocatalytic processing of p20
caspase-3 to p19 caspase-3 that had
occurred (Fig. 1B, lane 4). Neverthe-
less, as shown in Fig. 1C, both Bcl-2-
and Bcl-xL-overexpressing cells
were refractory to receptor-medi-
ated apoptosis even after 24 h of
incubation with anti-Fas. By com-

parison, Apaf-1-deficient cells were susceptible to apoptosis
induced by anti-Fas, exhibiting �65% as much death as vector
control cells.
Absence of Cytochrome c-initiated Caspase-9 Activation in

Cytosolic Extracts from Apaf-1 Knockdown Cells—Although
apoptosome-mediated activation of caspase-9 (p35) was not
observed in Apaf-1-deficient cells incubated in the presence of
anti-Fas (Fig. 1B, lane 10) or etoposide (17, 24), we next tried to
reconstitute the caspase-9 activation pathway in vitro using
cytosolic extracts from these cells. The rationale for this exper-
iment was that, while our Apaf-1 knockdownwas very efficient,
it was not complete (17, 24), and we wondered whether the
trace amount of Apaf-1 that remained in these cells might be
sufficient to activate caspase-9 at a level that had escaped detec-
tion. However, if this were true, then we reasoned it should be
possible to detect at least some activation of caspase-9 (p35) in
cytosolic extracts from these cells incubated over time in the
presence of a relatively high concentration of exogenous cyto-
chrome c. Indeed, this approach has been used extensively in
the literature to faithfully mimic apoptosome-mediated activa-
tion of caspase-9.
As illustrated in Fig. 2, incubation of cytosolic extract

obtained from either vector control or Apaf-1-deficient cells in
the absence of exogenous cytochrome c for 1 h at 37 °C resulted
in no caspase-9 processing (left panels). As anticipated, the

FIGURE 1. Bcl-2 or Bcl-xL overexpression, but not Apaf-1 knockdown, inhibits apoptosis in response to
agonistic anti-Fas antibody (CH-11). A, control-transfected, Bcl-xL- and Bcl-2-overexpressing, and Apaf-1-
deficient Jurkat clones (106/ml) were cultured in the presence or absence of 100 ng/ml anti-Fas for 6 h, har-
vested, and processed for cell death determination by flow cytometric analysis of annexin V-FITC and pro-
pidium iodide (PI) staining. Quadrants are defined as live (lower left), early apoptotic (lower right), late apoptotic
(upper right), and necrotic (upper left). Numbers refer to the percentage of cells in each quadrant. B, duplicate
aliquots of cells were harvested and lysed for Western blotting. C, Bcl-xL- and Bcl-2-overexpressing cells were
cultured in the presence of 100 ng/ml anti-Fas for 24, harvested, and processed for cell death determination as
described in A. Casp, caspase.
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addition of cytochrome c to vector control cell cytosolic extract
induced rapid, near-complete processing of procaspase-9 to its
p35/p37 fragments after incubation at 37 °C for 1 h (upper right
panel). By comparison, no procaspase-9 processing was observed
in purified cytosolic extract fromApaf-1-deficient cells incubated
under the same conditions (lower right panel). Combined, these
data provide additional evidence that the residual Apaf-1 protein
in the Apaf-1-deficient cells is not sufficient to promote cyto-
chrome c-mediated activation of caspase-9.
Sensitivity of Apaf-1-deficient Jurkat Cells to Anti-Fas Treat-

ment Is Associated with Extensive Mitochondrial Apoptotic
Changes—As mentioned previously, Fas-mediated apoptotic
signaling in type I cells is generally thought to occur by active
caspase-8 directly cleaving and activating caspase-3, whereas
recruitment of the intrinsic (mitochondria-mediated) pathway
is widely thought to be essential for Fas-mediated apoptosis in
type II cells. Because our different gene-manipulated Jurkat cell
clones with impaired intrinsic pro-apoptotic signaling were so
markedly dissimilar in their sensitivity to apoptosis induced by
anti-Fas, we sought to investigate the extent towhich thismight
be due to differences in mitochondrial events. Thus, we first
evaluated the different cells for changes in��. Apaf-1-deficient
cells experienced a drop in �� that was �74% of that exhibited
by vector control cells when incubated in the presence of anti-
Fas for 6 h (Fig. 3A). It is worth noting that these same Apaf-1-
deficient cells were resistant to �� loss when incubated in the
presence of etoposide (24). By comparison, overexpression of
either Bcl-xL or Bcl-2 rendered cells totally refractory to any
loss of �� induced by anti-Fas. Because a drop in �� is often
associated with the release of mitochondrial intermembrane
space proteins into the cytosol, we next investigated whether
the release of cytochrome c and Smac had occurred in the dif-
ferent cell types. Treatment with anti-Fas led to a pronounced
release of cytochrome c and Smac from vector control and
Apaf-1-deficient cells (Fig. 3B) consistent with the �� data.
To investigate the extent to which differences in the release

of cytochrome c and Smac corresponded to differences in the
activation of Bak (E6.1 cells do not express Bax (7, 17)) we used
two different techniques. We first investigated whether Bak
underwent oligomerization using the cross-linking agent BMH.
As illustrated in Fig. 3C, cross-linked Bak protein complexes
were observed in wild-type and control-transfected Jurkat cells

treated with 100 ng/ml of anti-Fas for 6 h. In line with the
mitochondrial apoptotic changes that were observed (Fig. 3, A
and B), dimerization and activation of Bak were detected in
wild-type, vector control, and Apaf-1-deficient Jurkat cells,
whereas cells overexpressing Bcl-2 or Bcl-xL were resistant to
changes in Bak status (Fig. 3C). These findings were in agree-
ment with results obtained using an active conformation-spe-
cific monoclonal Bak antibody and flow cytometric analysis,
where Bak activation amounts to a shift to the right in the
resulting histogram (Fig. 3D). Specifically, vector control and
Apaf-1-deficient cells exhibited large increases in Bak-associ-
ated fluorescence of 280 and 300%, respectively, whereas Bcl-xL
and Bcl-2 cells displayed more modest increases of 50 and 20%,
respectively. Collectively, these findings suggest that the sensi-
tivity of Apaf-1-deficient cells to Fas-induced apoptosis is due,
at least in part, to that fact that these cells undergo MOMP.
Caspase-3/7 (DEVDase) Activity Mediates the Majority of

Fas-mediated Apoptotic Events in Apaf-1-deficient Cells—As
mentioned, stimulation of the Fas receptorwith its correspond-

FIGURE 2. In vitro reconstitution of the caspase-9 activation pathway. Vector
control (upper panels) or Apaf-1-deficient (lower panels) Jurkat cell cytosolic
extract (2.5 mg of protein/ml) was incubated in the absence or presence of 50
�g/ml horse heart cytochrome c for 1 h at 37 °C. Aliquots were collected at the
indicated times and analyzed by Western blotting for caspase-9.

FIGURE 3. Fas-induced apoptosis in Apaf-1-deficient cells is accompanied
by extensive mitochondrial events. A, control-transfected, Bcl-xL- and Bcl-
2-overexpressing, and Apaf-1-deficient Jurkat clones (106/ml) were cultured
in the absence or presence of 100 ng/ml anti-Fas for 6 h and processed for
mitochondrial membrane potential (��) determination by flow cytometry.
Reduced DiIC1(5) fluorescence is indicative of a loss of ��, and numbers refer
to the percentage of cells that underwent a dissipation of ��. B, duplicate
aliquots of cells were harvested and processed for subcellular fractionation.
Supernatant (s) and pellet (p) fractions were analyzed by Western blotting.
C and D, wild-type, control-transfected, Bcl-xL- and Bcl-2-overexpressing, and
Apaf-1-deficient Jurkat clones (106/ml) were cultured in the absence or pres-
ence 100 ng/ml anti-Fas for 6 h and processed for determination of Bak olig-
omerization by Western blotting (C) or Bak activation by flow cytometric anal-
ysis (D). In D, histograms show Bak-associated fluorescence in vehicle-treated
(filled histograms) and apoptotic stimulus-treated (open histograms) cells after
6 h, and numbers refer to the percentage increase in mean fluorescence
intensity.
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ing ligand or an agonistic antibody leads to formation of the
DISC and activation of caspase-8 (3). Because of existing
evidence indicating that the amount of caspase-8 that is acti-
vated at the DISC in type II cells is too low to efficiently
cleave and activate caspase-3 (16), it is widely believed that
caspase-8 cleaves Bid to tBid, which, in turn, recruits the
intrinsic (mitochondria-mediated) apoptotic pathway by
activating Bax or Bak. In this regard, it is thought that type II
cells rely heavily on the intrinsic pathway for receptor-me-
diated apoptosis (5, 11, 15, 16). However, such a model
would not explain why the Apaf-1-deficient cells, which can-
not activate caspase-9 (p35) in response to intrinsic stimuli
(17, 24), extrinsic stimuli (Fig. 1B, lane 9 versus 10), or in an
in vitro reconstituted cell-free system (Fig. 2), are sensitive to
Fas-mediated apoptosis, exhibiting Bak activation (Fig. 3, C
and D), induction of MOMP (Fig. 3B), and the robust cleav-
age of caspase-8 to its intermediate (p43/p41) and active
(p18) fragments (Fig. 1B, lane 9 versus 10).

Because caspase-3 was also
cleaved to its fully active p19/p17
fragments in cells lacking Apaf-1
(Fig. 1B, lane 9 versus 10), we inves-
tigated the potential importance of
caspase-3/7 in producing the vari-
ous apoptotic changes in anti-Fas-
treated Apaf-1-deficient cells. To
that end, we incubated cells with the
caspase inhibitor Z-DEVD-fmk (25
�M) for 1 h prior to treatment with
anti-Fas (100ng/ml) for 6 h.As illus-
trated, Z-DEVD-fmk pre-treatment
prevented Fas-induced autocata-
lytic cleavage of caspase-3 to its fully
active p19/p17 fragments, whereas
it was not able to eliminate the gen-
eration of the p20 caspase-3 inter-
mediate fragment by caspase-8 (Fig.
4A, lanes 2 versus 3, 5 versus 6, and 8
versus 9). Pre-treatment of cellswith
Z-DEVD-fmk reduced dramatically
the appearance of the p43/p41 frag-
ments of caspase-8 suggesting that
most of the Fas-mediated cleavage
of procaspase-8 occurs downstream
of caspase-3/7 activation (Fig. 4A).
In addition, Z-DEVD-fmkmarkedly
inhibited the appearance of tBid
(Fig. 4A), arguing strongly that the
majority of Fas-induced Bid cleav-
age occurs downstream, or inde-
pendently, of the low level of
caspase-8 activity that occurs ini-
tially during receptor-mediated
apoptosis in type II Jurkat cells.
Z-DEVD-fmk also inhibited the
processing of caspase-9 (Fig. 4A).
Specifically, the appearance of the
p37 fragment of caspase-9 was

largely prevented by pretreatment with Z-DEVD-fmk. Asmen-
tioned previously, the p37 fragment of caspase-9, which lacks
proteolytic activity (22), is generated by caspase-3-mediated
proteolysis, whereas the p35 fragment of caspase-9 is produced
by apoptosome-mediated dimerization and autocatalysis (23).
As anticipated, Z-DEVD-fmk also blocked Fas-induced apop-
tosis as determined by annexin V-FITC fluorescence (Fig. 4B).
We next examined the effect Z-DEVD-fmk might have on

Fas-induced mitochondrial apoptotic events. As shown, pre-
treatment of cells with Z-DEVD-fmk partially inhibited Bak
oligomerization (Fig. 4C), the loss of �� (Fig. 4D), and the
release of cytochrome c and Smac (Fig. 4E) induced by anti-Fas.
Taken together, these data suggest that many of the observable
apoptotic changes induced by anti-Fas treatment are mediated
by caspase-3/7 (DEVDase) activity. In addition, these findings
support a model of receptor-mediated apoptosis in which the
intrinsic pathway per se is not required for apoptosis to occur in
type II Jurkat cells.

FIGURE 4. Requirement of caspase-3/7 (DEVDase) activity for Fas-induced apoptotic changes in Apaf-1-
deficient cells. A, wild-type, control-transfected, and Apaf-1-deficient Jurkat cells (106/ml), preincubated with
or without 25 �M Z-DEVD-fmk for 1 h, were incubated with 100 ng/ml anti-Fas for 6 h, harvested, and lysed for
Western blotting. B–E, duplicate aliquots of cells were harvested and processed for cell death determination by
flow cytometric analysis of annexin V-FITC and propidium iodide staining (B), Bak oligomerization and activa-
tion (C), �� determination by flow cytometric analysis of DiIC1(5)-associated fluorescence (D), and subcellular
fractionation followed by Western blotting of supernatant (s) and pellet (p) fractions (E). In B, quadrants are
defined as live (lower left), early apoptotic (lower right), late apoptotic (upper right), and necrotic (upper left).
Numbers refer to the percentage of cells in each quadrant. In D, numbers refer to the percentage of cells that
underwent a dissipation of ��. Casp, caspase; Z-DEVD-fmk; Z-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-CH2F.
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Expression of the BIR1/BIR2 Domains of XIAP Inhibits Fas-
induced Apoptosis—Because Z-DEVD-fmk pretreatment
inhibited to a similar extent Fas-induced apoptotic changes in
wild-type, vector control, and Apaf-1-deficient cells, and
because of concerns about the specificity of so-called specific
peptide-based caspase inhibitors, including Z-DEVD-fmk (25),
we next took a genetic approach to inhibiting downstream
caspases. Specifically, we examined the sensitivity of Jurkat cells
engineered to stably express the BIR1/BIR2 domains of XIAP
(17) to Fas-induced apoptosis. XIAP belongs to the inhibitor of
apoptosis protein family (26) and a region of this protein that
includes the BIR2 domain is known to inhibit caspase-3 and -7
(21, 27, 28).
As illustrated in Fig. 5A, vector control cells underwent apop-

tosis (�40%) when incubated in the presence of anti-Fas (100
ng/ml) for 6 h, whereas the BIR1/BIR2 transfectants exhibited
significantly less death (�14%). In other words, Fas-mediated
apoptosis was reduced by �65% in BIR1/BIR2-expressing cells
relative to vector control cells. In agreement with these find-
ings, Western blot analysis of cell lysates generated at 6 h after
incubation with anti-Fas showed that extensive proteolytic
processing of caspase-8, -9, -3, and -7 had occurred in vector
control cells, whereas caspase processing in cells expressing the
BIR1/BIR2 domains of XIAP was markedly reduced (Fig. 5B).

Next, we were interested to determine whether Fas-induced
mitochondrial events were altered in BIR1/BIR2-expressing
cells. As shown in Fig. 5C, treatment of cells with anti-Fas for

6 h resulted in nearly half (�42%) of
the control-transfected cells dis-
playing a loss of ��, while cells
expressing the BIR1/BIR2 domains
of XIAP underwent a more modest
drop in �� of �12%. Similar find-
ings were obtained with respect to
MOMP induction as measured by
Western blot analysis of cyto-
chrome c and Smac release into the
cytosol (Fig. 5D, lane 2 versus 1 and
lane 4 versus 3). Finally, we were
interested to investigate whether
the maintenance of �� and reduced
MOMP in the BIR1/BIR2-express-
ing cells corresponded with
decreased Bak activation. As shown
in Fig. 5E, Fas-induced Bak activa-
tion was attenuated in cells express-
ing the BIR1/BIR2 domains of
XIAP. Overall, these findings sup-
port and extend the results pre-
sented in Fig. 4 and offer genetic evi-
dence that executioner caspases
play an important role in eliciting
MOMP in response to anti-Fas in
type II cells.
A Smac Mimetic Partially Sensi-

tizes Bcl-xL-overexpressing Cells to
Fas-induced Apoptosis—Because
the p20 fragment of caspase-3 was

detected uniformly in (i) anti-Fas-treatedApaf-1-deficient cells
that had been pre-incubated with Z-DEVD-fmk (Fig. 4A), (ii)
cellsmade to express the BIR1/BIR2 domains of XIAP (Fig. 5B),
and (iii) Bcl-xL-overexpressing cells incubated with anti-Fas
alone (Fig. 1B), we speculated that the reason p20 caspase-3was
not able to undergo autocatalysis to its p19/p17 fragments in
cells overexpressing Bcl-xL might be due to persistent inhibi-
tion of its enzyme activity by an IAP, such as XIAP, as reported
previously in vitro (13). Smac, which is a protein that is nor-
mally sequestered in the mitochondrial intermembrane space,
is released together with cytochrome c in response to various
apoptotic stimuli (29, 30) and inhibits XIAP function by bind-
ing XIAP second baculoviral inhibitory repeat (BIR) domain
(31–33). In this respect, Smac is considered a derepressor of
caspase inhibition by XIAP, and several cell-permeable Smac
mimetics have been designed that can potentiate pro-apoptotic
stimuli (34–38), as well as induce apoptosis independently (39).
To test the extent towhich Smac could sensitize Bcl-xL-over-

expressing cells to anti-Fas, we obtained a Smacmimetic (com-
pound 3) that was shown previously to bind XIAP (also cellular
IAP 1(cIAP1) and cIAP2) and act synergistically with TRAIL or
TNF� to induce apoptosis in cancer cell lines that are normally
resistant to these two death receptor stimuli (34, 40, 41). In the
current study, incubation of cells with 100 nM compound 3 for
up to 16 h did not induce apoptosis (data not shown) or proteo-
lytic processing of caspase-8 (Fig. 6B). However, when Bcl-xL-
overexpressing cells were pre-treated with 100 nM compound 3

FIGURE 5. BIR1/BIR2-expressing Jurkat cells are resistant to early and late Fas-induced apoptotic
changes. A, control-transfected and Myc-BIR1/BIR2-overexpressing Jurkat cells were incubated in the pres-
ence or absence of 100 ng of anti-Fas for 6 h and processed for cell death determination by flow cytometric
analysis of annexin-V-FITC and propidium iodide staining. Quadrants are defined as live (lower left), early
apoptotic (lower right), late apoptotic (upper right), and necrotic (upper left). Numbers refer to the percentage of
cell in each quadrant. B–E, duplicate aliquots of cells were harvested and lysed for Western blotting (B), pro-
cessed for mitochondrial membrane potential (��) determination by flow cytometry (C), processed for sub-
cellular fractionation followed by Western blotting of supernatant (s) and pellet (p) fractions (D), and processed
for Bak oligomerization by Western blotting (E). In C, reduced DiIC1(5) fluorescence is indicative of loss of (��),
and numbers refer to the percentage of cells that underwent a dissipation of (��). Casp, caspase.
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for 4 h and subsequently incubated with anti-Fas (100 ng/ml)
for 12 h, �11% of cells underwent apoptosis compared with
�25% of control-transfected cells incubated with anti-Fas
alone (Fig. 6A). Likewise, when used in combination with anti-
Fas, compound 3 caused enhanced proteolytic cleavage of
caspase-8 as well as the generation of some of the p19/p17 fully
active fragments of caspase-3 in Bcl-xL-overexpressing cells
(Fig. 6B). Our findings are complementary to a recent report
demonstrating that two distinct XIAP inhibitors (42) sensitized
Bcl-2-overexpressing Jurkat cells to TRAIL-induced apoptosis
(43). Significantly, accumulating lines of evidence point toward
the potential use of various types of Smac mimetics as antican-
cer agents in both hematological and solid malignancies (35).
However, the utility of Smac mimetics may ultimately be lim-
ited to cancers that display abnormally high levels of IAP, since
not all malignancies studied to date were found to be sensitive
to these agents. Finally, although it might seem plausible that
the Smac mimetic partially sensitized Bcl-xL-overexpressing
cells to anti-Fas through a caspase-8-dependent mechanism
that involves TNF-� autocrine signaling (39, 44, 45), this is
unlikely since incubation of cells with the Smac mimetic alone
did not cause caspase proteolysis or an induction of apoptosis.

Overall, our findings and other data in the literature strongly
support the importance of Smac release for receptor-mediated
activation of executioner caspases in type II cells, which may
ultimately have clinical implications for cancers where engage-
ment of mitochondria is needed to ensure cell death.
Concluding Remarks—Although the type I/II cell distinction

was first described in studies involving tumor cell lines (e.g.
Jurkat cells are type II, and SKW6.4 cells are type I) (5, 16),
subsequent evidence has shown that the model also applies to
primary cells (e.g. hepatocytes are type II, and thymocytes are
type I) (46–48). As mentioned previously, type II cells are dis-
tinguished from type I cells by their reported heavy reliance on
the intrinsic (mitochondria-mediated) apoptotic pathway for
apoptosis induced by a death receptor ligand (e.g. TNF�,
TRAIL, and FasL) or agonistic antibody. The perceived need for
the intrinsic pathway in type II cells centers around the fact that
formation of theDISC is impaired in these cells and that the low
level of active caspase-8 that is produced within the DISC is
sufficient only to cleave the BH3-only protein Bid. In turn, tBid
activates a multidomain Bcl-2 protein, Bax or Bak, leading to
the engagement of the mitochondrial pathway. The strongest
evidence supporting the existence of a two pathway receptor-
mediatedmodel of apoptosis is the fact that overexpression of a
suppressor of the intrinsic pathway, notably Bcl-2 or Bcl-xL,
protects against apoptosis in some cell types (so-called type II)
but not others (so-called type I) (5, 15, 16).
Recent studies examining the type I/II paradigm have pro-

duced conflicting results (11–13). The primary point of conten-
tion is the extent to which mitochondrial involvement is truly
necessary for receptor-mediated executioner caspase activa-
tion and apoptosis in type II cells. Our findings, using apopto-
some-deficient cells incapable of activating caspase-9, provide
direct evidence that themitochondrial apoptotic pathwayper se
is not essential for Fas-induced apoptosis in type II cells. In
particular, we have demonstrated that Apaf-1-deficient Jurkat
cells, which are equally resistant to etoposide-induced apopto-
sis as Jurkat cells overexpressing Bcl-2 or Bcl-xL (17), are highly
susceptible to receptor-mediated apoptosis. Although the sen-
sitivity of Apaf-1-deficient cells to anti-Fas treatment was asso-
ciated with extensive cleavage of Bid and induction of MOMP,
the resulting release of intermembrane space proteins failed to
activate caspase-9. Additionally, our findings indicated that
Fas-induced cleavage of Bid depends to a large extent on DEV-
Dase activity and/or occurs downstream of caspase-3/7 activa-
tion. However, it is possible that the initial cleavage of Bid by
caspase-8 occurs at a level that is not detectable by Western
blotting but is nevertheless sufficient to cause Bak-mediated
MOMP in cells other than those overexpressing Bcl-2 or Bcl-xL.
Indeed, estimates have indicated that miniscule amounts of
tBid are all that is needed to induce Bax/Bak-dependent cyto-
chrome c release in some settings (49). In this way, it could be
that the portion of Bid that appears to be cleaved downstream
of caspase-3/7 activation functions to positively amplify
MOMP in response to Fas and seal a cell’s fate (7).
Because cytochrome c release followingMOMPappeared to be

unnecessary for Fas-induced apoptosis in Apaf-1-deficient cells
since the activation of caspase-9 did not ensue, we hypothesized
that Smac release might function in this context to promote exe-

FIGURE 6. A Smac mimetic (compound 3) synergizes with anti-Fas anti-
body to induce apoptosis in Bcl-xL-overexpressing cells. A, control-trans-
fected and Bcl-xL-overexpressing cells (106/ml) were incubated in the
absence or presence of 100 nM Smac mimetic (compound 3) for 4 h and/or
anti-Fas for 12 h, harvested, and processed for cell death determination by
flow cytometric analysis of annexin V-FITC and propidium iodide staining.
Quadrants are defined as live (lower left), early apoptotic (lower right), late
apoptotic (upper right), and necrotic (upper left). Numbers refer to the percent-
age of cells in each quadrant. B, duplicate aliquots were harvested and lysed
for Western blotting. Casp, caspase.
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cutioner caspase activity by inhibiting an IAP, as reported previ-
ously for XIAP using in vitro cell-free systems (13). Indeed, we
found that a cell-permeable Smac mimetic was able to partially
sensitize Bcl-xL-overexpressing cells to Fas-induced apoptosis.
This finding, in part,might help reconcile our resultswith those of
Samraj et al. (11). In that study, the authors reported that a
caspase-9-deficient clone of Jurkat cells they had identified was
strongly resistant to Fas-mediated apoptosis, despite undergoing
MOMP as indicated by cytochrome c release. However, no men-
tionofwhetherSmacwasreleased togetherwithcytochrome cwas
included, and some evidence suggests the release of these proteins
canbedifferentially regulated (50, 51). In this regard, itwouldbeof
particular interest to know whether a Smac mimetic could sensi-
tize the authors’ caspase-9-deficient cells to Fas-induced apopto-
sis. In our case, the fact that the Smacmimetic-induced sensitiza-
tion of Bcl-xL-overexpressing cells to anti-Fas was not more
pronounced suggests that the release of other mitochondrial fac-
tors, such as Omi, may contribute significantly toward alleviating
the suppressive effects of IAPs. Alternatively, it is possible that
Bcl-xL can exert anti-apoptotic functions in the cell that are sepa-
rate from its established ability to inhibit MOMP.
Finally, while our manuscript was in initial review, another

group published an article suggesting that caspase-9 may not be
necessary for executioner caspase activation during Fas-mediated
apoptosis in type II hepatocytes (52). In particular, the authors
showed that Bid-deficient mouse hepatocytes were resistant to
treatment with Fas ligand, whereas Bid/XIAP doubly-deficient
hepatocytes succumbed to this form of death. Interestingly, cul-
tured type I thymocytes obtained fromBid-deficient animalswere
highly sensitive to Fas-induced death, despite expressing a basal
level of XIAP thatwas similar to that of hepatocytes. This suggests
that the strong caspase-8 activation that occurswithin theDISC in
type I cells can, in turn, activate sufficient amounts of caspase-3 to
overcome the suppressive effects of XIAP. By comparison, type II
cells, such as Jurkat cells and hepatocytes, exhibit weaker initial
caspase-8 activation and thus rely on mitochondrial involvement
to alleviate the caspase inhibitory effects of XIAP. Overall, accu-
mulating evidence supports the notion that inhibition of XIAP by
Smac (and/or Omi) is more important than cytochrome c/Apaf-
1-mediated activation of caspase-9 in determining the susceptibil-
ity of type II cells to receptor-mediated apoptosis.
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