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Cleavage of Bid by Executioner Caspases Mediates Feed
Forward Amplification of Mitochondrial Outer Membrane
Permeabilization during Genotoxic Stress-induced Apoptosis

in Jurkat Cells™
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The extent to which the BH3-only protein Bid is important for
intrinsic (mitochondria-mediated) apoptotic cell death induced
by genotoxic stress remains controversial. In the present study,
we examine this issue using a panel of gene-manipulated Bax-
deficient Jurkat T-lymphocytes. Cells stably depleted of Bid
were far less sensitive than control-transfected cells to etopo-
side-induced apoptosis. In particular, drug-induced Bak activa-
tion, cytochrome c release, loss of mitochondrial membrane
potential, and caspase activation were all decreased in cells lack-
ing Bid. Reconstitution experiments using recombinant pro-
teins and permeabilized Bid-deficient cells demonstrated
that truncated Bid (tBid), but not full-length Bid, potently
induced Bak activation and the release of cytochrome c. Fur-
ther, caspase-8-deficient Jurkat cells efficiently cleaved Bid and
were sensitive to drug-induced apoptosis. By comparison, Apaf-
1-deficient cells, as well as cells overexpressing full-length
X-linked inhibitor of apoptosis protein (XIAP) or the BIR1/
BIR2 domains of XIAP, failed to cleave Bid in response to geno-
toxic stress. These data suggest that tBid plays an important
regulatory role in the execution of DNA damage-induced cyto-
chrome c release and apoptosis. However, the fact that cleavage
of Bid to tBid is mediated by executioner caspases suggests that
a self-amplifying feed forward loop involving caspases, Bid, and
mitochondria may help determine irreversible commitment to
apoptosis.

Apoptosis is an active form of cell death that plays an essen-
tial role during normal embryonic development and in the
maintenance of tissue homeostasis in the adult organism (1).
Consequently, dysregulation of apoptosis has been implicated
as a contributing factor to the onset of different pathological
conditions, including cancer. In addition, it is now generally
accepted that many genotoxic anticancer drugs are effective
against tumor cells for their ability to induce mitochondria-

mediated apoptosis (2). Similarly, mutations or the altered
expression of pro- and anti-apoptotic proteins can contribute
to the development of drug resistance.

Execution of apoptosis is mediated by a family of cysteine-
dependent aspartate-specific proteases (caspases). During true
mitochondria-mediated apoptosis, members of the Bcl-2 fam-
ily of proteins are the primary regulators of caspase activation
for their role in controlling mitochondrial outer membrane
permeabilization (MOMP)? (3). The process of MOMP results
in the release of cytochrome ¢, second mitochondria-derived
activator of caspase (Smac, also known as DIABLO), and Omi
(also known as HtrA2) into the cytosol where they converge to
promote the activation of caspase-9 within the apoptotic pro-
tease-activating factor-1 (Apaf-1) apoptosome complex. The
Bcl-2 family contains proteins with opposing functions, and it is
generally thought that the induction of MOMP requires the
activation of either Bak or Bax triggered by a Bcl-2 homology 3
(BH3)-only protein (4—6). Indeed, evidence in the literature
indicates that cells lacking either Bak or Bax exhibit only subtle
defects in MOMP, whereas doubly deficient cells are often
found to be highly resistant to mitochondria-mediated apopto-
sis (7, 8).

At present, there are two models for the activation of Bax or
Bak by BH3-only proteins. One model argues that BH3-only
proteins function as either “sensitizer” (e.g Bad and Noxa) or
“activator” proteins (e.g. truncated Bid (tBid), Bim, and perhaps
Puma) (9). In this scenario, a sensitizer protein is needed to
displace an activator protein from a prosurvival protein (e.g.
Bcl-2, Bcl-x;, or Mcl-1) to activate Bak or Bax. The second
model argues that BH3-only proteins bind and inhibit the func-
tion of prosurvival Bcl-2 proteins, which normally bind to and
inhibit Bak and Bax (10, 11). Of the seven or so known BH3-only
proteins (6), Bid is unique in that it requires post-translational
modification for activation, most notably involving caspase-8-
mediated cleavage to tBid (12—14). Bid normally resides in the
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cytosol and possibly the nucleus (15). Upon being cleaved, the
C-terminal fragment (tBid) is myristoylated at its newly
exposed N terminus, translocates to the outer mitochondrial
membrane (OMM), and/or activates Bak or Bax protein (16).
Recently, it was shown that the N-terminal cleavage fragment
of Bid is quickly ubiquitinated for degradation and that this
degradation is necessary for the pro-apoptotic function of tBid
(17). The same study also concluded that, although full-length
Bid is capable of translocating to the OMM, it is not able to
induce MOMP on its own (17). A well characterized example of
tBid involvement during apoptosis is in the engagement of the
mitochondrial apoptotic pathway in so-called type II cells upon
activation of the extrinsic pathway (18).

Here, we have investigated whether Bid plays a functional
role in the induction of MOMP during apoptosis in response to
the genotoxic anticancer drug etoposide. To that end, we used
Bax-deficient Jurkat cells that are stably depleted of Bid and
evaluated the extent to which these cells underwent drug-in-
duced MOMP. In addition, Jurkat clones in which the intrinsic
pathway had been inhibited due to the stable knockdown of
Apaf-1 or the overexpression of full-length XIAP or the bacu-
loviral IAP repeats 1 and 2 (BIR1/BIR2) of XIAP were used to
gain insight into the molecular requirements necessary for
cleavage of Bid to tBid during drug-induced apoptosis. Strik-
ingly, the data showed that etoposide-induced apoptosis was
decreased in Bid-deficient Jurkat cells. In particular, cells lack-
ing Bid expression exhibited decreased Bak activation, cyto-
chrome c release, loss of mitochondrial membrane potential
(A4s), and caspase activation. Further, incubation of permeabi-
lized Bid-deficient cells with recombinant tBid, but not full-
length Bid, induced Bak dimerization and cytochrome ¢
release. Significantly, we also found that cleavage of Bid to
tBid occurred strictly downstream of Apaf-1 by a mechanism
that required active executioner caspases.

EXPERIMENTAL PROCEDURES

Cell Culture—Wild-type (clones E6.1 and A3) and caspase-
8-deficient (clone I 9.2) Jurkat T-lymphocytes were cultured in
RPMI 1640 complete medium (Invitrogen) supplemented with
10% (v/v) heat-inactivated fetal bovine serum (HyClone, Logan,
UT), 2% (w/v) glutamine, 100 units/ml penicillin, and 100 ug/ml
streptomycin at 37 °C in a humidified 5% CO, incubator. For
transfected 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 cells were re-plated in
fresh complete nonselective medium prior to apoptosis induction.
Apoptosis was induced with etoposide (10 um, Sigma-Aldrich) or
agonistic anti-Fas antibody (100 ng/ml, clone CH-11, MBL Inter-
national, Woburn, MA). The caspase inhibitor quinoline-Val-
Asp-CH,-difluorophenoxy (qVD-OPh, MP Biomedicals, Solon,
OH) was used at a final concentration of 20 um.

Measurement of Caspase Activity—Cells (5 X 10°) were pel-
leted and washed once with ice-cold phosphate-buffered saline
(PBS). Cells were resuspended in 25 ul of PBS, added to a
microtiter plate, and combined with DEVD-aminomethylcou-
marin (Peptide Institute, Osaka, Japan) dissolved in a standard
reaction buffer (100 mm Hepes, pH 7.25, 10% sucrose, 10 mm
dithiothreitol, 0.1% CHAPS). Cleavage of DEVD-aminometh-
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ylcoumarin was monitored by aminomethylcoumarin produc-
tion in an FLx800 Multi-detection Microplate Reader (BioTek
Instruments, Winooski, VT) using 355 nm excitation and 460
nm emission wavelengths.

RNA Interference—The vector-based pSUPER RNAI sys-
tem (OligoEngine, Seattle, WA) was used to suppress BID
gene (RefSeq accession number NM_001196) expression.
The gene-specific targeting insert specifies a 19-nucleotide
sequence corresponding to nucleotides 35-53 (5'-GGGATG-
AGTGCATCACAAA-3') downstream of the transcription
start site, which is separated by a 9-nucleotide non-comple-
mentary spacer (TTCAAGAGA) from the reverse complement
of the same 19-nucleotide sequence. The sequence was ligated
into the BglII and Xhol sites of the pSUPER.neo vector, which
was subsequently transformed into TOP10 competent cells
(Invitrogen) according to the manufacturer’s instructions. Sev-
eral clones were obtained, and the correct insert was verified by
sequence analysis.

Transfections—Wild-type Jurkat T-lymphocytes (10”) were
transfected with 20 pg of plasmid DNA (pSUPER-neo, pSUPER-
Apaf-1, pSUPER-Bid, pcDNA3-XIAP, pcDNA3-XIAP-BIR1/BIR2,
or pcDNA3-neo) by electroporation using a Bio-Rad Gene
Pulser Xcell system (0.4-cm cuvette, 300 V, and 950 microfar-
ads). Cells were allowed to recover in RPMI 1640 complete
growth medium for 48 h at 37 °C in a humidified 5% CO, incu-
bator. Selection of transfected cells was performed in the pres-
ence of 1 mg/ml Geneticin for several weeks, at which time
serial dilutions were performed to obtain single-cell clones of
Bid-silenced cells, Apaf-1-silenced cells, and cells overexpress-
ing full-length XIAP or the BIR1/BIR2 domains of XIAP.

Flow Cytometry for Cell Death and Mitochondrial Membrane
Potential (AV) Measurements—Phosphatidylserine exposure
on the outer leaflet of the plasma membrane was detected using
the annexin V-fluorescein isothiocyanate (FITC) Apoptosis
Detection Kit II (BD Pharmingen) according to the manufac-
turer’s instructions. In brief, 10° cells were pelleted following
etoposide or anti-Fas treatment and washed in PBS. Next, the
cells were resuspended in 100 ul of binding buffer containing
annexin V-FITC and propidium iodide. Prior to flow cytomet-
ric analysis, 400 ul of binding buffer was added to the cells. For
AW determination, the MitoProbe DiIC, (5) Kit (Invitrogen and
Molecular Probes) was used. Briefly, cells (10°) were pelleted
following drug treatment, washed once in PBS, and resus-
pended in 1 ml of warm PBS. Next, 5 ul of 10 um DiIC, (5) were
added to the cells, and the mixture was incubated in a humidi-
fied 5% CO, incubator at 37 °C for 15 min. Cells were pelleted,
resuspended in 500 ul of PBS, and analyzed by flow cytometry.

Western Blotting—DPelleted cells (5 X 10°) were resuspended
and lysed in 200 pl of ice-cold lysis buffer (10 mm Tris/HCI, pH
7.4,10 mm NaCl, 3 mm MgCl,, 1 mm EDTA, 0.1% Nonidet P-40)
supplemented with a mixture of protease inhibitors (Complete
Mini EDTA-Free, Roche Applied Science). Protein concentra-
tions were determined using the bicinchoninic acid assay
(Pierce), and equal amounts were mixed with Laemmli. West-
ern blot analysis was carried out as described previously (19).
The antibodies used were rabbit anti-Bak, NT (Millipore), rab-
bit anti-Bax (Cell Signaling, Danvers, MA), mouse anti-3-actin
(clone AC-15, Sigma), rabbit anti-Bid (Cell Signaling), rabbit
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FIGURE 1. Etoposide-induced Bid cleavage and apoptosis in wild-type Jurkat T cells. A, wild-type cells
(10%/ml) were cultured with DMSO or 10 um etoposide for 6 h, harvested, and lysed for Western blotting.
B-D, duplicate aliquots of cells in A were harvested and processed for cell death determination by flow cyto-
metric analysis of annexin V-FITC and propidium iodide staining (B), Western blotting of caspases (C), or
caspase (DEVDase) activity measurements (D). 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. Casp, caspase; RFU, relative fluorescence units.

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 ¢ (clone 7H8.2C12, BD Pharmingen, San Jose,
CA), and rabbit anti-GAPDH (Trevigen, Gaithersburg, MD).

Subcellular Fractionation—Following treatment with etopo-
side, cells (10°) were washed in PBS, resuspended in 50 ul of
buffer (140 mM mannitol, 46 mwMm sucrose, 50 mm KCI, 1 mm
KH,PO,, 5 mm MgCl,, 1 mm EGTA, 5 mm Tris, pH 7.4) supple-
mented with a mixture of protease inhibitors (Complete Mini-
EDTA Free) and permeabilized with 3 ug 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 X g for 10 min at 4 °C. Supernatant and
pellet fractions were subjected to Western blot analysis.

Digitonin-permeabilized Cells—]Jurkat cells (2.5 X 10°) were
washed in PBS, resuspended in 125 ul of buffer (140 mm man-
nitol, 46 mm sucrose, 50 mm KCl, 1 mm KH,PO,, 5 mm MgCl,,
5 mm succinate, 1 mm EGTA, 5 mm Tris, pH 7.4) supplemented
with a mixture of protease inhibitors (Complete Mini-EDTA
Free). Purified recombinant, truncated or full-length, Bid pro-
tein (R & D Systems, Minneapolis, MN) was added at a final
concentration ranging from 5 nm to 250 nM. The cells were then
permeabilized with 7.5 ug of digitonin (Sigma) and incubated at
room temperature (22 °C) for 15 min followed by centrifuga-
tion at 12,000 X g for 10 min at 4 °C. Supernatant and pellet
fractions were subjected to Western blot analysis.
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temperature (22 °C). Then, cells were
washed and resuspended in 50 ul
of staining buffer containing 0.25
pg of Alexa Fluor 488-labeled
chicken anti-mouse for 30 min in
the dark. Cells were washed again
and analyzed by flow cytometry.
Analysis and histogram overlays were performed using
FlowJo software (Tree Star, Ashland, OR).

RESULTS AND DISCUSSION

Bid Is Cleaved in Response to the DNA-damaging Chemother-
apeutic Agent Etoposide—Although it has been reported that
overexpression of full-length Bid causes cell death (12) and that
full-length Bid can translocate to the OMM in response to an
apoptotic stimulus (20-22), it is generally accepted that tBid is
far more potent than full-length Bid at activating Bak or Bax to
induce MOMP (13, 14, 18). The mechanism responsible for
cleavage of Bid to tBid is at least partially understood. Caspase-
8-mediated proteolysis of Bid to tBid during receptor-mediated
cell killing in type II cells is probably the best characterized
example of the involvement of Bid during apoptotic cell death
(13, 14). It is also known that cathepsins, calpains, and Gran-
zyme B can cleave Bid, although in most instances the cleavage
sites are different from those targeted by caspase-8 (23). It has
also been suggested that caspase-3, and possibly caspase-2, can
cleave Bid in vitro, although other evidence indicates that Bid is
a relatively poor substrate for caspase-2 (24, 25). Irrespective
of the mechanism responsible for the cleavage of Bid, it is
the C-terminal fragment that promotes apoptosis. Further,
caspase-8-mediated cleavage of Bid to tBid exposes a glycine
residue at the newly formed N terminus that, in turn, undergoes
myristoylation to facilitate translocation of tBid to mitochon-
dria where it promotes MOMP induction (16).

JOURNAL OF BIOLOGICAL CHEMISTRY 11249



tBid Amplifies DNA Damage-induced MOMP
Vector

A C
control #7

Bid shRNA
#13

co-staining (Fig. 1B). Further, in
agreement with our previous find-
ings, incubation of cells with 10 um

Etoposide + +
Anti-Fas + i

+ etoposide for 6 h resulted in the pro-
+ teolytic cleavage of caspase-9, -3,

Casp-9

Bid shRNA, #7
Bid shRNA, #13

# | Vector control

Bid —p22 CasP-3

—pro and -7, and a concomitant increase
J-p37/35 in caspase (DEVDase) activity (Fig.
1, Cand D).

Stable Knockdown of Bid Desensi-
tizes Jurkat Cells to Genotoxic Drug-
induced Apoptosis—Having shown

—pro

]—p20i19!17

GAPDH |-- :—p38

that tBid is generated in wild-type

Lane 1 2 3 Casp-?

—_—

s =
— D — T e — -

P Jurkat cells undergoing DNA dam-

age-induced apoptosis, we next
used a vector-based system that

—p19

Lane 123456789

B

Bid shRNA
#7

Vector

control #13

Bid shRNA

directs the synthesis of short hairpin
RNA (shRNA) to produce stable
silencing of Bid. We hypothesized
that such cells would shed light on

<1=0 <1;0

whether Bid was important for
genotoxic stress-induced apopto-
sis or if cleavage of Bid to tBid (Fig.

<1

DMSO

<1

1A) was largely a bystander event
in this setting with little biological
significance.

Two single-cell Bid-deficient Jur-
kat clones (#7 and #13) were used
for these studies, and the extent to
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which Bid was suppressed was con-
firmed by Western blot analysis
(Fig. 2A). As mentioned previously,

the requirement for Bid cleavage to

Propidium lodide

1f‘:_ %
o7 3

tBid upon activation of the extrinsic
pathway in type II cells has been
well characterized and is widely
accepted (13, 14, 29). Because Jurkat
cells are considered to be of type II
origin, we first tested the sensitivity
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FIGURE 2. Bid-deficient Jurkat cells are less susceptible to etoposide-induced apoptosis. A, vector control
or two single-cell Bid-deficient Jurkat clones (#7 and #13) were harvested and lysed for Western blotting.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. B, cells (10%/ml) were
cultured in the presence or absence of DMSO, 10 um etoposide, or 100 ng/ml agonistic anti-Fas antibody for
6 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 percentage of cells in each quadrant. C, duplicate
aliquots of cells in B were harvested and lysed for Western blotting. shRNA, short hairpin RNA; Casp, caspase.

Although tBid is a potent inducer of Bak/Bax-controlled
MOMP during receptor-mediated cell killing, whether tBid is
an important upstream regulator of MOMP during true intrin-
sic apoptotic cell death is controversial (15, 26 —28). Thus, we
set out to determine the extent to which Bid or tBid is function-
ally important for MOMP induction and apoptosis in response
to DNA damage. As illustrated in Fig. 14, Western blot analysis
of Jurkat whole-cell lysates obtained at 6 h following incubation
with etoposide (10 um) revealed that Bid had been cleaved to
tBid. Drug-induced cleavage of Bid to tBid was accompanied by
an increase in the percentage of cells undergoing apoptosis
(28%) as determined by annexin V-FITC and propidium iodide
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of these cells to apoptosis induced
by agonistic anti-Fas antibody (100
ng/ml). As anticipated, Bid-defi-
cient cells were highly resistant to
anti-Fas-induced apoptosis with
clone #13 exhibiting the greatest
degree of resistance as assessed by
annexin V-FITC and propidium
iodide co-staining (Fig. 2B) and proteolytic processing of
caspases (Fig. 2C, lanes 6 and 9 versus 3). Next, having demon-
strated that Bid was strictly required for receptor-mediated
apoptosis in Jurkat cells, we incubated the cells for 6 h in the
presence of etoposide (10 uMm) and evaluated the different
clones for their sensitivity to apoptosis induction. The results
indicated that both Bid-deficient clones were less sensitive than
control-transfected cells to etoposide-induced apoptosis with
the degree of resistance paralleling the extent to which Bid
expression had been suppressed (Fig. 2B). In agreement with
these findings, Western blot analysis of cell lysates obtained at
6 h post-etoposide treatment showed that proteolytic process-
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FIGURE 3. Inhibition of etoposide-induced mitochondrial apoptotic changes in cells lacking Bid.
A, whole-cell lysates of Jurkat (E6.1) and MCF-7 (positive control for Bax expression) cells were subjected to
SDS-PAGE and Western blotted. Band C, cells (10°/ml) were cultured with DMSO or 10 um etoposide for 6 h and
processed for determination of Bak oligomerization by Western blotting (B) or Bak activation by flow cytomet-
ric analysis (C). Numbers in C refer to the percentage increase in Bak-associated fluorescence between DMSO-
and etoposide-treated samples. D, duplicate aliquots of cells in B and C were harvested and processed for
subcellular fractionation. Supernatant (s) and pellet (p) fractions were analyzed by Western blotting. E, dupli-
cate aliquots of cells in B and C were harvested and processed for mitochondrial membrane potential (AW)
determination by flow cytometry. Reduced DilC, (5) fluorescence is indicative of a loss of AW, and numbers refer
to the percentage of cells that underwent a dissipation of AW. shRNA, short hairpin RNA; BMH, bismaleim-

idohexane; Cyt ¢, cytochrome c.

ing of caspase-9, -3, and -7 was decreased in Bid-deficient cells
(Fig. 2C, lanes 5 and 8 versus 2). Overall, these data suggest that
Bid plays an important function during genotoxic drug-in-
duced apoptosis in Jurkat cells.

DNA Damage-induced Mitochondrial Events Are Attenuated
in Bid-deficient Jurkat Cells—Studies from numerous laborato-
ries have shown that MOMP is tightly regulated by pro- and
anti-apoptotic proteins of the Bcl-2 family (6). In particular,
MOMP is widely accepted to require the activation of a mul-
tidomain protein, notably Bak or Bax. The presence and activa-
tion of either Bak or Bax is thought to be sufficient to induce
MOMP. In fact, because the deletion of either gene alone pro-
duces only subtle defects in apoptosis, whereas doubly-defi-
cient cells exhibit severe apoptosis deficiencies (7), Bak and Bax
are generally thought to be redundant in function. The activa-
tion of Bak and Bax coincides with their homo-oligomerization
and in most instances is thought to depend on the presence and
prior activation of a BH3-only Bcl-2 family member. However,
the mechanism by which BH3-only proteins activate Bak or Bax
is controversial (30). As mentioned previously, one model sug-
gests that BH3-only proteins activate Bak and Bax directly,
whereas the second model indicates BH3-only proteins activate
Bak and Bax indirectly by neutralizing the anti-apoptotic func-
tion of pro-survival Bcl-2 family proteins.
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fected cells following treatment
with 10 um etoposide, whereas the
extent of drug-induced dimeriza-
tion was markedly decreased in the
Bid-deficient cells as illustrated in
lane 4 of Fig. 3B. These findings
were in line with results obtained
using an active conformation-spe-
cific monoclonal Bak antibody and
flow cytometric analysis where
activation causes a shift to the right of the resulting histo-
gram (Fig. 3C).

Next, consistent with the inhibition of Bak activation in cells
lacking Bid, the release of cytochrome c in response to etopo-
side was also markedly inhibited (Fig. 3D). Finally, as illustrated
in Fig. 3E, the loss of AW in response to etoposide was also
decreased in the Bid-deficient cell line (Fig. 3E). Combined,
these data strongly suggest that Bid functions to promote Bak-
controlled MOMP during DNA damage-induced apoptosis in
Jurkat cells.

Cleaved Bid (tBid) Mediates MOMP and Is Generated Inde-
pendently of Caspase-8 in Response to DNA Damage—A previ-
ous study reported that the expression of sublethal levels of
wild-type or uncleavable Bid in id~/~ mouse embryonic fibro-
blasts resulted in a similar sensitization of cells to DNA dam-
age-induced apoptosis that was accompanied by an enhanced
localization of Bid to mitochondria and release of cytochrome ¢
(20). In this regard, because we had demonstrated that cells
lacking Bid were resistant to drug-induced apoptosis, we next
sought to determine if the phenotype we observed was due to
the absence of full-length Bid or tBid. To address this issue, we
made several attempts to rescue the phenotype of our Bid-de-
ficient cells by reintroducing wild-type human Bid and mutants
of Bid that were uncleavable or unable to be myristoylated.
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of cleaving full-length Bid. Furthermore, a different study
reported that tBid is important during DNA damage-induced
apoptosis and that the cleavage of Bid to tBid in this context was
not caspase-dependent. Instead, cleavage was suggested to
occur by an unidentified aspartate protease (38). The same
study concluded that the importance of tBid for genotoxic
stress-induced apoptosis was that it functioned to promote
MOMP upstream of caspase activation.

To determine if the cleavage of Bid to tBid was a caspase-
mediated event in our experimental system, we incubated wild-
type Jurkat cells with the caspase inhibitor qVD-OPh (20 um)
for 1 h prior to the addition of etoposide (10 um). As illustrated
in Fig. 4C, pretreatment of cells with qVD-OPh completely pre-
vented drug-induced generation of tBid. Next, because of early
reports indicating that caspase-8 is important during DNA
damage-induced apoptosis (39—41) and because caspase-8 is
the best characterized protease responsible for the cleavage of
Bid, we used caspase-8-deficient Jurkat cells (Fig. 4D) to deter-
mine whether caspase-8 is necessary for mitochondria-medi-
ated apoptosis and/or Bid cleavage. As expected, these cells
were highly resistant to receptor-mediated apoptosis induced
by anti-Fas (Fig. 4F). By comparison, caspase-8-deficient cells
underwent etoposide-induced apoptosis to the same extent as
A3 control cells (Fig. 4F), suggesting that caspase-8 is dispensa-
ble for etoposide-induced apoptosis. Furthermore, cleavage of
Bid to tBid was prevented in caspase-8 null cells incubated in
the presence of anti-Fas, whereas Bid was cleaved to a similar
extent in caspase-8-deficient and A3 control cells treated with
etoposide (Fig. 4E). Combined, these data suggest that
caspase-8 is dispensable for etoposide-induced cleavage of Bid
to tBid.

Executioner Caspases Mediate Bid Cleavage During Etopo-
side-induced Apoptosis—T o extend these findings and to deter-
mine whether drug-induced Bid cleavage was mediated by a
caspase other than caspase-8, we first used Apaf-1-deficient
Jurkat cells described previously that are totally resistant to eto-
poside-induced apoptosis (42). As illustrated in Fig. 54, cleav-
age of Bid to tBid did not occur in Apaf-1-deficient cells incu-
bated in the presence of 10 um etoposide for 6 h. Because Bid
cleavage appeared to require apoptosome-dependent caspase
activation, we were next interested to determine the extent to
which this was mediated by an initiator or executioner caspase
protease. To distinguish between these two possibilities, we
used Jurkat cells described recently that overexpress either full-
length XIAP or the BIR1/BIR2 domains of XIAP (31). Full-
length XIAP inhibits apoptosis by preventing caspase-9, -3, and
-7 activity, whereas the BIR1/BIR2 domains of XIAP can inhibit
caspase-3 and -7, but not caspase-9 (43, 44). During either
mitochondria-mediated apoptosis or receptor-mediated apo-
ptosis in type II cells, the prosurvival activity of XIAP is neutral-
ized by Smac and Omi, which are released into the cytosol from
the intermembrane space of mitochondria as a consequence of
MOMP. In agreement with our previous findings (31), Jurkat
cells that overexpressed either full-length XIAP or the BIR1/
BIR2 domains of XIAP were impaired in their ability to activate
caspases and undergo apoptosis, exhibiting 7 and 12% apopto-
tic cells, respectively, in response to etoposide (data not shown).
Western blot analysis of duplicate cell aliquots revealed that
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FIGURE 5. Cleavage of Bid in response to etoposide is mediated by exe-
cutioner caspases. A, wild-type, control-transfected, and Apaf-1-deficient
Jurkat cells (106/ml) were incubated in the presence or absence of DMSO or
10 um etoposide for 6 h, harvested, and lysed for Western blotting. B, control-
transfected, XIAP-overexpressing, and Myc-BIR1/BIR2-expressing Jurkat cells
(10%/ml) were incubated in the presence or absence of DMSO or 10 uMm eto-
poside for 6 h, harvested, and lysed for Western blotting. C, duplicate aliquots
of cells in B were processed for determination of Bak activation by flow cyto-
metric analysis. Numbers in C refer to the percentage increase in Bak-associ-
ated fluorescence between DMSO- and etoposide-treated samples. ShRNA,
short hairpin RNA.

control-transfected, but not XIAP- or BIR1/BIR2-transfected,
cells had cleaved Bid in response to etoposide treatment (Fig.
5B). Importantly, the absence of etoposide-induced Bid cleav-
age in cells overexpressing either XIAP or the BIR1/BIR2
domains of XIAP was accompanied by a marked decrease in
Bak activation in these cells incubated under the same condi-
tions (Fig. 5C). Taken together, these data suggest that etopo-
side-induced cleavage of Bid to tBid and tBid-mediated activa-
tion of Bak occur by a mechanism that requires the prior
activation of executioner caspases.

Concluding Remarks—A key step during true intrinsic apo-
ptosis is the induction of MOMP mediated by an active mul-
tidomain pro-apoptotic protein Bak or Bax (30). In fact, it is
generally accepted that the presence and activation of either
Bak or Bax are strictly required for MOMP. BH3-only pro-
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FIGURE 6. Hypothetical scheme of etoposide-induced apoptosis. Geno-
toxic stress in response to etoposide induces initial MOMP by generating a
still poorly defined death signal that activates Bax/Bak. As a consequence of
early MOMP, intermembrane space proteins, including cytochrome ¢ and
Smac, are released into the cytosol. The initial release of these proteins into
the cytosol per se is not an irreversible commitment point to apoptotic cell
death. Instead, the point of commitment occurs when the accumulation of
Smac is sufficient to inhibit XIAP-mediated inhibition of caspase-9, -3, and -7
and/or the accumulation of cytochrome c¢ surpasses a threshold needed for
the conversion of sufficient numbers of monomeric Apaf-1 molecules to hep-
tameric apoptosome signaling platforms necessary for initial caspase-9 acti-
vation. The ensuing caspase-9 activity would need to be sufficiently strong to
activate enough executioner caspase-3 or -7 molecules to kill a cell outright
and/or to elicit feed forward amplification of MOMP by cleaving Bid to tBid.
BH3, Bcl-2 homology 3; Cyt ¢, cytochrome c.

teins are most often responsible for the activation of Bak and
Bax, which involves their homo-oligomerization and inser-
tion into the OMM to form pores through which intermem-
brane space proteins, such as cytochrome ¢ and Smac, are
released into the cytosol to activate caspases. As mentioned
previously, the best characterized example of a BH3-only
protein being responsible for the activation of a multidomain
protein is during receptor-mediated apoptosis in type II cells
where tBid activates Bak/Bax to induce MOMP. A similar
emergent role for a BH3-only protein in the activation of Bak
or Bax during true intrinsic apoptotic cell death is currently
lacking.

11254 JOURNAL OF BIOLOGICAL CHEMISTRY

Some evidence in the literature indicates that the activation
of Bak or Bax following DNA damage can be mediated by p53-
dependent up-regulation of the BH3-only protein Puma (45,
46). However, Jurkat cells, which are highly susceptible to DNA
damage-induced apoptosis, possess mutant p53 (47). In addi-
tion, cycling T lymphoma cells and mitogenically activated T
lymphocytes from p53~'~ mice were shown to be sensitive to
genotoxic stress-induced apoptosis (48). In this regard, p53-
induced up-regulation of Puma is unlikely to be the sole medi-
ator of Bak/Bax-dependent apoptosis in response to DNA dam-
age. In fact, accumulating evidence in the literature suggests
that the activation of Bak or Bax during true intrinsic apoptosis
requires the presence of either Bid or Bim, irrespective of p53
status (49).

Recent studies investigating a potential role for Bid during
DNA damage-induced apoptosis have produced conflicting
results (15, 26, 27). On one hand, embryonic fibroblasts and
myeloid progenitor cells from Bid-deficient mice were
shown to be less susceptible to etoposide-induced apoptosis
(15, 27), whereas another study reported that Bid plays no
role in DNA damage-induced apoptosis (26). The fact that
each of these studies used cells that were cultivated from
bid~'~ mice on a C57BL/6 background makes it difficult to
reconcile the different findings in the absence of additional
experimentation.

As mentioned previously, a separate study using Jurkat T
cells suggested that tBid was required for apoptosis signaling
during DNA damage-induced apoptosis (38). The authors also
concluded that Bid cleavage occurred independently of caspase
activity. Rather, it was speculated that an unidentified aspartate
protease was responsible for the cleavage of Bid to tBid, which,
in turn, was critical for MOMP and the activation of all
caspases.

Our findings using a panel of gene-manipulated Jurkat cells
also support a role for cleavage of Bid to tBid in eliciting cyto-
chrome c release and apoptosis in response to etoposide. How-
ever, unlike Werner et al. (38), our data suggest that most, if not
all, Bid cleavage occurs downstream of MOMP by a mechanism
that depends on active executioner caspases (Fig. 6). In this
regard, our current data support and extend a model of the
intrinsic pathway in which downstream caspases and mito-
chondria forge a circuit of positive amplification to ensure irre-
versible commitment to apoptosis. Indeed, it is tempting to
speculate that some cell types may be spared death if feed for-
ward amplification of early mitochondrial apoptotic events is
inhibited. We envision a scenario where genotoxic stress
triggers initial MOMP and the release of intermembrane
space proteins by activating Bak or Bax by an as yet poorly
understood mechanism that may or may not involve a BH3-
only protein (Fig. 6). The initial induction of MOMP would
not necessarily mark the “point of no return” for an injured
cell unless, or until, the release of intermembrane space pro-
teins, including cytochrome ¢, exceeded a threshold neces-
sary to trigger apoptosome formation resulting in caspase-9
activation and the subsequent activation of caspase-3/7. In
turn, active caspase-3 (or -7) would mediate feed forward
amplification of initial MOMP by cleaving Bid to tBid to
increase the activation of Bak or Bax.
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