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It was recently demonstrated that during apoptosis, active caspase 9 and caspase 3 rapidly accumulate in the
mitochondrion-enriched membrane fraction (D. Chandra and D. G. Tang, J. Biol. Chem.278:17408-17420,
2003). We now show that active caspase 8 also becomes associated with the membranes in apoptosis caused by
multiple stimuli. In MDA-MB231 breast cancer cells treated with etoposide (VP16), active caspase 8 is detected
only in the membrane fraction, which contains both mitochondria and endoplasmic reticulum (ER), as re-
vealed by fractionation studies. Immunofluorescence microscopy, however, shows that procaspase 8 and active
caspase 8 predominantly colocalize with the mitochondria. Biochemical analysis demonstrates that both pro-
caspase 8 and active caspase 8 are localized mainly on the outer mitochondrial membrane (OMM) as integral
proteins. Functional analyses with dominant-negative mutants, small interfering RNAs, peptide inhibitors, and
Fas-associated death domain (FADD)- and caspase 8-deficient Jurkat T cells establish that the mitochondrion-
localized active caspase 8 results mainly from the FADD-dependent and tumor necrosis factor receptor-asso-
ciated death domain-dependent mechanisms and that caspase 8 activation plays a causal role in VP16-induced
caspase 3 activation and cell death. Finally, we present evidence that the OMM-localized active caspase 8 can
activate cytosolic caspase 3 and ER-localized BAP31. Cleavage of BAP31 leads to the generation of ER-localized, pro-
apoptotic BAP20, which may mediate mitochondrion-ER cross talk through a Ca2�-dependent mechanism.

Caspases play a crucial role in the execution of the apoptotic
process (46). Caspases are synthesized as inactive zymogens,
which become proteolytically cleaved during apoptosis to gen-
erate active enzymes. Caspase 8 acts as the most upstream
caspase in apoptotic signaling initiated by Fas (CD95), tumor
necrosis factor (TNF) receptor (TNFR), and TNFR-related
death receptors including TRAIL (TNF-related apoptosis-in-
ducing ligand) receptors (TRAIL-R1 and TRAIL-R2) and
DRs (death receptors; e.g., DR3) (1, 5, 36, 38, 41). Engage-
ment of Fas by Fas ligand directly recruits the adaptor protein
Fas-associated death domain (FADD), procaspase 8, procas-
pase 10, and c-FLIP to the death-inducing signaling complex
(DISC) (1, 41). By contrast, engagement of TNFR1 by TNF-�
does not directly recruit FADD or caspase 8 to the activated
receptor (19). Instead, TNFR1-mediated apoptosis appears to
proceed via two sequential signaling complexes (37). The plas-
ma membrane-bound complex I is rapidly formed upon recep-
tor activation and contains TNFR1, adaptor protein TRADD
(TNFR-associated death domain), death domain-containing
kinase RIP1, and TRAF-2, leading to NF-�B activation (37).
Then, complex I leaves the receptor and forms a different,
long-lived complex, complex II, which localizes mainly in the
cytosol and contains apoptotic proteins FADD, caspase 8, and
caspase 10 in addition to TRADD, RIP1, and TRAF-2 (37).

The activation of complex II results in cell death (37). Thus,
TNF-� induces the complex II-mediated apoptosis only when
the complex I-initiated prosurvival signal (i.e., NF-�B) fails to
be activated (37). How procaspase 8 is activated in the DISC or
complex II is not entirely clear but may involve proximity-
induced dimerization and autocatalytic cleavage (1, 3, 36).

Stimulation with chemotherapeutic drugs, trophic factor de-
privation, oxidative stress, cytotoxic chemicals, and ionizing or
UV radiation also leads to caspase 8 activation, which may
represent either an initiating or a secondary amplifying event
in apoptosis (4, 12, 15, 18, 21, 22, 26–28, 51, 59, 60, 62, 63).
Activated caspase 8 in these apoptotic systems either directly
activates the executioner caspase, caspase 3 (47, 55), or cleaves
the BH3-only protein Bid, generating the truncated form of
Bid, t-Bid (29, 31). t-Bid then translocates to the outer mito-
chondrial membrane (OMM) and promotes oligomerization of
Bax or Bak to facilitate release of cytochrome c and other
apoptogenic proteins from the intermembrane space (IMS) of
the mitochondria into the cytosol. The released cytochrome c,
in the presence of (d)ATP, binds to and activates adaptor
protein Apaf-1, which in turn recruits caspase 9, leading to the
formation of apoptosome, activation of caspase 9, and subse-
quent activation of executioner caspases, caspase 3, 6, or 7
(61). In addition to caspase 3 and Bid, caspase 8 has also been
shown to cleave RIP (30), plectin (54), caspase 7 (39), caspase
9 (35), and BAP31, an endoplasmic reticulum (ER)-specific
protein (40).

Apart from their cytosolic residence, various procaspases
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and active caspases, including caspases 9 and 3, are also local-
ized in other subcellular compartments, such as mitochondria
(reference 10 and references therein). Procaspase 8, which is
transcribed as two major isoforms (i.e., p55/53) (48), predom-
inantly colocalizes with the mitochondria in MCF7 breast can-
cer cells (53, 54). Similarly, in human fibroblasts, mouse striatal
cells, and COS-1 cells, procaspase 8 has been shown to localize
in the IMS, inner membrane, and matrix of the mitochondria
(43). It is thought that, upon apoptosis induction, procaspase 8
stored in the mitochondria, like other procaspases, is released
and becomes activated in the cytosol. Recently, a novel pro-
caspase 8 isoform, procaspase 8L, has been shown to be pe-
ripherally associated with the cytosolic face of the ER and its
processing appears to be regulated through an association with
BAP31 (6).

Recently, our laboratory found that apoptosis induced by
many stimuli involves an early mitochondrial activation char-
acterized by rapid up-regulation of the mitochondrial respira-
tory chain (MRC) proteins and other mitochondrially localized
non-MRC proteins (9). A cardinal feature of this mitochon-
drial activation-dependent apoptotic pathway (or MADAP) is
the early up-regulation and accumulation of cytochrome c in
the mitochondria, which precedes its release (9). Furthermore,
in the MADAP, activated caspases 9 and 3 rapidly translocate
to the mitochondria, perhaps helping the systematic disman-
tling of the organelle (10). Here, we continue to utilize these apo-
ptotic models (9, 10) and show that active caspase 8 also be-
comes associated with the mitochondria in response to multiple
apoptotic stimuli. By focusing on MDA-MB231 breast cancer
cells treated with genotoxic drug etoposide (i.e., VP16), we
further characterize the origin, localization, and potential bio-
logical functions of the membrane-associated active caspase 8.

MATERIALS AND METHODS

Cells and reagents. GM701 human fibroblasts, MDA-MB231 (breast), PC3,
Du145, and LNCaP (prostate) cancer cells were maintained as described previ-
ously (9, 10). Jurkat T leukemic cells, FADD-deficient and caspase 8-deficient
Jurkat T cells, B lymphoid cells, BJAB-Mock and BJAB FADD-DN (BJAB cells
stably transfected with dominant-negative [DN] FADD) were cultured as de-
scribed previously (60) in RPMI 1640 medium supplemented with 10% fetal
bovine serum. Du145 cells stably transfected with ER-targeted enhanced yellow
fluorescent protein (EYFP) (Du145-ER-EYFP) were created in P. Daniel’s lab
and cultured in Dulbecco’s modified Eagle’s medium containing 10% fetal bo-
vine serum. The primary antibodies used were as follows: rabbit polyclonal
anti-caspase 3 (Biomol, Plymouth Meeting, Pa.); monoclonal anti-caspase 6 and
7, -cytochrome c, -FADD, -TRADD, and -Na�/K�-ATPase and rabbit poly-
clonal anti-caspase 8 and -Apaf-1 (BD PharMingen, San Diego, Calif.); rabbit
polyclonal anti-Bak, -caspase 10, and -Fas and goat polyclonal anti-lamin A/B
(Santa Cruz Biotechnology, Santa Cruz, Calif.); rabbit polyclonal anti-caspase 9
and goat polyclonal anti-lactate dehydrogenase (anti-LDH) (Chemicon, Temecula,
Calif.); monoclonal anti-caspase 8 (Oncogene Research Products, San Diego,
Calif.); monoclonal anti-COX II (cytochrome c oxidase subunit II) and -COX IV
(Molecular Probes, Eugene, Oreg.); rabbit polyclonal anti-poly(ADP-ribose)
polymerase (Roche, Indianapolis, Ind.); rabbit polyclonal anti-voltage-depen-
dent anion channel (anti-VDAC) (Calbiochem, San Diego, Calif.); monoclonal
antiactin (ICN, Aurora, Ohio). Rabbit polyclonal anti-BAP31 and anti-caspase
8L and Bid antibodies were courtesies of G. Shore and X. Wang, respectively. All
secondary antibodies, i.e., goat, donkey, or sheep anti-mouse, -rabbit, or -goat
immunoglobulin G (IgG) conjugated to horseradish peroxidase, fluorescein iso-
thiocyanate, or rhodamine, biotinylated goat anti-mouse antibodies, and en-
hanced chemiluminescence reagents were acquired from Amersham Biosciences
(Piscataway, N.J.). Streptavidin conjugated to Alexa Fluor 594 or 488 and mito-
chondrial (i.e., MitoTracker) and ER (brefeldin A, BODIPY 558/568 conju-
gates) dyes were purchased from Molecular Probes. Fluorogenic caspase sub-
strates DEVD–7-amino-4-trifluoromethyl-coumarin (AFC), IETD-AFC, and

LEHD-AFC; general caspase inhibitor z-VAD-fmk; caspase 3/7 inhibitor z-
DEVD-fmk; and recombinant active caspases 8 (p18/p11), 9 (p35/p12), and 3
(p17/p12) were bought from Biomol. The caspase 8 inhibitor z-IETD-fmk was
purchased from BD PharMingen. Ru360 and thapsigargin (TG) were obtained
from Calbiochem. All other chemicals were purchased from Sigma (St. Louis,
Mo.) unless specified otherwise.

Subcellular fractionation and Western blotting. The basic procedure was
described previously (2, 9, 10, 23). Briefly, cells were treated with various chem-
icals, inhibitors, or vehicle (ethanol or dimethyl sulfoxide) as a control. At the
end of treatment, cells were harvested, washed twice in ice-cold phosphate-
buffered saline, and resuspended in 600 �l of homogenizing buffer (20 mM
HEPES-KOH [pH 7.5], 10 mM KCl, 1.5 mM MgCl2, 1 mM sodium EDTA,
1 mM sodium EGTA, and 1 mM dithiothreitol [DTT]) containing 250 mM
sucrose and protease inhibitors. After a 30-min incubation on ice, cells were
homogenized in the same buffer with a glass Pyrex homogenizer (type A pestle,
140 strokes). Unbroken cells, large plasma membrane pieces, and nuclei were
removed by centrifugation at 1,000 � g for 5 min at 4°C. The resulting super-
natant was centrifuged at 10,000 � g at 4°C for 20 min to obtain the pellet, which
we designated the membrane fraction or membranes (2, 16). The remaining
supernatant was subjected to centrifugation at 100,000 � g for 1 h at 4°C to
obtain the supernatant (i.e., S100) and the pellet, which we designated the
cytosol and microsomes, respectively (2, 16). In some experiments, we also
utilized the 10,000 � g supernatant, i.e., the 10k supernatant. The membrane
fractions or microsomes were washed (three times) in homogenizing buffer and
then solubilized in TNC buffer (10 mM Tris-acetate [pH 8.0], 0.5% NP-40, 5 mM
CaCl2) containing protease inhibitors. The protein concentration was deter-
mined by using the Micro-BCA kit (Pierce, Rockford, Ill.).

For Western blotting, various amounts of membrane or cytosolic proteins were
loaded on a sodium dodecyl sulfate–15% polyacrylamide gel. After gel electro-
phoresis and protein transfer, the membrane was sequentially probed, stripped,
and then reprobed for various molecules, which are indicated in Results.

Preparation of mitochondria by sucrose gradient purification. The crude
mitochondrial (i.e., 10,000 � g) pellet obtained from differential centrifugation
was washed (three times) with homogenizing buffer and then suspended in the
same buffer. This mitochondrial suspension was layered on top of a discontinu-
ous sucrose gradient consisting of 20 ml of 1.2 M sucrose, 10 mM HEPES-
NaOH, and 1 mM EDTA (pH 7.5) and 17 ml of 1.6 M sucrose, 10 mM HEPES-
NaOH, and 1 mM EDTA (pH 7.5). The sample was centrifuged (Beckman
XL-90 ultracentrifuge) at 27,000 rpm for 2 h at 4°C. The mitochondrion-enriched
organelles were recovered at the interface of 1.2 and 1.6 M sucrose and washed
in homogenizing buffer (43). The final pellet was solubilized in TNC buffer.

Quantification of apoptosis, IETDase, LEHDase, and DEVDase activity mea-
surement. Apoptotic nuclei were scored under a fluorescence microscope upon
staining with 4�,6�-diamidino-2-phenylindole (DAPI) (10, 57). For caspase activ-
ity measurement, cells were washed twice in phosphate-buffered saline and the
whole-cell lysate was made in the lysis buffer {50 mM HEPES, 1% Triton X-100,
0.1% 3-[(cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
1 mM DTT, and 0.1 mM EDTA}. Then, 100 �g of whole-cell lysate, membrane,
or cytosol was added to a reaction mixture containing 50 �M fluorogenic peptide
substrates (i.e., acetyl-IETD-AFC [Ac-IETD-AFC], Ac-DEVD-AFC, or Ac-
LEHD-AFC), 50 mM HEPES (pH 7.4), 10% glycerol, 0.1% CHAPS, 100 mM
NaC1, 1 mM EDTA, and 10 mM DTT, in a total volume of 100 �l and incubated
at 37°C for 1 h. Production of AFC was monitored in a spectrofluorimeter with
an excitation wavelength of 400 nm and an emission wavelength of 505 nm. The
results were presented as activation versus that of the control (9, 10).

Fluorescence microscopy. Immunofluorescent staining was performed as pre-
viously described (9, 10). Various cells, either treated or untreated, were fixed
(4% paraformaldehyde), permeabilized (1% Triton X-100), and then stained
with a monoclonal antibody to caspase 8 or control antibody MOPC 21. Cover-
slips were then incubated with biotinylated goat anti-mouse IgG (1:500) and then
with streptavidin-conjugated Alexa Fluor 488 (1:500). In some experiments, cells
were double stained for caspase 8 and mitochondria (with MitoTracker Orange
CMTMRos [25 nM]) or ER (with either brefeldin A-BODIPY 558/568 or anti-
BAP31 antibody). When anti-BAP31 antibody was used for double staining, cells
were first stained for caspase 8 as described above. Cells were then postblocked
in 10% goat whole serum for 30 min at 37°C, incubated with anti-BAP31 anti-
body for 2 h at 37°C, and finally incubated with goat anti-rabbit IgG conjugated
to Alexa Fluor 594 (1:500) for 1 h at 37°C. For BAP31 and ER colocalization,
either Du145-ER-EYFP cells were used directly in BAP31 staining or Du145 or
MDA-MB231 cells were first transfected with the ER-EYFP plasmid and then
stained for BAP31. In some cases, mitochondria and ER were also stained live
with organelle-specific dyes for 15 min. In all cases, cell nuclei were labeled with
DAPI (9, 10). Stained slides were observed on a BX40 Olympus epifluorescence
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microscope. Images were captured with MagnaFire software and processed with
Adobe Photoshop.

Transient transfection of DN caspase 8, caspase 9, FADD, or TRADD plasmid
or Nex-enhanced green fluorescent protein (Nex-EGFP). MDA-MB231 cells,
plated 1 day earlier on 10-cm-diameter culture dishes to achieve 50 to 60%
confluence, were transfected with 5 �g of various vectors by using FuGENE 6
(10). Twenty-four hours after transfection, cells were treated with VP16 for up to
48 h. At the end of treatment, cells were scored for apoptosis (600 to 700 cells
were counted for each condition) or harvested for Western blotting of caspase 3
or for activity measurements.

siRNA downregulation of caspase 8. Caspase 8 small interfering RNAs
(siRNAs) (target 1, 5�-AAAGGGAACTTCAGACACCAG-3�; target 2, 5�-AA
AAGCAAACCTCGGGGATAC-3�) and scrambled siRNAs were synthesized
by using the Silencer siRNA construction kit (Ambion, Austin, Tex.) according
to the manufacturer’s instructions. LNCaP cells, plated 1 day earlier on six-well
culture dishes to achieve 50 to 60% confluence, were transfected with siRNAs
(50 nM) by using siPORT lipid (Ambion). Twenty-four hours after transfection,
cells were treated with VP16 for up to 48 h. Samples were analyzed for apoptosis
or caspase 3 cleavage.

Proteinase K digestion of membrane-bound organelles. The basic experimen-
tal procedure was described previously (10). Briefly, freshly isolated membranes
(100 �g) were incubated in homogenizing buffer (without protease inhibitors)
alone or in the presence of proteinase K (0.1 �g/ml) only or proteinase K plus
Triton X-100 (1% final concentration). After a 10-min incubation on ice, 2 �l of
phenylmethylsulfonyl fluoride (100 mM) was added to terminate proteolysis
followed by the addition of 6� loading buffer. Samples were boiled for 5 min and
analyzed by Western blotting.

High-salt or alkali extraction of membranes. The membrane pellet (100 �g)
was suspended in either 0.5 M NaCl or 0.1 M Na2CO3 (pH 11.5) and incubated
on ice for 20 min (10). At the end of the incubation, the sample was centrifuged
at 100,000 � g for 1 h. The resulting pellet was then lysed in TNC buffer. Both
the supernatant and the pellet were then subjected to Western blotting.

Cell-free reconstitution experiments. The basic experimental procedure was
described previously (10). All cell-free reactions were performed in homogeniz-
ing buffer in a total volume of 100 �l. Freshly isolated cytosol or membranes were
incubated at 37°C for 4 h with recombinant active caspase 8, 9, or 3 (at a final
concentration of 1 �M) in the presence or absence of individual caspase inhib-
itors. In some cases, either NP-40 or TNC buffer was used to lyse the mitochon-
dria. At the end, samples containing coincubated mitochondria were centrifuged
at 10,000 � g for 20 min to obtain the membrane pellet. Following two washes
in homogenizing buffer, the mitochondrial pellet, together with the supernatant,
was subjected to Western blotting. To determine whether the mitochondrially
localized active caspase 8 can cleave or activate caspases or BAP31, purified
cytosol, the 10,000 � g (i.e., 10k) supernatant, or the mitochondria (lysed or
unlysed) from VP16 (10 �M)-treated or untreated cells were coincubated in
various combinations for 4 h at 37°C. After coincubation, the pelleted mitochon-
dria were washed twice with homogenizing buffer and then equal amounts of
proteins were used in Western blotting.

RESULTS

Active caspase 8 is detected exclusively in the mitochondri-
on-ER-enriched membrane fraction in MDA-MB231 cells
treated with etoposide (VP16). To determine the subcellular
localizations of active caspase 8, we utilized, as a model, MDA-
MB231 breast cancer cells treated with the DNA-damaging
agent VP16. We first characterized the qualities of the cytoso-
lic and membrane fractions. As shown in Fig. 1A, COX II, a
mitochondrial inner membrane protein, was detected only in
the membrane fraction, whereas LDH, a cytosolic glycolytic
enzyme, was detected only in the cytosol. Another cytosolic
protein, Apaf-1, was also detected only in the cytosol, as pre-
viously observed (10). To further characterize the membrane
fraction, we reprobed the blot for nuclear lamins A and B,
plasma membrane-specific Na�/K�-ATPase, or ER protein
BAP31, a 28-kDa outer membrane integral protein (7, 40). The
results revealed the presence of BAP31 and its cleavage prod-
uct, BAP20, only in the membrane fraction (Fig. 1A) (note that

the anti-BAP31 antibody frequently detected a lower band
representing the p27 BAP29 protein) (7). Nuclear lamins were
not detected in either fraction (data not shown), consistent
with previous observations (2). Na�/K�-ATPase was also not
detected in appreciable amounts in either fraction (data not
shown). These results suggest that (i) the membrane and cy-
tosolic fractions do not have cross-contaminations, (ii) the

FIG. 1. Association of active caspase 8 exclusively with the mem-
brane fraction. (A) MDA-MB231 cells treated with VP16 for the time
intervals indicated were harvested to prepare the membrane (i.e., the
10,000 � g pellet) and cytosolic (i.e., S100) fractions, which were used
in Western blotting for the molecules indicated. In these experiments,
35 �g of cytosol or 60 �g of membrane was loaded into each lane.
Procaspases and their corresponding cleavage products were shown.
Data are representative of the results from three to four repeat
experiments. In panel B, cell fractionation and Western blotting
were performed as described for panel A. Cytosol and membrane
fractions were also used to measure caspase 9 (LEHDase), caspase
3/7 (DEVDase), or caspase 8 (IETDase) activity. Data are represen-
tative of the results from two to three repeat experiments. The X
protein, which was detected by the anti-cytochrome c antibody (9, 10),
was used as a loading control for the membrane fraction. Cyt-c, cyto-
chrome c. Note that in this and all of the following figures, procaspase
8 (Procasp-8) was detected by using the polyclonal anti-caspase 8
antibody, whereas the p20 and p18 bands were detected by using the
monoclonal anti-caspase 8 antibody.
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membrane fraction contains both mitochondria and ER, and
(iii) the membrane fraction contains no significant nuclear or
plasma membranes.

MDA-MB231 cells stimulated with VP16 undergo mito-
chondrial activation-dependent apoptosis characterized by an
early up-regulation of MRC as well as mitochondrially local-
ized non-MRC proteins (9). Indeed, COX II was up-regulated
in VP16-treated MDA-MB231 cells (Fig. 1A). In addition to
COX II (Fig. 1A), treated MDA-MB231 cells also showed
increased levels of cytochrome c, which was up-regulated at
24 h, at which time increased protein levels were seen in both
the mitochondrial and cytosolic fractions (Fig. 1B), as observed
with other MADAP models (9). Together, these results sug-
gest that, as in other apoptotic systems involving early mito-
chondrial activation (9), VP16-induced MDA-MB231 cell
death is accompanied by an early up-regulation of MRC pro-
teins such as cytochrome c and COX II.

Later during apoptosis, active caspase 9 (p37/35; the p35
band is derived from the apoptosome activation, whereas the
p37 band is derived from caspase 3 cleavage) and caspase 3
(p20 and p17) fragments and activities were detected in both
the cytosolic and membrane fractions at 48 h posttreatment
(Fig. 1B) when obvious poly(ADP-ribose) polymerase cleavage
was observed and �60% of the cells became apoptotic (9).
Procaspase 7 was also localized in both the membrane and
cytosolic fractions, which became activated in response to
VP16. Interestingly, the intermediate cleavage product, p30,
was detected only in the cytosol, whereas the active cleavage
product, p20, was detected only in the membranes (Fig. 1B).
Consistent with caspase activation, VP16-induced apoptosis of
MDA-MB231 cells was inhibited by the general caspase inhib-
itor z-VAD (data not shown). In contrast to procaspases 9, 3,
and 7, procaspase 6 was not cleaved (data not shown).

Strikingly different from active caspases 9, 3, and 7, active
caspase 8 fragments and caspase 8 activity were detected only
in the membrane fraction (Fig. 1B). The procaspase 8 gene is
transcribed as two main isoforms, i.e., p55/53 procaspase 8a
and procaspase 8b (48). Upon activation, the initial cleavage at
Asp374 generates two cleavage intermediates, p43/p41 and p12,
with the latter being rapidly converted to p10 (36, 48). After-
wards, an additional cleavage at Asp261 produces the active
enzyme subunit p20/p18 and the inactive p26/p24 prodomain
(36, 48). In VP16-treated MDA-MB231 cells, although the
p55/p53 procaspase 8 bands were detected in both the cytosol
and the membranes, p43/41 and p20/p18 were observed only in
the membrane fraction (Fig. 1B). Supporting the Western blot-
ting data, substrate cleavage assays confirmed the presence of
caspase 8 (the IETDase) activity only in the membrane frac-
tion, in contrast to caspase 9 (the LEHDase) or caspase 3/7
(the DEVDase) activities, which were detected in both com-
partments (Fig. 1B). Interestingly, at 72 h, all 4 procaspases in
the membrane fraction were decreased with a corresponding
increase in their cleavage products and enzymatic activities
(Fig. 1B), raising the possibility that the membrane-associated
procaspases might be activated in situ.

One of the main substrates of caspase 8 is �22-kDa Bid,
which is cleaved to �15-kDa t-Bid, which translocates to the
mitochondria to promote cytochrome c release and amplify
caspase 8-mediated apoptosis. In addition to caspase 8, other
caspases (such as caspase 3) and noncaspase proteases (e.g.,

calpain and granzyme B) can also cleave Bid to generate a
series of �15-kDa truncated products (8, 13, 15, 33, 51, 65). In
VP16-treated MDA-MB231 cells, low levels of 15-kDa t-Bid
and smaller degradation products were seen in the membrane
fraction around 48 h posttreatment, which became more obvi-
ous by 72 h (Fig. 1B).

To determine whether association of active caspase 8 with
the mitochondrion-ER-enriched membrane fraction is unique
to MDA-MB231 cells, we treated LNCaP prostate cancer cells
with VP16. The results similarly revealed a predominant asso-
ciation of active caspase 8 with the membrane fraction, al-
though caspase 9 and caspase 3 activities were detected in both
the cytosol and membrane fractions (Fig. 2A). To determine
whether caspase 8 association with the membranes is a more
general phenomenon, we studied its activation and distribution
in LNCaP cells subjected to serum starvation or GM701 fibro-
blasts treated with BMD188, a hydroxamic compound that
requires the MRC function for its apoptotic activity (23), or
with staurosporine (STS), a promiscuous protein kinase inhib-
itor. As shown in Fig. 2B to D, caspase 8 cleavage and activity
were detected in the membrane fractions in all three apoptosis
systems. In starved LNCaP cells, caspase 8 activity was ob-
served mainly in the membrane fraction, whereas caspase 9
and caspase 3 activities were seen in both fractions (Fig. 2B).
By contrast, in GM701 cells treated with BMD188 or STS,
caspase 8 activity was detected in both the cytosol and the
membranes but only after activation of caspases 9 and 3 (Fig.
2C and D).

Caspase 8 localizes primarily in the mitochondria. The
above results suggest that association of active caspase 8 with
the mitochondrion-ER-enriched membranes is a common phe-
nomenon in the apoptotic process. Next, we sought to clarify
where active caspase 8 might be localized, the mitochondria,
ER, or both, and where in these organelles. As demonstrated
in Fig. 1A, the membranes prepared with the differential cen-
trifugation method, an approach widely used by investigators
(for examples, see references 8, 26, 29, 31, 45, 49, 51, 53, 54, 64,
and 65) to obtain the mitochondrial or mitochondrion-en-
riched fraction, contained both mitochondria and ER. There-
fore, we first attempted to separate the two organelles by
density gradient centrifugation, a strategy utilized previously
(10, 16, 42, 56) to prepare highly enriched mitochondria. As
shown in Fig. 3A, active caspase 8 was again only detected in
the membrane fraction, whereas active caspases 9 and 3 were
detected in both fractions. As expected, the mitochondrion-
specific protein VDAC was detected only in the membrane
fraction, whereas LDH was detected only in the cytosol (Fig.
3A). Nevertheless, BAP31 was still detected in the membrane
(Fig. 3A). These results suggest that the gradient centrifuga-
tion approach failed to separate the mitochondria from the
ER.

In an alternative approach, we prepared the microsomal
fraction (i.e., the 100,000 � g pellet), which is highly enriched
with ER but largely devoid of mitochondria (2, 16), and exam-
ined caspase 8 association in this preparation. As shown in
Fig. 3B, the ER-enriched microsomes had little mitochon-
dria, as evidenced by a minimal amount of VDAC. Compared
to the mitochondrion-ER-enriched membrane, which con-
tained abundant active caspase 8 (evidenced by the presence of
p20/p18), the microsomal fraction contained barely detectable
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caspase 8 cleavage products, although it possessed significant
amounts of procaspase 8 (Fig. 3B). These results suggest that
most active caspase 8 in VP16-stimulated MDA-MB231 cells
might localize in the mitochondria. Interestingly, BAP31, an
ER-specific protein, was detected in both mitochondrion-ER-
enriched membranes and ER-enriched microsomes (Fig. 3B),
suggesting that a significant percentage of ER intimately in-
teracts and thus cofractionates with the mitochondria. How-
ever, the proapoptotic cleavage product of BAP31, BAP20 (7),
was detected mostly in the mitochondrion-ER membrane frac-
tion (Fig. 3B).

To further elucidate the subcellular localization of caspase 8,
we carried out immunofluorescence labeling. To avoid any po-
tential cross-interference from different fluorophores, we first
performed a single-labeling experiment. In untreated MDA-
MB231 cells, procaspase 8 was present in the cytoplasm and,
more prominently, in distinct perinuclear networks composed
of rod-shaped, worm-like organelles (Fig. 4A), which resem-
bled mitochondria, as identified by MitoTracker labeling (Fig.
4B). This staining pattern was distinct from that of ER, which
was identified by staining with either brefeldin A-BODIPY
558/568 conjugates (data not shown) or anti-BAP31 antibody
(Fig. 4C). BAP31 staining showed typical perinuclear ER net-
works (Fig. 4C) and good colocalization with the ER-targeted

FIG. 2. Association of active caspase 8 with the membrane fraction in multiple apoptotic systems. (A) LNCaP cells were treated with VP16 for
the time intervals indicated. At the end of treatment, cells were harvested, fractionated, and used in Western blotting and activity measurement
as described in the legend to Fig. 1. (B to D) Cytosol and membrane fractions prepared from LNCaP cells subjected to serum starvation (B) or
GM701 fibroblasts treated with BMD188 (C) or STS (D) were used to measure caspase activities or in Western blotting of caspase 8. Data are
representative of the results from two to three repeat experiments. Procasp, procaspase.

FIG. 3. Association of active caspase 8 with the mitochondrion-
ER-enriched membranes. (A) Cytosol (Cyto) or sucrose gradient-pu-
rified membranes (Memb) prepared from control (Cont) or VP16-
treated (10 �M for 72 h) MDA-MB231 cells were used in Western
blotting (60 �g/lane) for the molecules indicated or in caspase activity
measurements. (B) The membrane or microsome fraction was used in
Western blotting (60 �g/lane) for the molecules indicated. Data are
representative of the results from at least two repeat experiments.
Procasp, procaspase.
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FIG. 4. Caspase 8 localizes in the mitochondria in MDA-MB231 cells. (A to C) Individual staining of caspase 8 (C8) with the monoclonal
anti-caspase 8 antibody (A), mitochondria (Mito) with Mitotracker Red CMXRos (B), or ER (BAP31) with the rabbit anti-BAP31 antibody (C).
(D to O) Untreated MDA-MB231 cells (D to F and J to L) or cells treated with VP16 (10 �M for 48 h) (G to I and M to O) were double-labeled
for caspase 8 (D, G, J, and M) and mitochondria (E and H) or ER (K and N). The micrographs in panels F, I, L, and O are respective overlays
(Both). The insets in panels I and O depict apoptotic nuclei for the cells marked by the arrows. The arrowheads in panels D and E illustrate obvious
distribution patterns of caspase 8, mitochondria, and ER along cytoskeletons. Original magnification, �400. Note that, in panels D to F and J to
L, several well-spread cells are shown to clearly reveal the colocalizations. The micrographs shown are representative of �500 images analyzed.
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EYFP (data not shown). Indeed, double-labeling experiments
revealed very good colocalization of caspase 8 and the mito-
chondria in untreated MDA-MB231 cells (Fig. 4D to F). In
VP16-treated apoptotic cells, caspase 8 labeling became more
intense and still colocalized with the fragmented mitochondria
(Fig. 4G to I). In contrast, caspase 8 did not show obvious
colocalization with the BAP31-labeled ER in either control
(Fig. 4J to L) or VP16-treated (Fig. 4M to O) MDA-MB231
cells. In apoptotic cells, caspase 8 labeling was still different
from the ER staining and the two did not significantly overlap
(Fig. 4M to O).

Collectively, the fluorescence microscopy and the biochem-
ical data suggest that, in MDA-MB231 cells, procaspase 8 is
distributed in both the cytosol and the mitochondria and active
caspase 8 is localized mainly in the mitochondria. Similar
mitochondrial localization of caspase 8 was also observed by
fluorescence microscopy in several other systems, including
starved LNCaP cells and BMD188-treated PC3 cells (data not
shown).

Caspase 8 localizes mainly on the OMM as integral pro-
teins. Subsequently, we explored the submitochondrial local-
ization of caspase 8 in MDA-MB231 cells by using two ap-
proaches. In the first, we treated the mitochondrion-enriched
membranes from control or VP16-stimulated MDA-MB231
cells with proteinase K. As shown in Fig. 5A, both procaspase
3 and the p17 active band were not affected (lanes 1 and 2
versus lanes 4 and 5). However, when the membrane fraction
was treated with proteinase K in the presence of 1% Triton
X-100 (to solubilize the membranes), both bands were com-
pletely degraded (Fig. 5A, lanes 3 and 6). These results were
consistent with earlier observations (10) that the membrane-

associated procaspase 3 and activated caspase 3 are localized
in the IMS of the mitochondria. The OMM protein Bak was
partially degraded by proteinase K alone and completely de-
graded by proteinase K plus Triton X-100 (Fig. 5A). VDAC,
which normally concentrates in the contact sites and spans
both the inner mitochondrial membrane (IMM) and the OMM
(12), was detected as two distinct bands in MDA-MB231 cells
(Fig. 5A). The upper band, VDAC-OMM, represented the
VDAC oligomers on the OMM, behaved like the OMM-local-
ized Bak and was partially degraded by proteinase K alone and
completely degraded by proteinase K plus Triton X-100 (Fig.
5A). The lower band, VDAC-IMM, represented the VDAC
monomer on the IMM, behaved like the IMM-localized COX
II and was completely resistant to proteinase K digestion, even
in the presence of Triton X-100 (Fig. 5A). The degradation
pattern of caspase 8 (both procaspase and cleaved forms) was
similar to those of Bak and VDAC-OMM, i.e., partial degra-
dation by proteinase K alone and complete degradation by
proteinase K plus Triton X-100. Triton X-100 (1%) alone did
not degrade any of these proteins (data not shown).

In the second approach, we subjected the mitochondrial
membranes to alkali and high-salt extraction, which would strip
off some of the proteins on the OMM and also cause the
release of the IMS proteins (10). As shown in Fig. 5B, the
OMM-integral protein VDAC-OMM was partially extracted,
in particular, by alkali extraction, whereas the VDAC-IMM,
like the COX IV protein localized on the IMM, was not af-
fected by either treatment (lanes 2 and 4). By contrast, the IMS
protein cytochrome c was completely released by either extrac-
tion method (Fig. 5B). Under the same conditions, some pro-
caspase 8 and active caspase 8 (i.e., p18) behaved like the

FIG. 5. Caspase 8 is localized mainly on the OMM and is not activated by caspase 3. (A) Both procaspase 8 (Procasp-8) and active caspase 8
are localized on the OMM. The membrane fractions prepared from control (Cont) or VP16 (10 �M)-stimulated MDA-MB231 cells were treated
with proteinase K (pro-K) alone or proteinase K plus Triton X-100 and then used in Western blotting for the molecules indicated. (B) Freshly
purified mitochondrial membranes from VP16-treated MDA-MB231 cells (10 �M for 72 h) were subjected to either alkali treatment or high-salt
extraction. At the end, samples were centrifuged to collect pellets (P) or supernatants (S) and used in Western blotting for the molecules indicated.
Cyt. c, cytochrome c. (C) Active caspase 3 does not activate caspase 8 in MDA-MB231 cells. One hundred micrograms of cytosol (Cyto) or
membranes (Memb), which were either unlysed or lysed with NP-40 (1% final concentration; indicated by an asterisk), prepared from untreated
MDA-MB231 cells was incubated with or without recombinant active caspase 3 (C3) (1 �M) in a total volume of 100 �l in the absence or presence
of DEVD-CHO (10 �M; 37°C for 4 h). At the end of the incubation, samples (40 �l each) were used in Western blotting for caspase 8 or caspase
9. Data are representative of the results from two to three repeat experiments.
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VDAC-OMM and were partially extracted (Fig. 5B, lanes 2
and 4 versus lane 6), whereas intermediate fragments, i.e.,
p43/41 and p26/24, were mostly associated with the membranes
(lanes 1 to 6).

Together, the results from these two sets of experiments
suggest that, in MDA-MB231 cells, procaspase 8 and its
cleaved products, in particular, p18, appear to mostly reside on
the OMM as integral proteins as evidenced by their protease
sensitivity and extraction patterns similar to those of OMM-
integral proteins such as Bak and VDAC-OMM. On the other
hand, it is possible that a small fraction of procaspase 8 and
active caspase 8 may also be localized in the IMS based on
their partial release by alkali extraction.

Caspase 8 was not activated by caspase 3 in MDA-MB231
cells. Next, we investigated the potential origin of mitochon-
drially localized active caspase 8. We adopted a previously
described approach (10) and utilized recombinant active cas-
pases 3 and 9 to address whether they can cleave the mem-
brane-associated or, as a control, cytosolic procaspase 8. As
shown in Fig. 5C (lanes 1 to 3), exogenous caspase 3 readily
cleaved the cytosolic procaspase 9 to generate the p37 frag-
ment, which was inhibited by DEVD. Active caspase 3 also
cleaved the membrane-associated caspase 9 but only when the
organelles were lysed (Fig. 5C, lanes 4 to 6), consistent with
previous observations that the membrane-associated caspase 9
(as well as caspase 3) is localized in the IMS of the mitochon-
dria (10). The caspase 3-mediated cleavage of IMS-localized
procaspase 9 was similarly inhibited by DEVD (Fig. 5C, lane
6). Recombinant active caspase 3 also led to processing and
activation of endogenous caspase 3 (data not shown) (10).
Surprisingly, recombinant active caspase 3 failed to process
procaspase 8 in either cytosol or mitochondria (Fig. 5C). Sim-
ilarly, recombinant active caspase 9 failed to process procas-
pase 8, although it readily activated caspase 3 (data not shown).
These results altogether suggest that, in MDA-MB231 cells,
both cytosolic and membrane-bound procaspase 8 are not ap-
preciably cleaved by caspase 3.

Procaspase 8 is activated through FADD/TRADD-depen-
dent mechanisms, and active caspase 8 plays a causal role in
VP16-induced cell death. To determine whether caspase 8
activation in VP16-stimulated MDA-MB231 cells involves
adaptor proteins, we transfected cells with DN constructs to
TRADD or FADD (20). As shown in Fig. 6A, DN-FADD and
DN-TRADD significantly inhibited caspase 8 activity, suggest-
ing that VP16 treatment led to caspase 8 activation through
FADD/TRADD-dependent mechanisms. Note that in these
experiments, caspase activities, which were measured at 48 h
post-VP16 treatment, were similar to those in preceding ex-
periments (e.g., the results shown in Fig. 1B). DN-FADD and
DN-TRADD also inhibited caspase 9 and caspase 3 activation
as well as apoptosis (Fig. 6B to D), suggesting that FADD/
TRADD-activated caspase 8 may play a causal role in activat-
ing caspase 9 and caspase 3 and in VP16-induced MDA-
MB231 cell apoptosis. To further explore this point, we trans-
fected cells with DN caspase 8 (6) or, as a control, DN caspase
9 (52) prior to VP16 treatment. The results revealed that DN
caspase 8 inhibited not only caspase 8 activity (Fig. 6A) but
also caspase 9 (Fig. 6C) and caspase 3 (Fig. 6B and E) activa-
tion and cell death (Fig. 6E), thus substantiating the idea that
caspase 8 activation contributes to VP16-induced caspase 3 ac-

tivation and MDA-MB231 cell death. As expected, DN cas-
pase 9 also inhibited caspase 3 activation and cell death (Fig.
6E).

To provide further support for caspase 8 involvement, we
pretreated MDA-MB231 cells with caspase 8 inhibitor, IETD-
fmk, prior to VP16 stimulation. Concentrations of IETD as low
as 4 �M reduced both membrane-associated caspase 8 activa-
tion and Bid cleavage and inhibited the IETDase activity, and
IETD at 30 �M demonstrated stronger inhibitory effects (data
not shown). IETD also significantly inhibited the activation of
both caspases 9 and 3 (data not shown), consistent with the
results obtained with the DN constructs. Finally, we designed
two caspase 8 siRNAs and a scrambled control siRNA. When
these siRNAs were transfected into LNCaP cells, caspase 8
siRNAs but not the scrambled siRNA downregulated caspase
8 (Fig. 6F). More importantly, downregulation of caspase 8
inhibited caspase 3 activation (i.e., p20) as well as apoptosis
(Fig. 6F).

To provide direct evidence for a causal involvement of
FADD and caspase 8 in VP16-induced cell death, we used
Jurkat cells deficient for FADD and caspase 8. Like MDA-
MB231 cells, treatment of Jurkat cells with VP16 (1 �M)
resulted in association of active caspase 8 exclusively with the
membrane fraction (Fig. 6G, lanes 1 to 3 versus lanes 1� to 3�).
VP16-induced caspase 8 cleavage, caspase activities, and cell
death were significantly inhibited in FADD-deficient Jurkat
cells compared to wild-type cells (Fig. 6G, lanes 5 and 6 versus
lanes 2 and 3), thus confirming an essential role for FADD in
VP16-induced caspase 8 activation. Caspase 3 activation in
both the membrane fraction and the cytosol was also inhibited
in FADD	/	 cells (Fig. 6G), thus verifying a critical role for
FADD in mediating caspase 3 activation upon VP16 treat-
ment. Indeed, we also observed reduced caspase 3 activation in
VP16-treated BJAB lymphoma cells stably expressing DN-
FADD (data not shown). FADD deficiency also resulted in
decreased caspase 9 cleavage products, mainly p37 (Fig. 6G,
lane 6 versus lane 3), which results from caspase 3 activity,
consistent with reduced caspase 3 activation in VP16-treated
FADD	/	 Jurkat cells.

Procaspase 8 and its cleaved products, as expected, were not
detected in caspase 8-deficient Jurkat cells (Fig. 6G, lanes 7 to
9 and 7� to 9�). Caspase 8 deficiency led to reduced caspase 3
activation in both mitochondria (Fig. 6G, lanes 7 to 9) and the
cytosol (Fig. 6G, lanes 7� to 9�), thus confirming a critical role
for caspase 8 in VP16-induced caspase 3 activation. Interest-
ingly, caspase 8 deficiency caused less inhibition of caspase 3
activation than FADD deficiency (Fig. 6G), suggesting that
other FADD-activated caspases, e.g., caspase 10, may also be
involved in activating caspase 3 in response to VP16 stimula-
tion. Also, caspase 8 deficiency did not result in a significant
reduction in the p37 active caspase 9 fragment (Fig. 6G, lanes
7 to 9 versus lanes 1 to 3), suggesting that the residual caspase
3 activity may be sufficient to cleave caspase 9.

Altogether, the results presented in Fig. 6 establish critical
roles for caspase 8 and FADD in VP16-induced caspase 3 ac-
tivation and cell death.

Biological functions of OMM-associated active caspase 8.
Next, we explored the potential biological functions of the
membrane-associated caspase 8. The preceding experiments
indicate that caspase 8 may participate in VP16-induced apo-
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FIG. 6. FADD/TRADD-dependent activation of caspase 8 and a critical role for caspase 8 in VP16-induced MDA-MB231 cell death. (A to C)
DN-FADD and DN-TRADD inhibit caspase activation. Log-phase MDA-MB231 cells transfected with either DN-FADD or DN-TRADD were
treated with VP16 (10 �M for 48 h). Whole-cell lysates were used to measure caspase activities as detailed in Materials and Methods. The
transfection efficiency was 20 to 25%, as revealed by transfection of green fluorescent protein vectors. Data represent means 
 standard deviations.
*, P � 0.05 (Student’s t test). (D) DN-FADD and DN-TRADD inhibit VP16-induced caspase 3 activation and apoptosis. Log-phase MDA-MB231
cells were transfected with DN-FADD or DN-TRADD. Twenty-four hours later, cells were treated with VP16 for 48 h. At the end, whole-cell
lysates (60 �g/lane) were used in Western blotting of caspase 3. Apoptosis was quantified by DAPI staining. (E) DN caspase 9 or DN caspase 8
inhibits VP16-induced caspase 3 activation and apoptosis. Whole-cell lysates (60 �g/lane) prepared from MDA-MB231 cells treated for various
conditions (as for panel D) were used in Western blotting of caspase 3. Apoptosis was quantified by DAPI staining. The asterisk indicates a
nonspecific band. (F) LNCaP cells transfected with two siRNAs for caspase 8 (C8-1 and C8-2) or scrambled siRNA (C8-S). Twenty four hours after
transfection, cells were treated with VP16 (10 �M for 48 h). At the end of treatment, apoptosis was quantified and whole-cell lysates (60 �g/lane)
were used for Western blotting. (G) Wild-type, FADD	/	, or caspase 8	/	 Jurkat cells treated with VP16 (1 �M) for 12 or 24 h were used to
prepare membrane and cytosol fractions. Equal amounts of proteins (60 �g/lane) were used in Western blotting for the molecules indicated.
Caspase activities were also determined by utilizing 50 �g of cytosol and membrane fractions. The percentages of apoptosis were determined as
described in Materials and Methods. Cont, control; Procasp, procaspase; WT, wild type.
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ptosis by cleaving Bid (data not shown) and caspase 3 (Fig. 6).
Using cell-free assays, we addressed, in a more direct manner,
whether the OMM-localized active caspase 8 could degrade
caspase 3 and perhaps some other substrates, e.g., BAP31. To
set up the experimental system, we first determined the effect

of recombinant active caspase 8. As shown in Fig. 7A and B,
the recombinant active caspase 8 effectively degraded the pro-
caspase 9 in the cytosol to generate the p37 band (Fig. 7A and
B, lanes 2), which was inhibited by DEVD (Fig. 7B, lane 3),
suggesting that the p37 caspase 9 band resulted from the cas-

  

FIG. 7. Active caspase 8 can degrade caspase 3 and BAP31. (A and B) Cell-free experiments with recombinant active caspase 8. In panel A,
100 �g of cytosol (Cyto) (lane 1 to 2) or membranes (Memb) (lanes 3 to 6) was incubated with recombinant active caspase 8 (C8) (2 �M) or buffer
alone in a total volume of 100 �l for 4 h at 37°C. For lanes 3 to 6, samples were centrifuged at the end of incubation to obtain the supernatant
(S) and pellet (P). The pellet was then resuspended in 100 �l of TNC buffer. All samples (40 �l/lane) were used in Western blotting for caspase
9 or 3. (B) The experiments were done as described for panel A except that, in lanes 4 to 6, the membranes were solubilized with TNC buffer
containing NP-40. At the end of incubation, half of the sample was centrifuged to obtain the supernatant and pellet and the other half (Mix) was
directly used in Western blotting. In lane 3, DEVD-fmk was used at 10 �M. (C) Cell-free experiments with the VP16-activated membrane. One
hundred micrograms of membrane fraction from VP16-treated (10 �M for 48) MDA-MB231 cells, either unlysed or lysed (indicated by an
asterisk), was incubated with the 100 �g of untreated cytosol in the absence or presence of 10 �M IETD-fmk or DEVD-fmk for 4 h at 37°C. At
the end of incubation, equal amounts of proteins (40 �g/lane) were directly used in the Western blotting for caspase 9. (D) The membrane fraction
isolated from the VP16-stimulated (10 �M for 72 h) MDA-MB231 cells cleaves BAP31. One hundred micrograms each of 10k supernatant and
VP16-activated membrane fraction were either incubated alone or coincubated (4 h at 37°C). At the end of incubation, samples were centrifuged
to obtain the supernatants (Super.) or pellet. Equal amounts of proteins (40 �g/lane) were then used in the Western blotting for BAP31. For lanes
3 and 6, NP-40 was added at a final concentration of 1% (indicated by an asterisk). The arrow indicates the p27 BAP protein. �, present; 	, absent.
(E) Low levels of caspase 8L expression in cultured human cells. Equal amounts of whole-cell lysates (100 �g/lane) prepared from mouse thymuses
or from the cells indicated were used in Western blotting for caspase 8 with the polyclonal caspase 8L-specific antibody. The blot was reprobed
for actin. (F) Caspase 8L is not involved in VP16-induced BAP31 cleavage or apoptosis. MDA-MB231 cells were either untransfected (control)
or transfected with a DN caspase 8L construct (Nex-EGFP). Whole-cell lysates (60 �g/ml) were used in Western blotting for the molecules in-
dicated. Nex-EGFP was detected by using a polyclonal anti-green fluorescent protein vector. The loading control is a nonspecific band detected by
the anti-green fluorescent protein antibody. The asterisk indicates a nonspecific band detected by the anti-caspase 3 antibody. Procasp, procaspase.
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pase 8-activated caspase 3. Indeed, recombinant active caspase
8 robustly activated caspase 3 in the cytosol (Fig. 7A and B,
lanes 2). Interestingly, DEVD also inhibited caspase 3 cleavage
in the cytosol (Fig. 7B, lane 3), probably because DEVD-fmk
at the concentration used (i.e., 10 �M) also inhibited caspase
8 activity (58). When similar experiments were carried out
with unlysed membranes prepared from the untreated MDA-
MB231 cells, recombinant active caspase 8 did not cleave ei-
ther procaspase 3 or procaspase 9 (Fig. 7A, lanes 3 to 6), con-
sistent with these latter enzymes being localized in the IMS of
the mitochondria (10). Indeed, when the recombinant caspase
8 was incubated with the membranes lysed by TNC buffer con-
taining NP-40, robust cleavage of caspase 3 was observed (Fig.
7B, lanes 4 to 6). Caspase 3 cleavage products fractionated
preferentially in the TNC-solubilized supernatants (Fig. 7B,
lane 5). There was also a low level of procaspase 9 processing
to generate the p37 band, which fractionated preferentially in
the pellet (Fig. 7B, lane 6). Collectively, these results indicate
that (i) recombinant active caspase 8 can readily activate the
cytosolic procaspase 3, (ii) activated caspase 3 in turn cleaves
procaspase 9 to generate the p37 active caspase 9 that may in
turn activate more procaspase 3, thus forming a positive feed-
back amplification loop, and (iii) the caspase 83 caspase 33
caspase 93 caspase 3 activation cascade may also occur to the
mitochondrially localized procaspase 9 and procaspase 3.

Subsequently, we tested whether the active caspase 8 on the
OMM could also degrade cytosolic procaspase 3. To this end,
we prepared the mitochondria from the VP16-treated MDA-
MB231 cells and coincubated them with the cytosol from un-
treated MDA-MB231 cells. As shown in Fig. 7C, the untreated
cytosol had only procaspase 9 (lane 1) and the VP16-stimu-
lated membrane fraction had an obvious p35 band and a faint
caspase 3-derived p37 caspase 9 band (lane 2). Coincubation of
the activated membrane with the cytosol resulted in a signifi-
cantly increased p37 band (Fig. 7C, lane 3), which was inhib-
ited by both IETD (Fig. 7C, lane 5) and DEVD (Fig. 7C, lane
7), suggesting that the enhanced p37 band resulted from cas-
pase 8-activated caspase 3. Lysis of the membranes did not
significantly increase the intensity of the p37 band (Fig. 7C,
lane 4), consistent with active caspase 8 being localized mostly
on the OMM. As expected, both IETD and DEVD inhibited
the p37 caspase 9 in the lysed membranes coincubated with the
cytosol (Fig. 7C, lanes 6 and 8).

Next, we coincubated the VP16-activated mitochondria,
which contained active caspase 8 on the OMM, with the
10k supernatant that contained some ER, which normally
would fractionate in the microsomes upon centrifugation at
100,000 � g (e.g., the results shown in Fig. 3B), and sought to
determine whether BAP31, an ER-specific substrate of caspase
8 (6, 7, 40), could be cleaved. As shown in Fig. 7D, the 10k su-
pernatant alone had only BAP31 (lane 1), whereas the VP16-
activated membranes alone had both BAP31 and cleaved
BAP20 (lane 4). Coincubation of the VP16-activated mem-
branes with the 10k supernatant resulted in the generation of
BAP20 in the supernatant (Fig. 7D, lane 2), which was signif-
icantly increased by the presence of detergent (Fig. 7D, lane 3),
because both caspase 8 and BAP31 were membrane-integral
proteins and the solubilization of the membranes increased the
accessibility of caspase 8 to BAP31. As controls, the amounts
of BAP20 in the pellets following coincubation did not change

significantly whether the detergent was present or not (Fig. 7D,
compare lanes 5 and 6 with lane 4). Since BAP31 can only be
cleaved by caspase 8 (6, 7, 40), these results suggest that the
active caspase 8 on the OMM is capable of cleaving the BAP31
on the outer ER membrane.

Recently, a novel procaspase 8 isoform, procaspase 8L,
which has an N-terminal 59-amino-acid extension (i.e., the Nex
domain) compared to the p55 procaspase 8, has been shown to
be peripherally associated with the cytosolic face of the ER in
some cells, and its processing appears to be regulated through
an association with BAP31 (6). To determine whether procas-
pase 8L may be involved in VP16-induced BAP31 cleavage and
apoptosis, we first determined the levels of procaspase 8L in
various cells by using a procaspase 8L-specific antibody (6).
As shown in Fig. 7E, cultured human cells generally express
very low levels of procaspase 8L compared to mouse thymuses,
which expressed much higher levels. To determine whether this
low level of procaspase 8L may be involved in VP16-induced
BAP31 cleavage and apoptosis, we transfected the MDA-
MB231 cells with a vector encoding EGFP-tagged Nex (Nex-
EGFP), which functions as a DN to procaspase 8L (6), prior to
VP16 stimulation. The results demonstrated that Nex-EGFP
did not affect the VP16-induced BAP31 cleavage or caspase 3
activation (Fig. 7F).

Potential mitochondrion-ER cross talk in VP16-induced cell
death. Our fractionation experiments suggest that there exist
two populations of ER: one that cofractionates with the mito-
chondria and another that fractionates in the microsomes (Fig.
3B). Interestingly, the BAP31 in the ER that cofractionated
with the mitochondria seemed to be preferentially cleaved
(Fig. 3B). To corroborate this finding, we carried out detailed
time course studies. The results indicated that the majority of
BAP31 was detected in the mitochondrion-enriched mem-
brane fraction and that the BAP31 in this population of ER
was preferentially degraded to BAP20 (Fig. 8A, compare lanes
4 to 6 to lanes 7 to 9). As expected, LDH was detected only in
the cytosol, whereas VDAC was detected only in the mitochon-
drion-enriched membrane fraction, and both proteins were
detected in the whole-cell lysate (Fig. 8A). Since caspase 8 was
mainly on the OMM and BAP31 was mainly on the ER outer
membrane (6, 7, 40), these results (Fig. 3B and 8A) suggest
that there may exist a mitochondrion-ER interaction leading to
functional cross talks between the two organelles.

One way that mediates the ER-mitochondrion cross talk is
through BAP20, the BAP31 cleavage product that localizes
specifically in the ER (7). BAP20 has been shown to induce the
ER to release Ca2�, which is taken up by the mitochondrion,
leading to mitochondrial fragmentation and subsequent cell
death (7). To examine whether such mechanisms may exist in
VP16-stimulated MDA-MB231 cells, we first utilized a low
concentration of TG to deplete the ER Ca2� store (7, 49). TG
is an irreversible inhibitor of the ER outer membrane pump
SERCA, whose function is to maintain the concentration of
ER Ca2� several orders of magnitude above that of the cytosol.
Although high concentrations of TG are known to kill cells,
low concentrations of TG appear to slowly empty the ER Ca2�

store without inducing obvious cell death (7, 49). As shown in
Fig. 8B, pretreatment of MDA-MB231 cells with 50 nM TG (7)
significantly inhibited VP16-induced cell death.

The Ca2� released from the ER induced by BAP20 is rapidly
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taken up by the mitochondria, leading to physical and func-
tional compromises in the organelles (7). To determine wheth-
er the mitochondrial uptake of Ca2� contributed to the VP16-
induced cell death, we made use of Ru360, an oxygen-bridged
dinuclear ruthenium amine complex that specifically inhibits
the mitochondrial Ca2� uptake (7, 34). As shown in Fig. 8B,
pretreatment of MDA-MB231 cells with Ru360 resulted in an
even stronger inhibition of VP16-induced apoptosis than that
of TG. Mitochondrial Ca2� uptake leads to mitochondrial
fission or fragmentation (7). Indeed, we observed that the ma-
jority (i.e., 95% of �800 cells analyzed) of the VP16-treated,
apoptotic MDA-MB231 cells showed prominent mitochon-
drial fragmentation, as shown in Fig. 8C (also Fig. 4H).

DISCUSSION

Active caspase 8 localizes mainly on the OMM. One of the
most interesting findings we have made in the present study is
the association of active caspase 8 exclusively with the mem-
branes during apoptosis. In multiple cell systems, including
prostate (LNCaP and PC3) and breast (MDA-MB231) cancer
cells, fibroblasts (GM701), and Jurkat T cells, procaspase 8,
similar to procaspase 9 and procaspase 3 (10), localizes in both
the mitochondria and the cytosol. However, upon apoptotic
stimulation, active caspase 8 (both cleavage products and
activity) is detected nearly exclusively in the mitochondrion-
enriched membrane fraction in some cell systems, e.g., VP16-
treated MDA-MB231, LNCaP, or Jurkat cells or serum-
starved LNCaP cells. Although the mitochondrion-enriched
membranes also contain a significant amount of ER, fluores-
cence microscopy reveals clear colocalization of caspase 8 with
the mitochondria. In some cells, procaspase 8L has been shown
to associate with the ER through interactions with BAP31 and
Bcl-2/Bcl-XL (6, 40). In our cell systems, procaspase 8L is ex-
pressed at very low levels, and upon fluorescence microscopy,
no significant colocalization of caspase 8 or caspase 8L with the
ER is observed. Altogether, these observations suggest that, at
least in the cells we have studied, the majority of the mem-
brane-associated (pro)caspase 8 localizes on the mitochondria
but not the ER.

Subsequent biochemical characterizations indicate that both
mitochondrial procaspase and active caspase 8 in MDA-
MB231 cells show protease sensitivity and alkali or high-salt
extraction patterns very similar to the typical OMM proteins,
such as Bak and VDAC-OMM, but different from the IMS
(i.e., cytochrome c) or IMM (e.g., COX II, COX IV, and
VDAC-IMM) proteins. These observations led us to conclude
that the mitochondrial caspase 8 localizes mainly on the OMM
as an integral protein. However, it remains possible that some
caspase 8 may also be present in the IMS, as suggested by its
partial release by alkali extraction. These conclusions are over-
all consistent with those of earlier studies showing various
caspase 8 submitochondrial localizations in different cell types
(43, 53, 54). Interestingly, the mitochondrion-associated pro-
caspases and active caspases 9 and 3 seem to be localized only
in the IMS (10; this study). At present, it is unclear how
caspase 8 and other caspases are targeted to the different
compartments of the mitochondria, as no obvious mitochon-
drial targeting sequences have been identified in these pro-
teins. Recently, it has been found that, in Bcl-XL-protected

FIG. 8. Potential mitochondrion-ER cross talk in VP16-induced
apoptosis. (A) BAP31 was preferentially cleaved in the population of
ER that cofractionated with the mitochondria. Vehicle-treated or
VP16-treated MDA-MB231 cells were used to obtain various fractions
indicated. Equal amounts of proteins (40 �g/lane) were used in West-
ern blotting for the molecules indicated. Two different exposures (i.e.,
short and long exp.) for BAP31 were shown. Note that only VDAC-
OMM was shown for the sake of simplicity. Memb, membrane; WCL,
whole-cell lysate. (B) Depletion of ER Ca2� store or inhibition of
mitochondrion uptake of Ca2� inhibited VP16-induced apoptosis.
MDA-MB231 cells were pretreated with either vehicle (ethanol) or 50
nM TG or 50 �M Ru360 for 1 h. After removing these chemicals, cells
were treated with VP16 (10 �M) for 48 h. At the end of treatment,
cells were scored for apoptosis by DAPI staining. On average, 250 to
400 cells were counted for each condition and data represent means 

standard deviations. *, P � 0.01 (Student’s t test). (C) Mitochondrial
fragmentation during VP16-induced apoptosis. MDA-MB231 cells
treated with VP16 (10 �M for 48 h) were labeled live with Mitotracker
and DAPI. The arrows indicate DAPI-positive (i.e., apoptotic) cells
that show fragmentation of the mitochondria. The micrographs shown
are representative of �400 hundred images analyzed.
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MCF7 breast cancer cells overexpressing Fas, large quantities
of active caspase 8 produced by DISC activation are seques-
tered (and thus inactivated) on the OMM, presumably by as-
sociation with the protein bidirectional apoptosis regulator, or
BAR (53). This interaction is thought to be mediated by the
BAR protein functioning as a bridging molecule (i.e., forming
the Bcl-XL–BAR–caspase 8 complex). Although MDA-MB231
cells express significant amounts of Bcl-XL on the mitochon-
dria and VP16 treatment up-regulates Bcl-2 (but not Bcl-XL)
(unpublished data), the Bcl-XL–BAR–caspase 8 mechanism
(53) may not be involved, as the OMM-localized caspase 8 in
VP16-treated MDA-MB231 cells is enzymatically active and
can robustly degrade substrates.

Caspase 8 is activated through FADD/TRADD-dependent
mechanisms and plays a critical role in VP16-induced caspase
3 activation and cell death. Caspase 8 is activated in perhaps
most apoptotic systems, including cell death induced by various
chemotherapeutic drugs. Some drugs may rapidly up-regulate
death receptors (e.g., DR5 and Fas) or their ligands (e.g., Fas
ligand, TRAIL, and TNF-�), thereby directly activating the
death receptor-mediated activation of procaspase 8 (1, 4, 12,
22, 27, 28, 63). By contrast, other drugs may indirectly activate
procaspase 8 through apoptosome-activated caspases, in par-
ticular, caspase 3 (12, 15, 59). Therefore, in these latter apo-
ptotic systems, caspase 8 activation functions primarily as a
positive feedback amplification mechanism. In several apopto-
tic models that have been studied (9, 10; this study), caspase 8
activation occurs either around the same time or after other
caspases are activated, consistent with the general concept that
caspase 8 activation may represent either an initiating or a
secondary amplifying event in death signaling.

Several pieces of evidence suggest that caspase 8 activation
may represent an early and critical event in etoposide-induced
apoptosis. First, caspase 8 activation occurs around the same
time that caspases 9, 3, and 7 are activated. Second, caspase 8
activation is not downstream of caspase 3. It has been shown
that recombinant murine active caspase 3 can robustly cleave
murine procaspase 8 (58) and that anticancer drug-induced
caspase 8 activation may be mediated by caspase 3 (12, 15, 59).
Nevertheless, we find that even recombinant active caspase 3
does not activate procaspase 8 in MDA-MB231 cells, although
it readily cleaves procaspases 9 and 3. One potential explana-
tion is that caspase 3 does not activate caspase 6, as caspase
3-mediated activation of caspase 8 appears to require caspase
6 (11, 50). In support of this idea, caspase 6 is not activated in
VP16-treated MDA-MB231 or LNCaP cells. Third, DN cas-
pase 8, IETD, and siRNAs to caspase 8 all inhibit activation of
caspase 3 and cell death. Finally, caspase 8-deficient Jurkat
cells show reduced caspase 3 activation and death sensitivity to
VP16. Incomplete inhibition of apoptosis in caspase 8-deficient
Jurkat cells can be explained by the involvement of related
caspases, such as caspase 10 (25).

VP16-induced caspase 8 activation appears to be mediated
via FADD-dependent mechanisms, as it can be inhibited by
DN-FADD in MDA-MB231 and BJAB cells. More direct ev-
idence comes from FADD	/	 Jurkat cells, which demonstrate
greatly reduced caspase 8 activation in response to VP16. The
residual amount of caspase 8 activation in the VP16-stimulated
FADD	/	 Jurkat cells (Fig. 6G) may have resulted from other
adaptor proteins, such as TRADD. Indeed, DN-TRADD also

partially inhibits VP16-induced caspase 8 activation and apo-
ptosis in MDA-MB231 cells. These results strongly suggest
that FADD/TRADD-mediated signals and caspase 8 activa-
tion sit upstream of caspase 3 activation in VP16-treated cells
(Fig. 9). In support of this, caspase 3 activation is significantly
reduced in FADD-deficient and, less dramatically, in caspase
8-deficient Jurkat cells. By contrast, FADD or caspase 8 defi-
ciency does not lead to a significant inhibition of apoptosome-
derived caspase 9 activation (i.e., p35). These observations
collectively support our model (Fig. 9) in which VP16 stimu-
lation activates, in parallel, both apoptosome-mediated activa-
tion of caspase 9 and FADD/TRADD-mediated activation of
caspase 8 (and perhaps caspase 10). However, the FADD-cas-
pase 8 pathway seems to play a much more prominent role in
caspase 3 activation. Our results are consistent with some stud-
ies showing that anticancer drugs (including etoposide) can
up-regulate or activate the death receptor pathway (12, 22, 27,
28, 63). On the other hand, our results and conclusions seem-
ingly do not accord with those of some other studies (15, 59,
64), which suggest that caspase 8 does not play an initiating
role or does not contribute to VP16 (or some other anticancer
drug)-induced apoptosis. Although the precise reasons for
these discrepancies are presently unclear, possible explana-
tions may include different concentrations of VP16 (VP16 con-
centrations as high as 50 to 100 �M were used in some studies)
or different cell types used.

An interesting and also important question is whether pro-
caspase 8 is first activated in the cytosol through DISC and
then the activated caspase 8 translocates to the OMM or

FIG. 9. Schematic illustrating apoptotic signaling pathways in
MDA-MB231 cells upon stimulation by etoposide. See text for details.
casp, caspase; Cyt. c, cytochrome c.
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whether the OMM-localized procaspase 8 becomes activated
in the OMM through a DISC-like complex. Although there is
some circumstantial evidence that caspase 8 can be activated
independent of the CD95 receptor-ligand interaction (64), the
answer to this question awaits further experimentation.

Potential roles for membrane-associated caspase 8 in cleav-
ing substrates and mediating mitochondrion-ER cross talk.
What could be the advantages for deploying active caspase 8
on the OMM? Conceptually, this distribution pattern could
increase the accessibility and efficiency of caspase 8 to its sub-
strates localized in different compartments, including cytosols
and organelles. The first potential substrate of the active cas-
pase 8 is Bid (Fig. 9), which is cleaved into multiple �15-kDa
fragments in etoposide-stimulated MDA-MB231 cells. The de-
ployment of active caspase 8 on the OMM could presumably
couple cleavage of cytosolic Bid and insertion of active Bid
fragments into the mitochondria to induce cytochrome c re-
lease, thus facilitating the apoptosome pathway. Part of the
caspase 8 effect on Bid cleavage may be mediated through the
caspase 8-activated caspase 3, as the latter has been shown to
efficiently degrade Bid (15, 51). Some of the �15-kDa Bid
fragments may have been derived from other proteases, such
as calpain, granzyme B, or serine proteases (8, 21, 33). Re-
cently, JNK has been shown to induce caspase 8-independent
cleavage of Bid at a distinct site to generate 21-kDa jBid, which
translocates to the mitochondria, preferentially releases Smac/
DIABLO to disrupt the TRAF2-cIAP1 complex, and facili-
tates caspase 8 activation (14). Throughout our experiments,
we failed to detect jBid, thus ruling out the involvement of this
pathway.

The second potential substrate for the OMM-localized cas-
pase 8 may be cytosolic procaspase 3, which upon activation,
can activate caspase 9, which in turn activates more caspase 3,
thus forming a positive amplification loop (Fig. 9). The third
potential substrate for the OMM-localized caspase 8 may be
ER-resident BAP31, which is prominently cleaved into proapo-
ptotic BAP20 in VP16-treated cells (Fig. 9). As BAP20 can
cause severe ER stress by inducing Ca2� release and increased
mitochondrial fission (7), these observations suggest the fol-
lowing signaling pathway upon etoposide stimulation: active
caspase 8 on the OMM3 cleavage of BAP31 to BAP20 on the
ER 3 ER Ca2� release 3 mitochondrial uptake of excessive
Ca2�3mitochondrial fission3 compromise of mitochondrial
integrity and function3 contribution to apoptosis. In support,
it seems that only BAP31 localized on the population of the
ER that cofractionates with the mitochondria becomes prefer-
entially cleaved to generate BAP20. Moreover, the blocking of
ER Ca2� release or mitochondrial Ca2� uptake inhibits VP16-
induced cell death. Furthermore, most VP16-stimulated apo-
ptotic MDA-MB231 cells show prominent mitochondrial frag-
mentation. Finally, this scheme is consistent with recent
demonstrations of close mitochondrion-ER interactions and a
critical role for ER in apoptosis signaling (7, 17, 24, 32, 44, 49,
66).

In summary, the present study suggests that (i) some apo-
ptotic stimuli induce an early activation of procaspase 8 in a
FADD/TRADD-dependent manner, (ii) active caspase 8 be-
comes associated mainly with the OMM, (iii) the OMM-local-
ized active caspase 8 may cleave substrates in both the cytosol
and the ER outer membrane, and (iv) active caspase 8 on the

OMM may mediate mitochondrion-ER cross talk through the
cleavage of BAP31. Our ongoing work will focus on the mo-
lecular mechanisms of the FADD/TRADD-mediated activa-
tion of procaspase 8 in relation to the mitochondrial localiza-
tion, which will undoubtedly improve our understanding of
drug-induced cancer cell death and benefit cancer chemother-
apy.
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