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The cytosolic factor Cif (cytochrome c-efflux inducing factor) was activated by the apoptosis inducers
staurosporine and anti-Fas antibodies and rapidly induced the efflux of cytochrome c from purified human
mitochondria. HL-60 cells that stably overexpressed a bcl-2 cDNA transgene (Bcl-2:HL-60 cells) contained
mitochondria and a cytosol that were resistant to exogenous Cif and that lacked detectable endogenous Cif
activity, respectively. Therefore, Bcl-2 overexpression negated Cif activity and suggested that the requirement
for Cif resides upstream of Bcl-2 on the apoptotic signal transduction pathway. The addition of purified
caspase 3, caspase 7, or caspase 8 to the cytosolic extract from Bcl-2:HL-60 cells, however, restored Cif activity,
demonstrating that the inhibition of Cif by Bcl-2 overexpression could be overcome by activated caspases.
Moreover, the addition of purified caspases to cytosolic extracts prepared from parental HL-60 cells was also
sufficient to cause Cif activation, suggesting that caspases might be required for Cif activation. Consistent with
these observations, Fas-induced apoptosis in Jurkat cells resulted in caspase 8 activation and subsequently in
activation of Cif. Finally, we demonstrate that the activation of Cif correlated with the activation of the Bcl-2
family member Bid by caspases and that Cif activity was selectively neutralized by anti-Bid antibodies. Taken
together, these results indicate that Cif is identical to Bid and that it can be inhibited by Bcl-2 and activated
by caspases. Thus, Cif (Bid) is an important biological regulator for the transduction of apoptotic signals.

Almost all cultured cells can be induced to undergo apopto-
sis by a plethora of stimuli, including but not limited to DNA
damage, exposure to glucocorticords, and withdrawal of
growth factors (reviewed in reference 56). Although these
stimuli elicit varied initial cellular responses, the final stages of
apoptosis are remarkably similar irrespective of the lethal stim-
ulus. In particular, activation of a novel family of cytosolic
proteases, termed caspases (1; reviewed in references 8 and 9),
is a key common hallmark of apoptotic cells. Caspases are
relatively widely and constitutively expressed as inactive zymo-
gens (procaspases), which are themselves proteolytically
cleaved to yield an active enzyme (reviewed in references 37
and 48). Caspases can be divided into “initiator” caspases (e.g.,
caspases 8 and 10), which activate downstream “effector”
caspases (e.g., caspases 3, 6, and 7). Effector caspases then
cleave a limited subset of cellular proteins (reviewed in refer-
ence 44), which appear ultimately to be responsible for the
biochemical and morphological changes associated with pro-
grammed cell death. The remarkable similarity in the terminal
events of apoptosis regardless of the initial apoptotic stimulus
strongly implies that there is a common signal transduction
pathway leading to activation of caspases in the cytosol.

One of the most extensively studied processes of apoptotic
signal transduction is initiated by activated Fas (CD95/Apo-1)
(reviewed in reference 36). Fas is a cell membrane receptor
which belongs to the tumor necrosis factor receptor superfam-
ily (60). The binding of the Fas ligand (54) or agonistic anti-
bodies against Fas (38) causes the activation of Fas and rapid
apoptosis of many cell types (49). Fas contains a motif referred
to as the death domain, which is required for apoptosis (21,

55). Biochemically, activated Fas interacts, through its death
domain, with the death domain of the FADD/MORT-1 pro-
tein (reviewed in reference 7), which in turn recruits pro-
caspase 8, thus forming a death-inducing signaling complex
(DISC) (25, 43). Engagement of the Fas receptor results in the
oligomerization and activation of caspase 8 (35, 64), which
ultimately results in the activation of many downstream effec-
tor caspases (4, 33).

Caspase 8 may activate other caspases by directly cleaving
them (51), or it may indirectly activate them through the use of
the cytochrome c:Apaf-1 signaling pathway (49). Thus, through
an unidentified mechanism, caspase 8 activation results in the
efflux of cytochrome c, normally an exclusively mitochondrial
protein, into the cytosol (reviewed in reference 45). Once in
the cytosol, cytochrome c, in the presence of dATP, binds to
apoptotic protease-activating factor 1 (Apaf-1) (30), to which
is tethered procaspase 9 (29, 42). The binding of cytochrome c
to Apaf-1 then facilitates the activation of caspase 9, poten-
tially through an autoactivation process facilitated by Apaf-1-
mediated oligomerization (52). Active caspase 9, in turn, acti-
vates procaspases 3 and 7 by direct cleavage (29, 52). The
activation of caspase 3 in particular is extremely important,
since it is the most biologically relevant effector caspase iden-
tified to date, being responsible for the cleavage of a large
number of target proteins (reviewed in references 9 and 44).
The activation of caspase 3 generally also implies that the cell
is irretrievably committed to dying. Thus, apoptotic signaling
involves a caspase cascade that ultimately results in intracellu-
lar proteolysis and death (reviewed in references 37 and 48).

Mitochondrial cytochrome c efflux, with the resultant acti-
vation of caspases 9, 3, and 7, appears to be a pivotal control
point not only for Fas-mediated apoptosis in certain cell types
(49) but also for the chemical induction of apoptosis. This
hypothesis is supported by studies which demonstrated that
overexpression of the apoptosis suppressor, Bcl-2, in mito-
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chondria of various cells blocked cytochrome c efflux and ap-
optosis induced by a variety of stimuli (26, 63). Furthermore,
the process of cytochrome c efflux during Fas-induced apopto-
sis in Jurkat cells was blocked by overexpression in mitochon-
dria of the related apoptotic suppressor protein, Bcl-XL (58).
Therefore, transduction not only of chemically induced but
also of Fas-induced apoptotic signals to mitochondria can be
inhibited by overexpression of apoptosis suppressors. Molecu-
lar and biochemical studies have demonstrated that apoptotic
effectors can physically interact with and inhibit the function(s)
of various apoptotic suppressors. In particular, Bad (62) and
Bax (40) can inhibit Bcl-2, and Bad (62), Bak (6, 12, 24), and
Bax (3) can inhibit Bcl-XL. Since Bax (19, 61) and Bad (65;
reviewed in reference 13), which are normally localized in the
cytosol, can be actively translocated to mitochondria during
apoptosis induction, it is plausible that apoptotic effector pro-
teins such as Bax and/or Bad could serve at the end of the
common central apoptotic signal transduction pathway to in-
duce cytochrome c efflux. This hypothesis was supported by a
recent study which reported that recombinant Bax proteins
directly induced cytochrome c efflux from mitochondria (11,
22). While apoptotic suppressors may have additional func-
tions downstream of cytochrome c efflux (42, 47, 66), it is
possible that Bcl-2 and Bcl-XL proteins block the effect of Bax,
Bad or other apoptosis effectors on mitochondria and conse-
quently block cytochrome c efflux.

We recently developed a cell-free assay for studying regula-
tion of mitochondrial cytochrome c efflux (17). Using this as-
say, we observed that treatment of HL-60 cells with the potent
apoptosis inducer staurosporine (STS) induced a cytosolic ac-
tivity, termed Cif (cytochrome c efflux-inducing factor), which
rapidly facilitated cytochrome c efflux from purified mitochon-
dria (17). Similar factors and activities have also been de-
scribed by others (27, 53). Here we demonstrate that the acti-
vation of Cif, as well as its action in mitochondria, could be
inhibited by Bcl-2 overexpression. This inhibition could be
overcome in vitro by the addition of activated caspases. Fur-
thermore, the addition of activated caspases to S-100 extracts
prepared from normal cells was sufficient to induce Cif. Thus,
Cif activation required an active caspase(s), and its effect could
be blocked by apoptotic suppressors. Finally, Cif activity was
selectively neutralized by anti-Bid antibodies and the activa-
tion of Cif correlated with the cleavage of Bid by caspases.
These results suggest that Cif and Bid are one and the same
and that it is the biologically relevant regulator of cytochrome
c efflux and is thus an important factor in the process of
apoptotic signal transduction.

MATERIALS AND METHODS

Materials. Fetal bovine serum (FBS), EDTA, phenylmethylsulfonyl fluoride
(PMSF), aprotinin, antipain, and leupeptin were purchased from Sigma Chem-
ical Co. (St. Louis, Mo.). The Complete protease inhibitor cocktail tablets were
purchased from Boehringer Mannheim Co. (Indianapolis, Ind.). Agarose-pro-
tein A/G beads were purchased from Oncogene Research Products, Inc. (Cam-
bridge, Mass.). The caspase inhibitor acetyl-DEVD-aldehyde (Ac-DEVD-CHO)
was purchased from Quality Controlled Biochemicals, Inc. (Hopkinton, Mass.).
Purified active human caspase 3, caspase 7, and caspase 8 and mouse monoclonal
antibodies against human caspase 7 and caspase 8 were purchased from Pharm-
ingen, Inc. (San Diego, Calif.). The agonistic antibody against human Fas (clone
CH-11) and STS were purchased from Kamiya Biomedical Co. (Seattle, Wash.).
Rabbit polyclonal anti-human Bax and Mcl-1 antibodies were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.), and rabbit polyclonal anti-
human Bid antibodies were generously provided by X. Wang (Howard Hughes
Medical Institute and Department of Biochemistry, University of Texas South-
western Medical Center at Dallas, Dallas, Tex.). Mouse monoclonal antibodies
against human cytochrome c, Bcl-2, Bax, caspase 2, and caspase 3 have been
described previously (17). Protein quantitation reagents were purchased from
Bio-Rad Laboratories, Inc. (Hercules, Calif.). Enhanced chemiluminescence

Western blot analysis reagents were purchased from Amersham Life Science,
Inc. (Arlington Heights, Ill.).

Cells. The origin of HL-60 and Bcl-2:HL-60 cells used in this study has been
described previously (20, 63). The cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 1 mM nonessential amino acids, and 1 mM sodium
pyruvate. Jurkat cells were cultured in RPMI 1640 medium containing 10% FBS.
In addition, all media were supplemented with 100 U of penicillin per ml and 50
U of streptomycin per ml. The cells were incubated at 37°C in a humidified
incubator under 5% CO2.

Mitochondrial cytochrome c efflux and caspase 3 activation during apoptosis.
HL-60 cells were left untreated or treated with 5 mM STS for 0, 1, 2, 3, or 4 h.
Jurkat cells were suspended in serum-free medium and seeded in culture dishes
that had been pretreated with serum-containing (10% FBS) medium for 2 h. To
induce apoptosis, anti-Fas antibodies were added to the medium at a final
concentration of 150 ng/ml. At the end of each treatment, the cells were pelleted
by centrifugation and washed three times in phosphate-buffered saline. The cell
pellets were then suspended in 3 volumes of lysis buffer (10 mM HEPES [pH
7.5], 5 mM MgCl2, 1 mM dithiothreitol, 1 mM PMSF, 50 mg each of leupeptin,
aprotinin, and antipain per ml) and incubated on ice for 5 min. To lyse the cells,
the cell suspension was passed five times through a 26-gauge needle fitted to a
syringe. The lysate was divided into two equal volumes. To isolate mitochondria,
the lysate was mixed with 12 ml of lysis buffer containing 0.25 M sucrose and the
mixture was centrifuged at 500 3 g for 10 min at 4°C to pellet the nuclei;
the supernatant was then recentrifuged at 10,000 3 g for 10 min at 4°C; and the
pellet was used as the mitochondrial preparation. The second volume of the
initial lysate was immediately centrifuged at 12,500 3 g for 5 min at 4°C to pellet
the nuclei and mitochondria, and the clarified supernatant was used as the
cytosolic fraction. The mitochondrial and cytosolic fractions were mixed with
equal volumes of a solution containing 10% glycerol, 5% b-mercaptoethanol,
and 2% sodium dodecyl sulfate (SDS), and heated at 100°C for 5 min. Aliquots
were then electrophoresed in 10% polyacrylamide gels and blotted onto nitro-
cellulose filters (15). Cytochrome c and caspases were detected with enhanced
chemiluminescence Western blot reagents.

Preparation of S-100 cytosolic extracts. Cells were washed three times with
PBS, and then the cell pellet was resuspended in 2 volumes of lysis buffer and
incubated on ice for 5 min. To lyse the cells, the cell suspension was passed five
times through a 26-gauge needle fitted to a syringe. The lysate was centrifuged at
12,500 3 g for 5 min at 4°C, and the pelleted nuclei and mitochondria were
discarded. The supernatant was centrifuged again at 12,500 3 g for 10 min at 4°C
to remove residual mitochondria and heavy membranes. Subsequently, the su-
pernatant was centrifuged at 100,000 3 g for 60 min at 4°C, and the clarified
supernatant (S-100) was used as the cytosolic extract. The extract was adjusted to
contain 5 mg of protein per ml plus 50 mM KCl, 5 mM EDTA, and 2.53
Complete protease inhibitor cocktail and then stored in small aliquots at 280°C
(16).

Assay for Cif activity. Purified mitochondria (17) were resuspended in washing
buffer (10 mM HEPES [pH 7.5], 50 mM KCl, 5 mM EDTA) and incubated on
ice for 2 min. Aliquots of the suspension containing mitochondria from approx-
imately 2 3 106 cells were transferred into microcentrifuge tubes and centrifuged
at 12,500 3 g for 1 min to pellet mitochondria. The supernatant was discarded,
and the mitochondria were incubated in 20 ml of basic buffer (10 mM HEPES
[pH 7.5], 1 mM DTT, 1 mM PMSF, 50 mg each of antipain, aprotinin, and
leupeptin per ml, 5 mM MgCl2, 5 mM EDTA, 2.53 Complete protease inhibitor
cocktail, 50 mM KCl) or 20 ml of the S-100 extract at 37°C for 15 min. To
terminate the incubation, the tubes were centrifuged at 12,500 3 g for 1 min. The
supernatant was mixed with 20 ml of 23 SDS sample buffer, and the pellet was
dissolved in 40 ml of 13 SDS sample buffer. Both samples were heated at 100°C
for 5 min, and then 10 ml of each sample was subjected to electrophoresis in a
10% polyacrylamide gel and subsequently analyzed by immunoblot analysis for
the presence of cytochrome c (17). Cif activity was indicated by a reduction of
cytochrome c content in the pellet fraction and a corresponding increase of
cytochrome c content in the supernatant fraction of each sample.

RESULTS

Activation of Cif during apoptosis induction. Recently, we
developed an in vitro cell-free assay to study cytochrome c
efflux from purified mitochondria (17). We demonstrated that
incubation of mitochondria purified from HL-60 cells with the
cytosolic S-100 extract from HL-60 cells which had been
treated with the potent apoptotic inducer STS resulted in cy-
tochrome c efflux. In contrast, incubation of mitochondria with
a cytosolic S-100 extract from untreated HL-60 cells did not
induce cytochrome c efflux (17). This suggested that STS treat-
ment induced activation of a cytochrome c efflux-inducing fac-
tor (Cif). Studies by others have subsequently demonstrated
that overexpression of Bcl-2 in the mitochondria of HL-60 cells
blocked mitochondrial cytochrome c efflux during the process

1382 HAN ET AL. MOL. CELL. BIOL.



of apoptosis induction by STS as well as other chemicals (63).
Taken together, the above studies suggested that if Cif was
biologically relevant, its activity should be abrogated by the
overexpression of Bcl-2 in the mitochondria of HL-60 cells.
The following studies were directed to this and other issues.

Mitochondrial responses to Cif are Bcl-2 dependent. Mito-
chondria from HL-60 and HL-60 cells that stably overex-
pressed a bcl-2 cDNA transgene (henceforth referred to as
Bcl-2:HL-60 cells [20, 63]) were purified and incubated with
100 mg of S-100 cytosolic extract derived from HL-60 cells that
had been treated with 5 mM STS for 60 min (STS S-100), a
treatment which was known to induce Cif (17). The STS S-100
extract induced cytochrome c efflux from HL-60 mitochondria
but failed to induce significant cytochrome c efflux from Bcl-
2:HL-60 mitochondria (Fig. 1A). Western blot analyses of
HL-60 and Bcl-2:HL-60 mitochondria showed that whereas the
levels of Bad, Bak, and Bax were similar, the level of Bcl-2 was
selectively increased by approximately fourfold in Bcl-2:HL-60
mitochondria (Fig. 1B). Therefore, Bcl-2:HL-60 mitochondria
were resistant to the effect of Cif, and this was associated with
the overexpression of Bcl-2 protein in the mitochondria.

Cif activity is not detectable in Bcl-2:HL-60 cells. Western
blot analyses of S-100 cytosolic extracts from HL-60 and Bcl-

2:HL-60 cells revealed that (i) the cytosol of Bcl-2:HL-60 cells
contained a slightly elevated level of Bad protein; (ii) Bak
protein was not detected in the cytosol of either cell line; (iii)
the cytosol of both cells contained similar amounts of Bax; and
(iv) Bcl-2 was overexpressed in the cytosol of Bcl-2:HL-60 cells
(Fig. 2A). Significantly, the ratio of Bcl-2 to Bax appeared to be
approximately 2:1, which strongly suggested that Bcl-2 might
exert a dominant effect (reviewed in reference 39) on the
cytosolic extract as well as on mitochondria. To experimentally
test this hypothesis, Bcl-2:HL-60 cells were treated with 5 mM
STS for 60 min and the S-100 cytosolic extract of these cells
was incubated with mitochondria purified from normal HL-60
cells and then assayed for the presence or absence of Cif
activity. No Cif activity was detected in the STS S-100 extract
(Fig. 2B). Thus, the overexpression of Bcl-2 in the cytosol of
HL-60 cells also correlated with the absence of Cif activity
during induction of apoptosis.

Activation of Fas in Jurkat cells induces Cif activation by a
caspase 8-dependent mechanism. The human Jurkat T-cell
leukemia cell line has been extensively used to study apoptosis
caused by activation of Fas (reviewed in reference 36). Treat-
ment of Jurkat cells with agonistic antibodies against human
Fas induced, in an orderly fashion, activation of caspase 8,
accumulation of cytochrome c in the cytosol, and activation of
caspase 3 (Fig. 3A). These results suggested that active caspase
8 might be required for mitochondrial cytochrome c efflux. To
test this hypothesis, we initially investigated whether Fas acti-
vation induced Cif activity. Jurkat cells were left untreated or
were treated with agonistic anti-Fas antibodies for 1 h. S-100
cytosolic extracts were then prepared from the cells, and the
presence or absence of Cif activity was assayed with purified
Jurkat mitochondria. Cif activity was detected in the extract
from antibody-treated cells (Fas S-100) but not from untreated
cells (Ctr S-100) (Fig. 3B). Thus, Fas activation was capable of
inducing Cif activity.

Since Fas activation triggers caspase 8 activation (Fig. 3A),
we investigated the possibility that active caspase 8 itself acts as
Cif on mitochondria and induces cytochrome c efflux. How-
ever, incubation of purified Jurkat mitochondria with active
recombinant caspase 8 did not induce cytochrome c efflux (Fig.
4A, panel 2). Therefore, caspase 8 alone could not function as
Cif. Incubation at 37°C for 60 min of 100 ng of caspase 8 with
100 mg of S-100 extract from untreated Jurkat cells, however,

FIG. 1. Mitochondrial responses to Cif are determined by Bcl-2. (A) HL-60
cells were either left untreated or treated with 5 mM STS for 60 min, and then
S-100 cytosolic extract was prepared from the cells. Aliquots of purified HL-60
(HL-60 Mit.) and Bcl-2:HL-60 mitochondria (Bcl-2:HL-60 Mit.) were incubated
with 100 mg of the S-100 extract from untreated (Ctr S-100) or STS-treated (STS
S-100) HL-60 cells for 15 min at 37°C, and then the samples were centrifuged to
pellet the mitochondria. The pellet (P) and supernatant (S) were separated, and
the cytochrome c (Cyt. c) content in each fraction was determined by Western
blot analysis. A decrease in the cytochrome c content in the P fraction and a
corresponding increase in the cytochrome c content the S fraction of a sample
indicates that Cif had an effect on the mitochondria. (B) Western blot analyses
of Bad, Bak, Bax, and Bcl-2 in mitochondrial extracts from HL-60 and Bcl-2:
HL-60 cells. All lanes contained identical amounts of total protein.

FIG. 2. Lack of Cif activity in the cytosol of Bcl-2:HL-60 cells. (A) Bcl-2 is
overexpressed in the cytosol. Western blot analyses of Bad, Bak, Bax, and Bcl-2
contained in 100 mg of total proteins from HL-60 and Bcl-2:HL-60 S-100 ex-
tracts. (B) Bcl-2:HL-60 cells were left untreated or treated with 5 mM STS for 60
min. S-100 cytosolic extracts were then prepared from the cells and incubated
with HL-60 mitochondria for 15 min at 37°C. The samples were then centrifuged
to pellet the mitochondria. The pellet (P) and supernatant (S) were separated,
and the cytochrome c (Cyt. c) content in each fraction was determined by
Western blot analysis.
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produced potent Cif activity (panel 3). The ability of caspase 8
to activate Cif was blocked by the presence of 10 mM Ac-
DEVD-CHO peptide, a potent inhibitor of many caspase fam-
ily members (reviewed in reference 48) (panel 4). Therefore,
caspase 8 and/or another Ac-DEVD-CHO-inhibitable caspase
was sufficient and necessary to generate Cif activity. Finally, we
investigated the possibility that active caspase 8 and another
cytosolic factor(s) together constituted Cif. S-100 extract (100
mg) from untreated Jurkat cells was incubated with 100 ng of
caspase 8 at 37°C for 60 min. Subsequently, 10 mM Ac-DEVD-
CHO peptide was added to the sample, which was then used to
induce cytochrome c efflux from purified mitochondria. The
final sample still contained potent Cif activity (Fig. 4A, panel
5). Therefore, caspase 8 and/or another Ac-DEVD-CHO-in-
hibitable caspase was not a component of Cif but was required
for Cif activation.

Active caspase 8 can directly cleave several procaspases in-
cluding procaspase 3 (34, 41). In addition, caspase 3 is potently
inhibited by Ac-DEVD-CHO (reviewed in reference 48).
Therefore, it was possible that incubation of the S-100 cytosolic
extract from untreated Jurkat cells with active caspase 8 acti-
vated caspase 3, which in turn activated Cif. However, the
amount of procaspase 3 in the extract before and after caspase
8 treatment was not changed (Fig. 4B). These results demon-
strated that (i) the amount of caspase 8 that was sufficient for
Cif activation was insufficient for caspase 3 activation and (ii)
Cif was not caspase 3.

In vitro activation of Cif by caspases in S-100 extracts from
Bcl-2:HL-60 cells. Since caspase 8 could activate Cif in the
Jurkat cytosolic extract, we next examined whether purified
caspases could overcome the inhibition of Cif caused by Bcl-2
overexpression in Bcl-2:HL-60 cells. S-100 cytosolic extract
(100 mg) from Bcl-2:HL-60 cells was either left untreated or
incubated with 5 ml of buffer or with 100 ng (5 ml) of active
caspase 8, caspase 7, or caspase 3 at 37°C for 60 min. Cif
activity was detected in the samples treated with caspase 3 and
with caspase 8 and, although to a lesser extent, in the sample
treated with caspase 7 (Fig. 5A). Each caspase alone (i.e.,
without cytosolic extract) had no Cif activity (Fig. 5B). Fur-
thermore, heat treatment (100°C for 10 min) of the caspase-
activated samples completely inactivated Cif, such that upon
subsequent incubation with purified mitochondria no cyto-
chrome c efflux could be detected (Fig. 5C). From these ex-
periments we concluded that Bcl-2:HL-60 cytosol did indeed
still contain Cif, which could be activated by the addition of
caspase 8 or caspase 3 and to a lesser extent caspase 7. Fur-
thermore, the activity of caspase-activated Cif was heat sensi-
tive, which was consistent with our previous observations that
STS-induced Cif in HL-60 cells was also heat sensitive (17).

The ability of each of the three caspases to activate Cif in the
Bcl-2:HL-60 S-100 extracts was inhibited by Ac-DEVD-CHO
(Fig. 6, panels 2). However, once activated by each caspase, Cif
activity was no longer inhibitable by Ac-DEVD-CHO (panels
3). This observation was consistent with the effect of caspase 8
on Jurkat cell extract (Fig. 5A) and once again demonstrated
that a caspase activity was required for Cif activation but was
not itself a component of Cif.

FIG. 3. Biochemical events following Fas activation in Jurkat cells. (A) Jur-
kat cells were treated with 150 ng of agonistic antibodies to Fas for 0, 1, 2, 3, and
4 h. At the end of each treatment, cytosolic extract was prepared from the cells
and subjected to Western blot analysis for the presence of caspase 8, cytochrome
c, and caspase 3. Activation of caspase 8 and caspase 3 was indicated by the
reduction in the amounts of the corresponding precursors (procaspases) which
remained in the cytosol at the end of each treatment. Mitochondrial cytochrome
c efflux was indicated by the presence of cytochrome c (Cyt. c) in the extracts. (B)
Jurkat cells were left untreated or treated with 150 ng of agonistic antibodies to
Fas per ml for 60 min. S-100 cytosolic extracts were prepared from the cells and
then incubated with Jurkat mitochondria for 15 min at 37°C. The samples were
then centrifuged to pellet mitochondria. The pellet (P) and supernatant (S) were
separated, and the cytochrome c (Cyt. c) content in each fraction was determined
by Western blot analysis.

FIG. 4. Caspase 8 can activate Cif in vitro. (A) Aliquots (100 mg) of S-100
cytosolic extract from Jurkat cells were left untreated (lane 1) or treated with 4
ml (100 ng) of caspase 8 (lane 3) or 4 ml (100 ng) of caspase 8 plus 1 ml of
Ac-DEVD-CHO (250 mM) (lane 4) at 37°C for 60 min. Then the samples were
incubated with mitochondria for 15 min at 37°C to assay for the presence of Cif
activity. Alternatively, the S-100 extract was treated with caspase 8 as in lane 3
and then at the end of the treatment, 10 mM Ac-DEVD-CHO was added to the
sample, which was then assayed for Cif activity (lane 5). As an additional control,
the mitochondria were incubated with just 25 ml of buffer (no S-100 cytosolic
extract) containing 100 ng of caspase 8 (lane 2). At the end of each treatment, the
samples were centrifuged to pellet the mitochondria. The pellet (P) and super-
natant (S) were separated, and the cytochrome c (Cyt. c) content in each fraction
was determined by Western blot analysis. (B) Aliquots (100 mg) of S-100 extract
from Jurkat cells were left untreated or treated with 100 ng of caspase 8 at 37°C
for 60 min. The samples were then subjected to a Western blot analysis for
caspase 3.
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In vitro activation of Cif by caspases does not alter the
status of Bcl-2 or Bax proteins in the cytosolic extract. It has
been shown that incubation of caspase 3 with Bcl-2 in vitro
results in degradation of Bcl-2 (5, 14). Furthermore, caspase
3-processed Bcl-2 protein fragments behave like apoptosis ef-

fectors and promote apoptosis (5). Therefore, it was possible
that the mechanism by which caspases activated Cif involved
Bcl-2 degradation or conversion of Bcl-2 into Cif. Similarly, it
was theoretically also possible that caspases processed Bax into
Cif. To test these hypotheses, the status of Bcl-2 and Bax was
determined by Western blot analyses with 100 mg of S-100
extract derived from Bcl-2:HL-60 cells that was either left
untreated (Fig. 7, lane 1), incubated with 5 ml of buffer (lane
2), or incubated with 100 ng (5 ml) of caspase 3, caspase 7, or
caspase 8 (lanes 3 to 5, respectively) at 37°C for 60 min. No
significant quantitative changes in Bcl-2 or Bax was observed,
indicating that the caspase-dependent activation of Cif does
not require proteolytic processing of Bcl-2 or Bax (Fig. 7).

Caspase-induced Cif activation correlates with Bid cleavage
and its activity is selectively neutralized by Bid antibodies.
While this paper was being reviewed, two groups reported that
the apoptosis effector Bid (59) is cleaved by caspase 8 and that
the C-terminal 15-kDa fragment, termed tBid (truncated Bid),
was capable of inducing cytochrome c efflux from isolated
mitochondria (28, 31). Furthermore, overexpression of Bcl-2 in
mitochondria blocked the action of tBid (31). Thus, the activity
of tBid appeared similar to the activity of Cif. To experimen-
tally test whether tBid and Cif were identical, we investigated
whether Cif activity in the S-100 extract from STS-treated
HL-60 cells was sensitive to anti-human Bid antibodies (31).
Bid antibodies potently inhibited cytochrome c efflux (Fig. 8A).
In contrast, antibodies directed against Mcl-1 and Bax failed to
inhibit Cif activity (Fig. 8A). Therefore, Cif activity was selec-
tively neutralized by Bid-specific antibodies. Next, the effect of
purified caspase 3 and caspase 8 on endogenous Bid in HL-60
S-100 extracts was determined. Both caspase 3 and caspase 8
cleaved Bid, producing the 15-kDa tBid, although caspase 8
cleaved Bid much more efficiently (Fig. 8B). Furthermore, the
Cif activity induced by either caspase 3 (100 ng) or caspase 8
(25 ng) was selectively neutralized by the Bid but not by the
Bax antibodies (Fig. 8C). Taken together, these results indicate
that tBid is identical to Cif.

Bcl-2 blocks the activation of caspases regardless of whether
they require Cif for their activation. Initiator caspases such as
caspase 8 clearly can be activated without cytochrome c efflux
(4, 33) whereas effector caspases such as caspase 3, 6, and 7 are
activated by a cytochrome c- and thus Cif-dependent mecha-
nism (29, 52). To experimentally test whether Bcl-2 was spe-
cifically blocking Cif-dependent caspase activation, we used
immunoblot analysis to examine the status of various caspases
in HL-60 and Bcl-2:HL-60 cells treated with STS. Caspases 3,
7, and 8 were readily activated by STS of HL-60 cells (Fig. 9).
None of these caspases was activated in STS-treated Bcl-2:
HL-60 cells, and caspase-2 was not activated in either cell line
(Fig. 9). Therefore, overexpression of Bcl-2 had an apparent
general inhibitory effect on the activation of caspases, regard-

FIG. 5. Cif activation by caspases in the S-100 cytosolic extract from Bcl-2:
HL-60 cells. (A) Aliquots (100 mg) of S-100 cytosolic extract from Bcl-2:HL-60
cells were left untreated (lane 1) or treated with 5 ml of buffer alone (lane 2), 5
ml (100 ng) of caspase 3 (lane 3), 5 ml (100 ng) of caspase 7 (lane 4), or 5 ml (100
ng) of caspase 8 (lane 5) for 60 min at 37°C. The samples were then incubated
with HL-60 mitochondria for 15 min at 37°C and then centrifuged to pellet the
mitochondria. The pellet (P) and supernatant (S) were separated, and the cyto-
chrome c content in each fraction was determined by Western blot analysis. (B)
HL-60 mitochondria were incubated with buffer alone or 100 ng of caspase 3,
caspase 7, or caspase 8 for 15 min at 37°C and then analyzed as described for
panel A. (C) Aliquots (100 mg) of S-100 cytosolic extract from Bcl-2:HL-60 cells
were treated with 100 ng of caspase 3 (lane 1), caspase 7 (lane 2), or caspase 8
(lane 3) for 60 min at 37°C. The samples were then heated at 100°C for 10 min,
incubated with mitochondria for 15 min at 37°C, and assayed as described for
panel A.

FIG. 6. Cif activation requires caspases. Aliquots (100 mg) of S-100 cytosolic
extract from Bcl-2:HL-60 cells were treated with 100 ng of caspase 3, caspase 7,
or caspase 8 in the absence (lanes 1) or presence (lanes 2) of 10 mM Ac-DEVD-
CHO at 37°C for 60 min. Alternatively, following caspase treatment, 10 mM
Ac-DEVD-CHO was added to the samples (lanes 3). The samples were then
incubated with HL-60 mitochondria for 15 min at 37°C and processed as de-
scribed in the legend to Fig. 5A.

FIG. 7. Absence of Bax and Bcl-2 degradation during caspase-induced Cif
activation. Aliquots (100 mg) of S-100 cytosolic extract from Bcl-2:HL-60 cells
were left untreated (lane 1) or treated with buffer alone (lane 2) or with 100 ng
of caspase 3 (lane 3), caspase 7 (lane 4), or caspase 8 (lane 5) for 60 min at 37°C.
The samples were then subjected to immunoblot analyses for Bax and Bcl-2.
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less of whether they required Cif or cytochrome c for their
activation.

DISCUSSION

Cif is a cytosolic activity that is required for cytochrome c
efflux (17). In this study, we have demonstrated that Cif activity
is regulated by caspases and Bcl-2. In particular, Cif activation

by STS was blocked by Bcl-2 overexpression in HL-60 cells
(Fig. 2). The refractory nature of the Cif activation induced by
Bcl-2 appeared to be associated with the inhibition of activa-
tion of numerous caspases, which, at least in vitro, were oth-
erwise capable of activating Cif (Fig. 4 to 6). Therefore, the
transduction of STS-induced apoptotic signals appeared to in-
volve the activation of caspases, which activated Cif, which
then acted on the mitochondria to facilitate cytochrome c
efflux (Fig. 10). Together, these results provide strong evidence
for the existence of an apoptotic signal transduction pathway,
mediated by Cif, from the cell cytosol to the mitochondria, and
they elaborate the regulatory roles played by Cif, Bcl-2, and
caspases (Fig. 10).

Cif is Bid and not Bax. At the beginning of this study, Bax
was considered a likely candidate for Cif, particularly since (i)
recombinant Bax was reported to induce cytochrome c efflux
(11, 22); (ii) Bax can translocate from the cytosol to the mito-
chondria during apoptosis (61); (iii) the activity of Bax is an-
tagonized by Bcl-2 (40); (iv) overexpression of Bax in some, but
not all, cell types induced apoptotic activities including mito-
chondrial cytochrome c efflux (reviewed in references 45 and
46); and (v) the cytosol of HL-60 cells contained Bax (Fig. 2A).
Therefore, it was plausible that in HL-60 cells cytosolic Bax
was Cif, which was translocated to mitochondria and induced
cytochrome c efflux during the process of apoptosis. In Bcl-2:
HL-60 cells, most, if not all, Bax protein in the cytosol would be
neutralized by Bcl-2 and thus cytochrome c efflux would be
abrogated. Lastly, treatment of the S-100 cytosolic extract from
Bcl-2:HL-60 cells with various caspases, including caspase 3,
produced active Cif (Fig. 5 and 6), and it has been shown that
treatment of Bcl-2 with caspase 3 resulted in the degradation
of Bcl-2 (5, 14). Therefore, it was possible that caspase treat-
ment degraded the excess Bcl-2 protein and freed Bax, which
then acted on the mitochondria to induce cytochrome c efflux.
This hypothesis, however, seems unlikely. First, Cif-induced
cytochrome c efflux from HL-60 mitochondria occurred with-
out any change in the amount of Bax in the mitochondria (17).
Second, although treatment of the Bcl-2:HL-60 S-100 cytosolic
extract with caspases activated Cif, there was no apparent
degradation of Bcl-2 (Fig. 7), indicating that it was unlikely
that the caspase treatment was altering the ability of Bcl-2 to
inhibit Bax. Lastly, antibodies directed against Bax were inca-
pable of neutralizing caspase 3-, caspase 8-, or STS-activated

FIG. 8. Cif activity is selectively sensitive to Bid-specific antibodies. (A) A
20-ml volume of S-100 extract from STS-treated HL-60 cells was left untreated
(Control) or incubated with 3 ml of rabbit polyclonal antibodies to human Mcl-1
(Mcl-1 AB), Bax (Bax AB), or Bid (Bid AB) at 20°C for 15 min. The extracts
were then incubated with HL-60 mitochondria for 15 min at 37°C. The samples
were then centrifuged to pellet the mitochondria. The pellet (P) and supernatant
(S) were separated, and the cytochrome c content in each fraction was deter-
mined by Western blot analysis. (B) Aliquots (100 mg) of S-100 extract prepared
from Bcl-2:HL-60 cells were treated with various amounts of caspase 3 or caspase
8 for 60 min at 37°C. The samples were then subjected to electrophoresis and
Western blot analyses to determine the status of Bid. (C) Aliquots (100 mg) of
S-100 extract prepared from Bcl-2:HL-60 cells were treated with 100 ng of
caspase 3 or 25 ng of caspase 8 for 60 min at 37°C. Then the samples were either
left untreated (Control) or incubated with 3 ml of rabbit polyclonal anti-human
Bax (Bax AB) or Bid (Bid AB) antibodies at 20°C for 15 min. The extracts were
incubated with HL-60 mitochondria for 15 min at 37°C, and the samples were
centrifuged to pellet mitochondria. Aliquots of the supernatant were subjected to
electrophoresis and Western blot analyses for the presence of effluxed cyto-
chrome c (Cyt. c) by caspase 3-activated samples (top) and caspase 8-activated
samples (bottom).

FIG. 9. Activation of caspases is blocked in Bcl-2:HL-60 cells. HL-60 and
Bcl-2:HL-60 cells were left untreated (2) or treated with 5 mM STS for 4 h (1).
S-100 extracts were then prepared from the cells, and samples (100 mg) were
subjected to Western blot analyses for the indicated caspases.
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Cif activity (Fig. 8). Thus, it seems highly likely that Cif is not
Bax.

Another candidate for Cif was Bid, since very recent studies
by two independent groups using quite different approaches
demonstrated that Bid is cleaved by caspase 8 in Fas-activated
cells (28, 31). The resulting truncated Bid fragment (tBid),
containing the C-terminal 15 kDa of Bid, was responsible for
inducing cytochrome c efflux from isolated mitochondria (28,
31). Thus, the regulation of Bid by caspase 8 strongly mimicked
the regulation observed for Cif. Indeed, it seems likely that Bid
and Cif are identical since (i) the activity of Cif produced in
STS-treated HL-60 cells or by caspases in vitro was selectively
neutralized by Bid-specific antibodies (Fig. 8A and C) and (ii)
the activation of Cif by caspases correlated with the production
of tBid (Fig. 8B). Furthermore, Cif activation by STS was
blocked by Bcl-2 overexpression in HL-60 cells (Fig. 2). There-
fore, the transduction of STS-induced apoptotic signals ap-
peared to involve the activation of caspases, which activated
Cif/Bid, which then acted on the mitochondria to facilitate
cytochrome c efflux.

What is the mitochondrial receptor for Cif/Bid? The iden-
tification of Bid as Cif immediately poses two questions: how
does Cif/Bid bind to the mitochondria, and how does it facil-
itate cytochrome c efflux? Cif/Bid is a Bcl-2 family member that
contains a BH3 (Bcl-2 homology 3) domain (59). Through the
use of this domain, Cif/Bid is capable of interacting with other
Bcl-2 family members (59; reviewed in reference 46). There-
fore, a plausible hypothesis is that Cif/Bid and Bcl-2 compete

for binding to the same target protein in the membrane of
mitochondria, much in the same way that cytochrome c and
Bcl-2/Bcl-XL are thought to compete for binding to Apaf-1
(reviewed in reference 18). The results of Cif/Bid or Bcl-2
binding, however, would have different biological results. Thus,
binding of Bcl-2 to the target protein would block, whereas
binding of Cif/Bid would facilitate, cytochrome c efflux. In-
deed, mitochondria derived from Bcl-2:HL-60 cells were resis-
tant to the effect of Cif/Bid (Fig. 1), indicating that mitochon-
drial Bcl-2 can antagonize Cif/Bid (Fig. 10). In this regard,
mitochondrial Bax and Bad would be strong candidates for the
target protein. This model is also attractive since it would
explain why the simple overexpression of Bax (40) or Bad (62)
in the mitochondria of some cells does not result in spontane-
ous apoptosis but is still dependent upon apoptosis induction.

Alternatively, Cif/Bid may interact with the mitochondria
through a novel domain and utilize its BH3 domain solely to
facilitate cytochrome c efflux. The observation that a BH3
mutant of Bid is capable of binding to mitochondria but inca-
pable of inducing cytochrome c efflux favors this model (31).
Additional experimentation will be required to identify (i) the
mitochondrial receptor for Bid and (ii) the Bcl-2 family mem-
ber which mediates cytochrome c efflux in a Bid BH3-depen-
dent fashion.

Cif/Bid regulation by caspases. Activation of Fas by Fas
ligand or agonistic anti-Fas antibodies induces the formation
of the DISC complex on the cytoplasmic side of the cell mem-
brane, which then activates procaspase 8 (25, 43). Activated

FIG. 10. Model for the transduction processes of apoptotic signals and their regulation by Bcl-2, caspases, and Cif. The model shows that activation of Fas by its
ligand is followed by activation of caspase 8, which subsequently activates Cif/Bid either directly or indirectly by activating other upstream caspases. Alternatively,
apoptotic signals generated by STS treatment can lead to the activation of an upstream caspase(s), a process that can be inhibited by the presence of Bcl-2 protein in
the cytosol. Activation of Cif/Bid represents the convergence of the various apoptotic signals. Cif/Bid acts on the mitochondria and induces cytochrome c (Cyt. c) efflux.
It is anticipated that Bcl-2 antagonizes Cif/Bid activity at a site on the outer membrane of mitochondria. The efflux of cytochrome c into the cytosol then activates a
proteolytic cascade, leading to the activation of caspase 3 as long as the concentrations of dATP, Apaf-1, and caspase 9 are sufficient.
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caspase 8 is then believed to activate downstream “effector”
caspases, which cleave cellular targets and facilitate apoptosis
(Fig. 10). In addition, recent studies demonstrated that apo-
ptosis induction by Fas in Jurkat cells involves mitochondrial
cytochrome c efflux (49, 58). Furthermore, this process was
blocked by treatment of the cells with a general caspase inhib-
itor, zVAD-fmk, suggesting a role for caspases in the process
of mitochondrial cytochrome c efflux (58). Therefore, it was
possible that caspase 8 or an effector caspase acts directly on
mitochondria and induces cytochrome c efflux. Alternatively,
the caspase 8 or effector caspase could activate a factor(s),
which targets mitochondria and induces cytochrome c efflux.
The former possibility seems unlikely since the incubation of
mitochondria with exogenous caspase 8 did not induce cyto-
chrome c efflux (Fig. 4A). Rather, our data indicated that
caspase 8 activated a factor (Cif/Bid) which then acted on
mitochondria and induced cytochrome c efflux (Fig. 4A). A
similar conclusion was drawn in recent studies in which it was
demonstrated that caspase 8 was able to activate a Cif-like
activity which was responsible for inducing mitochondrial cy-
tochrome c efflux (27, 28, 31). Whether caspase 8 directly
activates Cif/Bid in vivo or does so through activation of an-
other caspase is still unclear. If the latter possibility is correct,
it seems highly unlikely that the caspase which activates Cif/Bid
is caspase 3 in spite of the potent inhibition by Ac-DEVD-
CHO (57) and the (albeit weak) ability of purified caspase 3 to
cleave Bid in vitro (Fig. 8), since the amount of caspase 8 that
was required to activate Cif/Bid was not sufficient to activate
caspase 3 (Fig. 4B). This strongly suggests that before active
caspase 8 can accumulate to a level sufficiently high for acti-
vation of effector caspases such as caspase 3, it can activate
Cif/Bid, which then acts on the mitochondria and induces cy-
tochrome c efflux.

Role of apoptosis suppressors. The Bcl-2 family of apoptosis
suppressors is thought to abrogate apoptosis at least in part by
blocking cytochrome c efflux (10, 23, 26, 58, 63). Our results
clearly support this hypothesis. Thus, purified Bcl-2:HL-60 mi-
tochondria, which contained at least four times the normal
amount of Bcl-2, were refractory to cytochrome c efflux when
exposed to activated HL-60 cytosol (Fig. 1). The mechanism by
which apoptosis suppressors block cytochrome c efflux is un-
clear. The structures of Bcl-2 and Bcl-XL resemble pore-form-
ing domains of bacterial toxin proteins (32, 50), and it has been
suggested that Bcl-2 and Bcl-XL may directly regulate the
efflux of cytochrome c and/or may regulate the flow of ions into
the mitochondria and indirectly affect cytochrome c efflux (re-
viewed in references 45 and 46). Alternatively, the proapo-
ptotic protein Bax can also form ion channels in synthetic
membranes and these could actively facilitate cytochrome c
efflux (2). Since Bcl-2 and Bcl-XL are known to physically
interact with and neutralize Bax (40), they may act by suppress-
ing the ion channel activity of Bax. Regardless of the actual
mechanism by which the Bcl-2 family suppresses cytochrome c
efflux, our data support the notion that overexpression of ap-
optosis suppressors can block cytochrome c efflux induced by
activated Cif/Bid. Similar observations have been made re-
cently by Yuan, Wang and their colleagues (28, 31).

Unexpectedly, it has been demonstrated that overexpression
of apoptosis suppressors can also function downstream of cy-
tochrome c efflux to block apoptosis (42, 47, 66). In particular,
it has been hypothesized that the additional inhibition caused
by Bcl-2 and Bcl-XL may be due to their ability to compete for
binding to Apaf-1, the cytosolic cytochrome c receptor (re-
viewed in reference 18). This hypothesis was supported by the
recent demonstration that Bcl-XL can physically interact with
Apaf-1 (42). This mechanism clearly cannot explain the apo-

ptotic resistance of Bcl-2:HL-60 cells (63). In particular, the
cytosolic extract prepared from Bcl-2:HL-60 cells was unable
to induce cytochrome c efflux from normal HL-60 mitochon-
dria (Fig. 2). Since cytochrome c is not even fluxed in this
situation, Bcl-2 cannot be inhibiting apoptosis by competing
with its binding to Apaf-1. Instead, our data strongly suggest
that Bcl-2 is inhibiting apoptosis upstream of cytochrome c
efflux from the mitochondria. Specifically, Bcl-2 prevented the
activation of Cif/Bid (Fig. 2). We believe that this is due to the
ability of Bcl-2 to inhibit an upstream initiator caspase similar
or identical to caspase 8. This hypothesis is consistent with the
finding that the addition of exogenous activated caspases could
overcome the inhibition caused by Bcl-2 (Fig. 5). In summary,
previous studies have suggested that the apoptosis suppressor
Bcl-2 can inhibit apoptosis by two distinct mechanisms: by
competitively binding to Apaf-1 to prevent caspase 9 activation
and by blocking cytochrome c efflux. Here, by breaking down
the cytochrome c efflux mechanism in vitro into two essential
parts (mitochondria and cytosol), we have confirmed that Bcl-2
can block cytochrome c efflux. In addition, we have demon-
strated that inhibition can occur by a third mechanism; namely,
by abrogating Cif activation, probably due to the inhibition
(direct or indirect) of caspase activation.
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