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Abstract
Bcl-xS, a proapoptotic member of the Bcl-2 protein family, is
localized in the mitochondria and induces apoptosis in a
caspase- and BH3-dependent manner by a mechanism
involving cytochrome c release. The way in which Bcl-xS
induces caspase activation and cytochrome c release, as well
as the relationship between Bcl-xS and other proapoptotic
members of the Bcl-2 family, is not known. Here we used
embryonic fibroblasts derived from mice deficient in the
multidomain proapoptotic members of the Bcl-2 family (Bax
and Bak) and the apoptotic components of the apoptosome
(Apaf-1 and caspase-9) to unravel the cascade of events by
which Bcl-xS promotes apoptosis. Our results show that Bak
but not Bax is essential for Bcl-xS-induced apoptosis. Bcl-xS
induced activation of Bak, which in turn promoted apoptosis
by apoptosome-dependent and -independent pathways.
These findings provide the first evidence that a proapoptotic
Bcl-2 family protein induces apoptosis exclusively via Bak.
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Introduction

Programmed cell death, or apoptosis, is a regulated mechan-
ism by which unwanted cells are selectively eliminated. Key
participants in apoptosis are intracellular organelles, the best
characterized of which are the mitochondria. When, as a

result of apoptotic stimulation, the outer mitochondrial
membrane (OMM) becomes permeable, proteins (such as
cytochrome c) that are normally stored in the intermembrane
space are released to the cytosol. Once in the cytosol,
cytochrome c induces generation of the oligomeric complex
termed the ‘apoptosome’, which contains cytochrome c, Apaf-
1, and caspase-9. Generation of the apoptosome leads to
activation of caspase-9, which then cleaves and activates the
effector caspases, caspase-3 and caspase-7 (for reviews,
see Wang1 and Lim et al.2).

The apoptosome plays an important role in many apoptotic
pathways, as shown for example by the resistance of cells
deficient in Apaf-1, caspase-9, or caspase-3 to different
apoptotic stimuli.3 This mitochondria-mediated apoptotic
pathway is regulated by the critical regulators of apoptosis,
the Bcl-2 family of proteins, which contains both anti- and
proapoptotic members. The antiapoptotic members, such as
Bcl-2 and Bcl-xL, protect cells from apoptosis and contain
characteristic regions of Bcl-2 homology (BH) domains,
designated BH1, BH2, BH3, and BH4. The proapoptotic
members of the family can be divided into two subgroups: (1)
proteins that contain two or three BH domains, such as Bax,
Bak, and Bok, and (2) proteins such as Bad, Bid, Bik, Bim, Blk,
Hrk, Noxa, and Puma, which contain only BH3, the domain
essential for their binding to the antiapoptotic members of the
family and for their killing effect (for reviews, see Gross et al.4,
Borner5, Bouillet and Strasser,6 and Adams and Cory7).
Experiments with cells from mice lacking both Bax and Bak
[Bax�/� Bak�/� double knockout (DKO) mice] demonstrate
that Bax and Bak have a role distinct from that of the BH3-only
protein. Thus, for example, mouse embryonic fibroblasts
(MEFs) lacking both Bax and Bak are resistant to apoptosis
induced by overexpression of BH3-only proteins such as Bid,
Bim, Bad, and Noxa, indicating that the BH3-only proteins
require the presence of Bax/Bak proteins for their apoptotic
effect.8–10 In addition, Bax and Bak can compensate for each
other, as MEFs that express either Bax or Bak are sensitive to
apoptosis induced by expression of BH3-only proteins.8,9 In
healthy cells, Bax usually exists as a monomer in the
cytoplasm or loosely attached to the OMM, whereas Bak
appears to be attached to the mitochondria. After apoptotic
stimulation, the mitochondrial Bak undergoes conformational
changes from an inactive to an active form, whereas Bax, in
some cases, first translocates to the mitochondria and only
then undergoes conformational changes to its active form.
The Bak/Bax conformational changes include induction of an
open conformation in which the N terminus (NT) of the
proteins is exposed. This open conformation leads in turn to
oligomerization of the nonactivated conformers, causing a
cascade of Bax/Bak auto-oligomerization (for reviews, see
Sharpe et al.11 and Degli Esposti and Dive12).

Bcl-xS, a proapoptotic protein of the Bcl-2 protein family, is
an alternative splicing form of the Bcl-x gene. It contains the
BH3 and BH4 domains and a transmembrane region.13 A
number of studies have suggested that Bcl-xS might play an
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important role in some apoptotic systems. For example,
expression of Bcl-xS is increased during apoptosis in transient
forebrain global ischemia,14,15 in involuting mammary epithe-
lial cells,16 in hypertensive nephrosclerosis,17 and during
apoptosis induced by balloon injury in carotid arteries18 or by
interleukin-18 in endothelial cells.19 Bcl-xS was also sug-
gested to participate in apoptosis of cancer cells, implying that
targeting of Bcl-xS expression on cancer cells might be a
useful therapeutic approach for the specific killing of these
cells. These suggestions were supported by the findings that
short duration of relapse-free survival and overall survival in
acute myelogenous leukemia correlates with loss of Bcl-xS

expression20 and that Bcl-xS plays a role in apoptosis induced
by actinomycin D in human gastric cancer TMK-1 cells.21

Furthermore, infection with an adenoviral vector containing
Bcl-xS cDNA specifically induces apoptosis in several types of
cancer cells,22–25 and transfer of Bcl-xS plasmid is effective in
preventing and inhibiting rat hepatocellular carcinoma in-
duced by N-nitrosomorpholine.26 Unraveling the mechanism
of Bcl-xS-induced apoptosis could therefore have important
clinical implications.

Studies by our group and others have shown that caspases
are needed for the apoptotic effect of Bcl-xS and that
ectopically expressed Bcl-xS is localized in the mitochondria,
where it induces caspase-dependent and -independent
cytochrome c release. Furthermore, Bcl-xS induces apoptosis
in a BH3-dependent manner and the antiapoptotic proteins of
the Bcl-2 family inhibit Bcl-xS-induced apoptosis.27–32 Not yet
known, however, are the initial events by which Bcl-xS induces
mitochondrial dysfunction, the relationship between Bcl-xS

and other proapoptotic members of the Bcl-2 family, or the role
of the apoptosome in Bcl-xS-induced apoptosis. In an attempt
to unravel these unknown aspects of Bcl-xS activity, we
studied the mechanism of Bcl-xS-induced apoptosis in MEFs
derived from mice deficient in distinct apoptotic components,
including proteins of the apoptosome pathway and proapop-
totic members of the Bcl-2 family. Our results showed that Bcl-
xS induced apoptosis in these cells via Bak activation and,
moreover, that the Bcl-xS-induced apoptosis was entirely
dependent on Bak but not on Bax. In addition, we showed that
Bcl-xS-induced apoptosis was mediated via apoptosome-
dependent and -independent pathways. These findings
provide the first evidence that apoptotic stimuli can promote
apoptosis via a pathway in which Bak cannot be compensated
for by Bax.

Results

The apoptosome is required for cell death induced
by Bcl-xS

Transient cotransfection of wild-type (WT) MEFs with FLAG-
Bcl-xS and secreted alkaline phosphatase (SEAP) expression
vectors, and determination of cell viability by monitoring SEAP
activity in the transfected cells 24 h later, revealed that Bcl-xS

is capable of inducing cell death in MEFs in a dose-dependent
manner (data not shown). This finding established that MEFs
are suitable as a model for studying the molecular mechanism
of Bcl-xS-induced apoptosis.

Previous studies from our laboratory showed that in many
cell types, Bcl-xS induces apoptosis by a mechanism that
involves cytochrome c release30 and caspase activation.28,30

Those results thus suggested that the Bcl-xS-induced
apoptosis is mediated via the apoptosome, which in turn
might lead to caspase activation. To substantiate this notion,
we examined the ability of Bcl-xS to induce apoptosis in MEFs
derived from mice deficient in the apoptosome components
Apaf-1 or caspase-9.

FLAG-Bcl-xS and SEAP expression vectors were cotrans-
fected into MEFs deficient in Apaf-1 or caspase-9 or into their
corresponding WT MEFs (WT1 for Apaf-1-deficient and WT2
for caspase-9-deficient MEFs). We assessed cell viability by
monitoring SEAP activity in the cells 24, 48, 72, and 96 h after
transfection. Figure 1a shows that, at all time points
examined, both Apaf-1-deficient and caspase-9-deficient
MEFs were much more resistant to Bcl-xS-induced cell death
than their corresponding WT MEFs. The resistance of Apaf-
1�/� and caspase-9�/� MEFs to Bcl-xS-induced apoptosis
could not be attributed to the absence or decline of Bcl-xS

expression in these cells, as Bcl-xS protein was expressed in
comparable amounts in the different Bcl-xS-transfected MEFs
(Figure 1b). Because the SEAP activity assay reflects the
effect of Bcl-xS in a pool of cells rather than on a single-cell
basis, and to exclude the possibility that deficiency of Apaf-1
or caspase-9 does not prevent Bcl-xS-induced cell death but
only delays it, we also assessed cell viability by the colony-
formation assay, which assesses the effect of the transfected
gene both over long periods and on a single-cell basis. The
puromycin-resistant plasmid, pGKpuro, was cotransfected
with either FLAG-Bcl-xS or empty vector into MEFs deficient in
Apaf-1 or caspase-9 or into their corresponding WT MEFs,
and the numbers of puromycin-resistant colonies were
counted 2 weeks later. As shown in Figure 1c, the percentage
of puromycin-resistant colonies obtained in FLAG-Bcl-xS-
transfected cultures from cultures transfected with the empty
vector was much higher in MEFs deficient in Apaf-1 or
caspase-9 than in their corresponding WT MEFs. Taken
together, these results suggest that Apaf-1 and caspase-9 are
required for Bcl-xS-induced cell death, and therefore that the
apoptosome plays an important role in execution of the
apoptotic effect of Bcl-xS. Because the apoptosome induces
caspase activation, these results further suggest that cas-
pases might play an important role in Bcl-xS-induced
apoptosis in MEFs. To substantiate this notion, we examined
the ability of Z-VAD-FMK, a broad-spectrum inhibitor of
caspases, to inhibit Bcl-xS-induced apoptosis in WT MEFs.
As shown in Figure 2a, Z-VAD-FMK substantially inhibited
Bcl-xS-induced cell death.

Bcl-xS-induced apoptosis is mediated by a Bak-
dependent pathway that cannot be compensated
for by Bax

Studies have shown that BH3-only proteins, as well as various
other apoptotic stimuli, require the presence of Bax and Bak
proteins for their apoptotic effect, and that each of these
proteins can compensate for the other.8,9 To determine
whether Bax and/or Bak are needed for cell death induced
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by Bcl-xS, we cotransfected FLAG-Bcl-xS and SEAP expres-
sion vectors into Bax�/�, Bak�/�, DKO, or WT MEFs, and
assessed cell viability by monitoring SEAP activity in the
transfected cells 24, 48, 72, and 96 h later. Figure 2a shows

that WT MEFs and Bax-deficient MEFs were highly suscep-
tible to Bcl-xS-induced cell death, whereas both Bak-deficient
and DKO MEFs were much more resistant at all time points
tested. The resistance of Bak�/� and DKO MEFs to the Bcl-
xS-induced cell death could not be attributed to the lack of or
decline in Bcl-xS expression, as Bcl-xS protein was expressed
in comparable amounts in the different Bcl-xS-transfected
MEFs (Figure 2b). Furthermore, analysis of colony formation
(Figure 2c) confirmed the results obtained by the SEAP assay
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Figure 2 Bak is required for Bcl-xS-induced cell death. Bax�/�, Bak�/�, and
DKO, and their corresponding WT MEFs (WT) were transiently cotransfected
with the reporter SEAP and FLAG-Bcl-xS expression vectors. Z-VAD-FMK
(100 mM) (Z-VAD) was added to some of the cultures as described in Materials
and Methods. (a) SEAP activity in each transfection was determined after 24, 48,
72, and 96 h, as described in Materials and Methods. Cell survival is defined as
SEAP activity in cultures transfected with FLAG-Bcl-xS and is expressed as the
percentage of SEAP activity in cultures transfected with the control vector
pcDNA3. Data are expressed as mean values7S.D. (n¼ 3). (b) Expression of
FLAG-Bcl-xS was assayed in the different FLAG-Bcl-xS MEFs transfected
cultures, as described in Figure 1. The data shown are from a representative
experiment that was also analyzed for cell viability, and its SEAP values are
included in the mean values of the data presented for the 24 h time point in (a). (c)
Bax�/�, Bak�/�, and DKO, and their corresponding WT MEFs (WT) were
cotransfected with pGKpuro and either FLAG-Bcl-xS or pcDAN3 as described in
Materials and Methods, and the colony-formation data were expressed as
described in Figure 1. An asterisk denotes a significant difference in the
percentage of cell survival between Bak�/� or DKO MEFs and WT MEFs
(Po0.002, two-tailed Student’s t-test)
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Figure 1 Apaf-1 and caspase-9 are required for Bcl-xS-induced cell death.
Apaf-1�/� and caspase-9�/�, and their corresponding WT MEFs (WT1 and
WT2, respectively) were transiently cotransfected for 24 h with the reporter SEAP
and FLAG-Bcl-xS expression vectors. (a) SEAP activity in each transfection was
determined after 24, 48, 72, and 96 h, as described in Materials and Methods.
Cell survival is defined as SEAP activity in cultures transfected with FLAG-Bcl-xS

and is expressed as a percentage of SEAP activity in cultures transfected with the
control vector pcDNA3. Data are expressed as mean values7S.D. (n¼ 3). (b)
Expression of FLAG-Bcl-xS in the different MEF cultures transfected with FLAG-
Bcl-xS plasmid was assayed by immunoblot analysis, as described in Materials
and Methods. The data shown are from a representative experiment that was
also analyzed for cell viability, and its SEAP values are included in the mean
values of the data presented for the 24 h time point in (a). (c) Apaf-1�/� and
caspase-9�/�, and their corresponding WT MEFs were cotransfected with
pGKpuro and either FLAG-Bcl-xS or pcDAN3 as described in Materials and
Methods. Puromycin-resistant clones were counted 2 weeks after selection.
Colony formation is defined as the number of puromycin-resistant clones
obtained from cultures transfected with FLAG-Bcl-xS and is expressed as a
percentage of puromycin-resistant clones in cultures transfected with the control
vector pcDNA3. Data are expressed as mean values7S.D. (n¼ 3). An asterisk
denotes a significant difference in the percentage of cell survival between Apaf-
1�/� or caspase-9�/� MEFs and their corresponding WT MEFs (Po0.02, two-
tailed Student’s t-test)
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and showed that both Bak-deficient and DKO MEFs were
completely resistant to Bcl-xS-induced cell death, whereas
WT MEFs and Bax-deficient MEFs were highly susceptible to
it. These results thus suggest that Bak is required for Bcl-xS-
induced apoptosis, but Bax is not.

Bcl-xS induces Bak activation in an Apaf-1-,
caspase-9-, and Bax-independent manner and Bax
activation in a Bak-dependent manner

The above results showed that Bcl-xS requires Bak but not
Bax for its apoptotic effect. To further analyze the roles of Bak
and Bax in Bcl-xS-induced apoptosis, we examined whether
Bcl-xS induces Bak or Bax activation and the extent to which
such activation, if it exists, depends on the presence of Bax,
Bak, Apaf-1, or caspase-9. Previous studies have shown that
after apoptotic stimulation, Bak and Bax undergo conforma-

tional changes from an inactive to an active form, a process
that includes exposure of their NTs.33,34 The exposed NT
conformation of Bax or Bak can be recognized by specific
antibodies directed against the NT region of these pro-
teins.35,36 Detection of Bax or Bak proteins by these specific
antibodies shows that these proteins have an NT-exposed
conformation, suggesting that they are activated. Therefore,
in an attempt to examine the effect of Bcl-xS on Bak and Bax
activation, the different MEFs were transfected with the green
fluorescent protein (GFP) GFP-Bcl-xS expression vector, and
exposure of the NTs of endogenous Bak or Bax proteins in the
GFP-Bcl-xS-expressing cells was detected by immunofluor-
escence staining with anti-Bak-NT or anti-Bax-NT antibodies.

First we examined Bak activation. As exemplified in
Figure 3a, expression of GFP-Bcl-xS in the WT MEFs induced
apoptosis in the transfected cells, indicated by the fragmented
morphology of nuclei of the GFP-Bcl-xS-expressing cells
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Figure 3 Bcl-xS induces exposure of Bak-NT in an Apaf-1-, caspase-9-, and Bax-independent manner. WT, Apaf-1�/�, caspase-9�/�, or Bax�/� MEFs were
transiently transfected with GFP-Bcl-xS or GFP expression vectors, as described in Materials and Methods. After 24 h, the cells [GFP-Bcl-xS transfected (a) and GFP
transfected (not shown)] were stained with anti-Bak-NT antibody and with Hoechst 33258 (for staining of nuclei) and visualized by fluorescence microscopy using the
appropriate filter sets, as described in Materials and Methods. The images of each MEF cell line represent the same field visualized separately for the detection of GFP-
Bcl-xS expression, Bak-NT staining, and Hoechst-stained nuclei (Nuclei). The results presented are from a representative experiment (one of at least three experiments).
Arrows indicate nuclei of cells that do not express Bcl-xS. (b) Quantitative analysis of GFP-Bcl-xS- or GFP-positive cells exhibiting Bak-NT immunoreactivity, expressed
as a percentage of the total number of GFP-Bcl-xS- or GFP expressing cells in the different MEFs. Each histogram indicates mean values7S.D. of a total of at least 200
cells from at least three independent experiments
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compared to the healthy nuclear morphology of neighboring
cells not expressing GFP-Bcl-xS. Importantly, moreover, the
GFP-Bcl-xS-expressing cells were stained with anti-Bak-NT
antibodies, whereas the nontransfected cells were not. These
results suggested that the expression of Bcl-xS in MEFs
induced Bak activation. Examination of anti-Bak-NT staining
in GFP-Bcl-xS-transfected Apaf-1�/�, caspase-9�/�, and
Bax�/� MEFs revealed that, as in WT MEFs, the GFP-Bcl-
xS-expressing cells were also stained with the anti-Bak-NT
antibodies. This suggested that Bcl-xS had induced Bak
activation in these cells as well, and that the activation was
independent of Apaf-1, caspase-9, and Bax. The staining
pattern of activated Bak in all of the MEFs was similar if not
identical to the cellular distribution pattern of GFP-Bcl-xS,
suggesting that these two proteins were colocalized. Since
Bcl-xS is strongly associated with the mitochondria28,37 these
results further suggested that this is the colocalization site of
the two proteins. Quantitative analysis of the Bak-NT-stained
GFP-Bcl-xS-positive cells relative to the total number of GFP-
Bcl-xS-expressing cells in WT, Apaf-1�/�, caspase-9�/�, or
Bax�/� MEFs revealed that almost all of the GFP-Bcl-xS-
expressing cells in these different MEFs (9573, 8875,

8576, or 8875%, respectively) contained activated Bak
(Figure 3b). To exclude the possibility that the transfection
procedure rather than Bcl-xS expression was responsible for
Bak activation, we examined Bak-NT exposure in WT, Apaf-
1�/�, caspase-9�/�, and Bax�/� MEFs transfected with GFP
expression vector. Quantitative analysis (Figure 3b) of the
Bak-NT-stained GFP-positive cells relative to the total number
of GFP-expressing cells in these MEFs revealed that only a
small proportion of the GFP-expressing cells (about 2–15%)
contained activated Bak. These results thus demonstrate that
Bak-NT exposure is a result of Bcl-xS expression and not of
the transfection procedure.

Next we examined the effect of Bcl-xS on Bax activation.
GFP-Bcl-xS-expressing WT, Apaf-1�/�, and caspase-9�/�

MEFs all showed positive staining with anti-Bax NT antibodies
(Figure 4a), indicating that although Bax was not required for
Bcl-xS-induced apoptosis in MEFs, it was nevertheless
activated. This finding also showed that the Bcl-xS-induced
activation of Bax was independent of Apaf-1 and caspase-9.
In contrast to the effect of GFP-Bcl-xS on Bax activation
observed in WT, Apaf-1�/�, and caspase-9�/� MEFs, it did not
induce Bax activation in Bak�/� MEFs, as shown by the failure
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Figure 4 Bcl-xS induces Bax activation in a Bak-dependent manner. WT, Apaf-1�/�, caspase-9�/�, or Bak�/� MEFs were transiently transfected with GFP-Bcl-xS or
GFP expression vectors, as described in Materials and Methods. After 24 h, the cells [GFP-Bcl-xS transfected (a) and GFP transfected (not shown)] were stained with
anti-Bax-NT antibody and with Hoechst 33258 (for staining of nuclei) and visualized by fluorescence microscopy using the appropriate filter sets, as described in
Materials and Methods. The images of each MEF cell line represent the same field visualized separately for the detection of GFP-Bcl-xS expression, Bak-NT staining,
and Hoechst-stained nuclei (Nuclei). The results presented are from a representative experiment (one of at least three experiments). (b) Quantitative analysis of GFP-
Bcl-xS- or GFP-positive cells exhibiting Bax-NT immunoreactivity, expressed as a percentage of the total number of GFP-Bcl-xS- or GFP expressing cells in the different
MEFs. Each histogram indicates mean values7S.D. of a total of at least 200 cells from at least three independent experiments. An asterisk denotes a significant
difference in the percentage of cell survival between caspase-9�/� or Bak�/� MEFs and WT MEFs (Po0.0003, two-tailed Student’s t-test)
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of these cells to exhibit immunoreactivity of Bax NT. These
results thus suggest that the Bcl-xS-induced activation of Bax
is Bak-dependent. In addition, as shown above for Bak, in all
GFP-Bcl-xS-expressing MEFs, the activated Bax was coloca-
lized with Bcl-xS, suggesting that the Bcl-xS-induced activated
Bax is present in the mitochondria. Quantitative analysis
(Figure 4b) showed that in WT and Apaf-1�/� MEFs the
percentage of GFP-Bcl-xS-expressing cells exhibiting Bax
activation was 9176 and 8979% respectively, whereas in
Bak�/� MEFs it was only 375%. Interestingly, in caspase-9�/�

MEFs, only 5172% of the GFP-Bcl-xS-expressing cells
exhibited Bax NT staining, indicating that Bax activation could
be both dependent on caspase-9 and independent of it.
Quantitative analysis (Figure 4b) of the Bax-NT-stained GFP-
positive cells relative to the total number of GFP-expressing
cells in WT, Apaf-1�/�, caspase-9�/�, or Bak�/� MEFs
revealed that only a small proportion of the GFP-expressing
cells (about 2–13%) contained activated Bax. These results
thus demonstrate that Bax-NT exposure results from Bcl-xS

expression and not from the transfection procedure.

Bcl-xS-induced cytochrome c release is dependent
on Bak but independent of Apaf-1, caspase-9, and
Bax

The experiments depicted in Figure 1a showed that Apaf-1
and caspase-9 are needed for Bcl-xS-induced apoptosis,
suggesting a role for the apoptosome in Bcl-xS-induced cell
death. Since generation of the apoptosome is induced by
cytochrome c released from the mitochondria,38 we wanted to
confirm that cytochrome c is indeed released from the
mitochondria in Bcl-xS-induced apoptosis in MEFs and to
examine the dependence of such release on expression of the
apoptotic proteins Bax, Bak, caspase-9, and Apaf-1. The
different MEFs were transfected with GFP-Bcl-xS and the
cellular distribution of cytochrome c in the transfected cells
was examined by immunofluorescence staining with anti-
cytochrome c antibodies. As shown in Figure 5a, healthy WT
MEFs that did not express GFP-Bcl-xS exhibited a scattered,
punctuated cytochrome c staining pattern typical of the
subcellular distribution of mitochondria, whereas the GFP-
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Figure 5 Bcl-xS induces release of cytochrome c in a Bak-dependent manner. WT, Apaf-1�/�, caspase-9�/�, Bak�/�, Bax�/�, or DKO MEFs were transiently
transfected with GFP-Bcl-xS or GFP expression vectors, as described in Materials and Methods. After 24 h, the cells [GFP-Bcl-xS transfected (a) and GFP transfected
(not shown)] were stained with anti-cytochrome c (Cyt c) antibody and with Hoechst 33258 (for staining of nuclei) and visualized by fluorescence microscopy using the
appropriate filter sets, as described in Materials and Methods. The images of each MEF cell line represent the same field visualized separately for the detection of GFP-
Bcl-xS expression, Bak-NT staining, and Hoechst-stained nuclei (Nuclei). The results presented are from a representative experiment (one of at least three experiments).
(b) Quantitative analysis of GFP-Bcl-xS- or GFP positive cells exhibiting cytochrome c release, expressed as a percentage of total GFP-Bcl-xS- or GFP-positive cells in
the different MEFs. Each histogram indicates mean values7S.D. of a total of at least 200 cells from at least three independent experiments. An asterisk denotes a
significant difference in the percentage of cells exhibiting cytochrome c release compared to WT MEFs (Po0.001, two-tailed Student’s t-test). Note that that the
difference between Bax�/� and WT was not significant (P40.1; n¼ 3, two-tailed Student’s t-test)
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Bcl-xS-expressing MEFs exhibited a diffuse cytochrome c
staining pattern suggestive of release of cytochrome c from
the mitochondria. A similar diffuse staining pattern of
cytochrome c was obtained in GFP-Bcl-xS-expressing Apaf-
1�/�, caspase-9�/�, and Bax�/� MEFs. In contrast, GFP-Bcl-
xS-expressing Bak�/� and DKO MEFs did not exhibit this
diffuse staining pattern but rather the typical mitochondrial
punctuated pattern, which was indistinguishable from that of
the neighboring MEFs not expressing GFP-Bcl-xS. These
results thus suggested that in Bak�/� or DKO MEFs, Bcl-xS

expression could not induce the release of cytochrome c.
Quantitative analysis showed that relative to the total number of
GFP-Bcl-xS-expressing cells in each of the different MEFs, the
percentage of GFP-Bcl-xS-expressing cells exhibiting cyto-
chrome c release in WT, Apaf-1�/�, caspase-9�/�, Bax�/�,
Bak�/�, and DKO MEFs was 7777, 9474, 9274, 50710,
573, and 1570.7%, respectively (Figure 5b), and further
showed that the Bcl-xS-induced cytochrome c release is
mediated by a pathway that is dependent on Bak but
independent of Apaf-1, caspase-9, and Bax. Quantitative
analysis of GFP-expressing cells exhibiting cytochrome c
release relative to the total number of GFP-expressing cells in
WT, Apaf-1�/�, caspase-9�/�, Bax�/�, Bak�/�, and DKO
MEFs revealed that only a small proportion of the GFP-
expressing cells (about 2–14%) exhibited cytochrome c
release. These results thus demonstrate that the cytochrome
c release is a result of Bcl-xS expression and not of the
transfection procedure.

Discussion

Four important conclusions can be drawn from the results of
this study. First, apoptosis can be mediated entirely by Bak.
Second, Bak can induce Bax activation (or at least exposure
of its NT). Third, the mechanism of Bcl-xS-induced apoptosis
depends on Bak activation, which is followed by multiple
downstream pathways that culminate in apoptosome-depen-
dent and -independent pathways. Fourth, compared to other
BH3-only proteins, the mechanism of action of Bcl-xS is
unique. These conclusions are based on the following
findings: (1) Bak�/� and DKO (but not Bax�/�) SV40
transformed MEFs were resistant to both the short-term and
the long-term apoptotic effects of Bcl-xS. (2) Bcl-xS induced
Bak-NT exposure in WT MEFs as well as in MEFs deficient in
Bax, caspase-9, or Apaf-1, suggesting that Bcl-xS induced
Bak activation and that this activation was upstream of Bax,
caspase-9, and Apaf-1. It should be noted that NT exposure in
Bak does not demonstrate activation of this protein, but only
suggests that it might occur. However, since we showed here
that Bak was needed for Bcl-xS-induced apoptosis, and since
others have shown that the apoptotic effects of Bak are
mediated by activated Bak,34,39 it seems reasonable to
suggest that the Bcl-xS-induced apoptosis was mediated by
activated Bak, and thus that the observed exposure of NT
indeed represented Bak activation. (3) Bcl-xS expression
induced exposure of Bax NT in WT MEFs, suggesting that
Bcl-xS induced Bax activation as well. This exposure/activa-
tion, however, was completely blocked in Bak�/� MEFs but
not in Apaf-1�/� or caspase-9�/� MEFs, suggesting that Bak
was required for the Bcl-xS-induced activation of Bax. (4) The

Bcl-xS-induced release of cytochrome c was dependent on
Bak but not on Bax, Apaf-1, or caspase-9. (5) Apaf-1�/� and
caspase-9�/� MEFs were partially resistant to Bcl-xS-induced
cell death, suggesting that Bcl-xS induced cell death via both
apoptosome-dependent and -independent pathways.

Role of Bax in Bcl-xS-induced apoptosis

Although our findings showed that Bax was not needed for
Bcl-xS-induced apoptosis, they nevertheless also showed that
Bcl-xS induced exposure of Bax-NT in a Bak-dependent
manner. One interpretation of these results is that Bax is
activated by a Bak-dependent mechanism and subsequently
participates in the death process, albeit in a nonessential role.
Alternatively, it is possible that the exposure of Bax-NT does
not lead to full activation of Bax, and thus that Bax does not
contribute to the Bcl-xS-induced death process. At present, we
cannot distinguish between these possibilities. Interestingly,
the Bcl-xS-induced exposure/activation of Bax-NT was ob-
served in only 50% of the Bcl-xS-expressing caspase-9�/�

MEFs, whereas in the WT and Apaf-1�/� MEFs almost all of
the Bcl-xS-expressing cells exhibited Bax-NT exposure/
activation. These results suggested that the Bak-dependent,
Bcl-xS-induced exposure/activation of Bax-NT was mediated
by both caspase-9 -dependent and -independent pathways.
The finding of a Bax activation pathway that is dependent on
caspase-9 but not on Apaf-1 provides the first reported
evidence that caspase-9 can lead to Bax activation, and is in
line with proposed models suggesting that BH3 proteins
might, inter alia, activate initiator caspases upstream of the
mitochondria.11 Previous studies by our groups showed that
the mitochondria are the main target of Bcl-xS.27,37 This
finding together with the present findings that Bcl-xS induces
cytochrome c release and is colocalized with activated Bak or
Bax suggests that the main target of Bcl-xS-induced activated
Bak and Bax is the mitochondria. However, Bax and Bak were
also shown to be present and to play an apoptotic role in the
endoplasmic reticulum (ER).40,41 Furthermore, apoptotic
crosstalk between the ER and mitochondria has been
reported.42 Therefore, we cannot exclude the possibility that
some of the Bcl-xS-induced Bak and Bax activation occurs in
the ER. Activation of ER Bak and Bax might lead to release
from the ER of apoptogenic agents, for example calcium,
which in turn converge to the mitochondria and promote
perforation of the OMM.

Role of the apoptosome in Bcl-xS-induced
apoptosis

In a previous study, our group showed that Bcl-xS induces
caspase-dependent apoptosis via a mechanism that involves
cytochrome c release.30 Those findings thus suggested that
the Bcl-xS-induced apoptosis is mediated via the apoptosome.
The results presented here proved that the apoptosome plays
an important role in the Bcl-xS-induced cell death. The death-
inducing effect of the apoptosome is likely to be propagated by
the apoptosome’s target caspases, such as caspase-3 and -7.
Notably, assay of SEAP activity revealed that both Apaf-1-
and caspase-9-deficient MEFs were only partially resistant to
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Bcl-xS-induced cell death, whereas the colony assay revealed
complete resistance to Bcl-xS-induced cell death by the Apaf-
1-deficient MEFs. These variations might be attributable to the
differences between these two assays, namely transient
transfection (for 1–4 days) without selection compared to
stable (14-day) transfection and selection for puromycin-
resistant clones. In view of the fact that the partial resistance
of Apaf-1-deficient MEFs to Bcl-xS-induced cell death was
evidenced both by the SEAP activity assay (Figure 1a) and by
estimation of the number of GFP-positive cells (data not
shown), and because caspase-9-deficient MEFs were par-
tially resistant to Bcl-xS-induced cell death (as shown by both
the SEAP activity and the colony-formation assays), we
cannot exclude the possibility that this cell death was also
mediated by an apoptosome-independent pathway. The
nature of the apoptosome-independent pathway is not known,
but we suggest that it might be mediated via mitochondrial
membrane perforation, which in addition to releasing cyto-
chrome c can lead to release of the high-temperature
requirement protein A2/Omi and of endonuclease G (for
review, see Donovan and Cotter43), known to contribute to
apoptosome-independent apoptosis. In addition, by demon-
strating that the Bcl-xS-induced release of cytochrome c was
dependent on Bak but independent of Apaf-1, caspase-9, and
Bax, the present results also show that cytochrome c release
occurs downstream of Bak activation and upstream of
apoptosome activation. Figure 6 presents a model summariz-
ing our results and conclusions.

Specificity of Bak activation

Studies have shown that DKO MEFs are resistant to diverse
apoptotic stimuli, including overexpression of BH3-only
proteins such as Bid, Bim, Bad, and Noxa. However, MEFs
deficient only in Bax or Bak proteins (but not both) are
susceptible to all of these apoptotic stimuli.8,9 Those findings
led to the hypothesis that apoptosis induced by multiple
apoptotic stimuli, probably via the BH3-only proteins, requires
the action of the multidomain proapoptotic proteins Bax and
Bak. In this mechanism, each of the proapoptotic proteins can
compensate for the absence of the other. Other studies have
shown, however, that in some cases, apoptosis is promoted
only by Bax. For example, neuronal primary cultures derived
from Bax-deficient mice are resistant to apoptosis induced by
overexpression of Bim, Hrk, or Bid,44 and Bax-deficient
carcinoma cells are resistant to Bik-induced apoptosis.45

Our present results, which showed that the Bcl-xS-induced
cell death depends only on Bak, provide the first indication that
an apoptotic stimulus can be mediated by Bak, independently
of Bax. Moreover, these results, together with the above-
mentioned findings in connection with Bax, suggest that
apoptotic stimuli such as those mediated by the BH3-only
proteins might induce apoptosis via different mechanisms,
some dependent entirely on a particular multidomain pro-
apoptotic protein (e.g. Bax or Bak), and others that either
require the combined action of several multidomain proapop-
totic proteins or are mediated via one proapoptotic protein
whose action can however be compensated by others in its
absence. The finding that Bcl-xS requires Bak but not Bax to
mediate its apoptotic effect also suggests that, compared to

other BH3-only proteins such as Bid, Bim, and Bik, the
mechanism of action of Bcl-xS is unique, and further suggests
that it might participate in distinct apoptotic systems.

Mechanism of Bcl-xS-induced Bak activation

How does Bcl-xS induce Bak activation?
Bak is constitutively localized in the mitochondria. During
apoptosis, Bak homo-oligomerizes, forms focal complexes on
mitochondria, and exposes its NT epitope.8,34 It was
suggested that Bak utilizes mitochondrial-resident molecules
to regulate its activation.12,46 Thus, a mechanism whereby
Bcl-xS induces Bak activation might require direct binding of
Bcl-xS to Bak. This activation might be mediated by a direct
effect of Bcl-xS on Bak or indirectly by displacement from Bak
of inhibitors such as the antiapoptotic members of the Bcl-2
family, or proteins (such as VDAC2) that do not belong to the
Bcl-2 family.47 With regard to the possibility of direct binding of
Bcl-xS to Bak, it should be noted that such interaction could
not be detected in yeast by the two-hybrid system.48

Alternatively, Bcl-xS might activate Bak indirectly by binding
to inhibitors of Bak, thus preventing them from acting on Bak.
It was shown, for example, that the antiapoptotic protein Bcl-
xL is bound predominantly to Bak in most cultured cells, and
that this binding inhibits Bak activation. Apoptotic stimuli
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Figure 6 A model depicting the apoptotic effects of Bcl-xS in MEFs. Expression
of Bcl-xS in MEFs induces exposure of NT of Bak, leading to its activation. The
activated Bak can induce three pathways: a major pathway leading to
cytochrome c release, which in turn causes apoptosome activation and cell
death in a caspase-dependent manner; a second pathway, which leads to Apaf-
1- and caspase-9-independent cell death; and a third pathway, which induces the
exposure of Bax NT, both in a caspase-9-dependent and -independent manner,
causing its activation. The first and the second pathways contribute to the death
process. The role of the third pathway is not yet known
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weaken this interaction, leading to the release of Bak from Bcl-
xL.34,49 Since studies by our group and others have shown that
Bcl-xS can bind to Bcl-xL,28,32 it is possible that Bcl-xS acts by
binding to Bcl-xL. Further studies are needed to determine
which, if any, of these possible mechanisms promote Bcl-xS-
dependent Bak activation.

Materials and Methods

Cell culture

WT and knockout transformed MEFs were grown in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis, MO,
USA) supplemented with 10% heat-inactivated fetal calf serum (Sigma).
SV-40-transformed Bax�/�, Bak�/�, and DKO, and their corresponding
WT MEFs were generously provided by Stanley J Korsmeyer (Harvard
Medical School, Boston, MA, USA). Apaf-1�/�-transformed MEFs were
generously provided by Tak W Mak (Advanced Medical Discovery
Institute, University of Toronto, Toronto, Ontario, Canada). WT 129J/B6
primary MEFs corresponding to the Apaf-1�/� MEF genotype50 were
obtained from Adi Kimchi (The Weizmann Institute of Science, Rehovot,
Israel). These primary MEFs were immortalized by SV-40 transformation
and designated WT1. Caspase-9�/� and the corresponding WT
immortalized MEFs (designated WT2) were generously provided by
Andreas Strasser (The Walter and Eliza Hall Institute of Medical Research,
Parkville, Victoria, Australia). Caspase-9�/� and WT2 MEFs were
immortalized by the 3T9 protocol.51

Generation of WT2 MEFs

WT 129J/B6 primary MEFs were transformed by transfection with SV-40
whole genome DNA (a gift from Atan Gross, The Weizmann Institute of
Science) using the FuGENE 6 transfection reagent (Roche Diagnostics,
Mannheim, Germany). At 1 day before transfection, the cells were seeded
at a density of 2� 105 cells per well in six-well plates. To each dish, we
added 200 ml of DNA–FuGENE 6 mixture (1 mg DNA and 3 ml of FuGENE
6 reagent in 200 ml of OptiMEM (Invitrogen Life Technologies, Paisley,
UK)) according to the manufacturer’s instructions. The cells were split 24 h
after transfection and seeded at 2� 104 cells per 10 cm2 dish. A pool of
transformed clones was collected 14 days after transfection for further
experiments.

Plasmids

The FLAG-Bcl-xS, GFP-Bcl-xS, and pCMV-SEAP expression vectors used
in this study were generated as previously described.28

Transfection

At 1 day before transfection, the different MEF cells were seeded at a
density of 2� 105 cells per well in six-well plates or in 35 mm dishes. To
each well or dish, we added 1 ml of DNA–lipofectamine mixture
(Invitrogen) (2mg DNA and 10mg lipofectamine in 1 ml of OptiMEM),
according to the manufacturer’s instructions. After incubation of the cells
with the DNA–lipofectamine mixture for 5 h, DMEM supplemented with
10% serum without or with Z-VAD-FMK (ICN Biomedicals, Irvine, CA,
USA) was added and incubation was continued. The transfection
efficiencies of the different MEFs were estimated by the numbers of
GFP-positive cells obtained after cotransfection of each of the MEFs with
the empty vector pcDNA3 and GFP expression vector and the SEAP

activity ratios between the different MEFs cotransfected with pcDNA3 and
SEAP expression vectors. The transfection efficiencies (%) were found
to be about 10, 8, 20, 8, 26, 26, 18, and 8 for WT, WT1, WT2, Bax�/�,
Bak�/�, DKO, Apaf-1�/�, and caspase-9�/�, respectively. Ratios of the
different DNA vectors were 3 : 1 : 2 for FLAG-Bcl-xS/pEGFP/SEAP
plasmid or pcDNA3/pEGFP/SEAP plasmid in the transfection for SEAP
cell survival assays; 1 : 3 for GFP-Bcl-xS/pcDNA3 or GFP/pcDNA3 in
the transfection for immunofluorescence staining; and 1 : 5 : 10 : 4 for
pGKpuro/pEGFP/FLAG-Bcl-xS/pcDNA3 or 1 : 5 : 14 for pGKpuro/pEGFP/
pcDNA3 for the colony-formation assay.

Immunofluorescence staining

The different MEFs were grown in 35 mm dishes, 2� 105 cells per dish,
on 18 mm coverslips coated with collagen, and transfected as described
above. After 24 h, the transfected cells were washed twice with buffer B
[2 mM CaCl2 in Tris-buffered saline (TBS)], fixed with 4% paraformalde-
hyde for 30 min, washed twice with buffer B, and permeabilized with 0.1%
Triton for 10 min. After two more washes with buffer B, the cells were
incubated with buffer A (2 mM CaCl2, 2% bovine serum albumin in TBS),
with the addition of normal goat IgG (200mg/ml; Jackson Immuno-
Research Laboratories, West Grove, PA, USA) to block nonspecific
binding. After being washed with buffer A, the cells were incubated for 1 h
with buffer A containing 10mg/ml of the following antibodies: rabbit anti-
Bak-NT, rabbit anti-Bax-NT (both from Upstate Biotechnology, New York,
NY, USA) or 6H2.B4 mouse anti-cytochrome c (Pharmingen, San Diego,
CA, USA). After three more washes (each for 10 min) with buffer A, the
cells were incubated for 30 min with buffer A containing Cy3-labeled goat
anti-mouse or anti-rabbit antibodies (2 mg/ml; Jackson ImmunoResearch).
The cells were again washed three times (each for 10 min) with buffer A,
air-dried, and mounted with mounting medium (IMMCO Diagnostics,
Buffalo, NY, USA). For nuclear staining, cells were subjected to the same
procedure except that 1 mg/ml Hoechst dye 33258 (Sigma) was included in
the first wash after incubation with Cy3-labeled antibodies. Images were
collected on a fluorescence microscope (Olympus, � 100 objective lens)
connected to a CCD camera for imaging. Transfected cells expressing
GFP-Bcl-xS or GFP and also stained with the corresponding antibodies
were counted under the microscope, and the number of GFP-Bcl-xS- or
GFP-positive cells that were stained with the antibody was expressed as a
percentage of the total number of GFP-Bcl-xS- or GFP-expressing cells.
Results of three independent experiments (mean7S.D.) are presented.

Immunoblotting

Total extracts (100 mg protein) from each treatment were separated by
12.5% SDS–PAGE and electroblotted onto supported nitrocellulose.
Uniformity of sample loading was verified by Ponceau staining of the blots.
Each blot was blocked for 30 min in 10 mM Tris base and 150 mM NaCl,
containing 5% fat-free milk, and then incubated for 1 h with mouse anti-
FLAG M5 antibody (1 : 1000; Sigma). Goat anti-mouse (1 : 5000; Jackson
ImmunoResearch) was used as a second antibody. The blots were
developed using an enhanced chemiluminescence kit (Amersham,
Arlington Heights, IL, USA).

Assessment of cell survival

Viability of the transfected cells was determined 24, 48, 72, and 96 h after
transfection, both by measuring the activity of SEAP in the medium of the
transfected cells and by estimating the number of GFP-positive cells
visualized by fluorescence microscopy (data not shown). The SEAP
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activity assay reflects expression of Bcl-xS and SEAP in a pool of cells,
whereas estimation of the number of GFP-positive cells reflects Bcl-xS

expression on a single-cell basis. SEAP activity was assayed as described
elsewhere.52 Briefly, culture medium (200 ml/well in six-well plates) from
transfected cells was collected and spun for 2 min at 10 000� g. The
supernatant was incubated at 651C for 10 min and aliquots (25 ml) from
each treatment were then incubated with 200ml of SEAP buffer (1 M
diethanolamine, 0.5 mM MgCl2, 10 mM L-homo-arginine, and 5 mg/ml p-
nitrophenyl phosphate; all from Sigma) at 371C for about 4 h. Assays were
performed in triplicate for each treatment. The plates were read on a
Micro-ELISA reader at a wavelength of 405 nm. Under these conditions,
the OD values (mean7S.E. from at least eight different experiments)
obtained for the SEAP activity of different MEFs cotransfected with
pcDNA3, pEGFP, and SEAP expression vectors were 0.35170.045,
0.26670.053, 0.69670.093, 0.25970.05, 0.93970.095, 0.9887
0.144, 0.54970.075, and 0.27370.059 for WT, WT1, WT2, Bax�/�,
Bak�/�, DKO, Apaf-1�/�, and caspase-9�/�, respectively.

Colony-formation assay

Subconfluent MEFs grown in six-well plates were cotransfected with the
puromycin-resistant plasmid pGKpuro and either pcDNA3 or FLAG-Bcl-xS.
After 24 h, the cells were split (1 : 2 and 1 : 20) into 10 cm dishes and grown
under conditions of puromycin selection (1–2.5 mg/ml) for 2 weeks. The
resulting colonies were fixed with 10% acetic acid in phosphate-buffered
saline (PBS), stained with 0.4% crystal violet (Sigma) (dissolved in 10%
acetic acid in PBS) solution, and counted. The experiments were carried
out in triplicate and repeated at least three times.
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