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Abstract
Breast cancer cells often show increased activity of the
mitogen-activated protein kinase (MAPK) pathway. We report
here that this pathway reduces their sensitivity to death ligand
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) and present the underlying mechanism. Activation
of protein kinase C (PKC) inhibited TRAIL-induced apoptosis
in a protein synthesis-independent manner. Deliberate activa-
tion of MAPK was also inhibitory. In digitonin-permeabilized
cells, PKC activation interfered with the capacity of
recombinant truncated (t)Bid to release cytochrome c from
mitochondria. MAPK activation did not affect TRAIL or
tumor necrosis factor (TNF)a-induced Bid cleavage. However,
it did inhibit translocation of (t)Bid to mitochondria as
determined both by subcellular fractionation analysis and
confocal microscopy. Steady state tBid mitochondrial
localization was prohibited by activation of the MAPK
pathway, also when the Bcl-2 homology domain 3 (BH3)
domain of tBid was disrupted. We conclude that the MAPK
pathway inhibits TRAIL-induced apoptosis in MCF-7 cells by
prohibiting anchoring of tBid to the mitochondrial membrane.
This anchoring is independent of its interaction with resident
Bcl-2 family members.
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Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is one of the several members of the tumor necrosis
factor (TNF) gene superfamily that induce apoptosis through
engagement of death receptors.1 TRAIL selectively induces
apoptosis in many transformed cells but is relatively nontoxic
to normal cells.2 Upon binding to its proapoptotic receptors
TRAIL induces the formation of the death-inducing signaling
complex (DISC) by recruitment of the dual adaptor molecule
Fas-associated death domain (FADD) through its death
domain (DD) that in turn, recruits the initiator caspase-8
through its death effector domain (DED).3 Caspase-8 is then
activated at the DISC through oligomerization. Active
caspase-8 can process Bcl-2 family member Bid to kill the
cell by a mitochondrial-regulated apoptotic pathway.3 Active
caspase-8 can also directly activate executioner caspases to
induce cell death by a mitochondria-independent pathway.4 In
the mitochondria-dependent apoptotic pathway, caspase-8-
mediated cleavage of Bid generates a truncated form of Bid
(tBid) that translocates to the mitochondria and promotes the
release of apoptogenic factors in concert with proapoptotic
Bax and Bak proteins.5–7 Cytosolic cytochrome c (cyt c)
enables apoptosome formation (a complex formed by Apaf-1,
cyt c, dATP and caspase-9).8 Apoptosome formation leads to
caspase-9 activation which in turn processes and activates
the executioner caspases.
Protein kinase C (PKC) counteracts apoptosis-induction

by various stimuli,9,10 including death receptors.11,12 One of
the downstream effectors of PKC antiapoptotic action is the
mitogen-activated protein kinase (MAPK) pathway13 although
MAPK-independent mechanisms may also be operative.12

The PKC-MAPK pathway has been shown to inhibit
TRAIL-induced apoptosis by various investigators. However,
themechanism by which this is achieved is unclear. Activation
of PKC has been suggested to inhibit TRAIL-induced
apoptosis by preventing FADD recruitment to the DISC14,15

or reducing the processing of procaspase-8.16 On the other
hand, it was reported that an activated MAPK pathway
abrogated Smac/DIABLO release from mitochondria.17 Our
previous work indicated that the PKC-MAPK pathway
impacted on the mitochondrial route of effector caspase
activation.18

The present study has explored this possibility and
pinpointed the inhibitory effect of the MAPK pathway upon
TRAIL induced apoptosis. We find that active MAPK can
confer resistance to TRAIL-induced apoptosis by disrupting
the association of tBid with the mitochondrial membrane. This
does not involve dissociation of its Bcl-2 homology domain 3
(BH3)-domain-mediated interaction with Bcl-2 family mem-
bers, but interference with anchoring to other membrane-
associated components.
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Results

Protein synthesis-independent inhibition of
TRAIL-induced apoptosis by PKC-mediated MAPK
activation in breast tumor MCF-7 cells

PKC-mediatedMAPK activation has previously been reported
to inhibit TRAIL-induced apoptosis.14–18 Accordingly, it is
well known that MAPK activates genes implicated in cell
survival.19 To determine whether inhibition of TRAIL-induced
apoptosis exerted by PKC activation is due to the novo
synthesis of survival genes, MCF-7 cells were treated with
TRAIL and PKC activator phorbol-12,13-dibutyrate (PDBu) in
the presence or absence of the protein synthesis inhibitor
cycloheximide (CHX) (Figure 1a). Apoptosis was determined
as PS exposure since MCF-7 cells lack caspase-3 which is
required for DNA fragmentation and morphological changes
of apoptosis.20 CHX did not interfere with PDBu-induced
protection, indicating that the apoptosis inhibitory effect
is independent of new protein synthesis. Moreover, analysis
of viable cells indicated that PKC activation resulted in the
inhibition of TRAIL-induced cell death both in the absence and
presence of CHX (Figure 1b). To further confirm the inhibitory
effect of PDBu on TRAIL-induced apoptosis, we determined
the proteolytic degradation of the caspases substrate poly
(ADP-ribose)polymerase (PARP). As shown in Figure 1c,

PARP cleavage induced by TRAIL was clearly prevented in
MCF-7 cells upon treatment with the PKC activator.
A constitutively active form of the MAPK activator MEK-1

(CA-MEK1) also rendered the cells insensitive to apoptosis
induced by TRAIL or TNF-a (Figure 1d). Mock transfections
with empty vector did not affect the number of apoptotic cells.
Activation of the MAPK pathway was verified by measuring
the phosphorylation of the Erk1/2 MAP kinases (Figure 1e).
Transfection of either CA-MEK1 or incubation of MCF-7 cells
with PDBu induced an increase in the amount of phosphory-
lated Erk1/2 (Figure 1e). These findings indicate that
PKC activation as well as MAPK activation by MEK inhibits
TRAIL-induced apoptosis in MCF-7 cells.

Inhibition impacts on the mitochondrial route
of caspase activation and selectively affects
death receptor signaling

MCF-7 cells, which are deficient in caspase-3 expression,20

have been described as belonging to the type II group of cells
that require the mitochondrial pathway for death receptor-
mediated apoptosis signaling.4 Moreover, we have reported
that overexpression of Bcl-2 in MCF-7 cells blocks apoptosis
induced by CD95 antibody21 and TRAIL.22 However, recon-
stitution of MCF-7 cells with caspase-3 converts them to type I

Figure 1 The PKC-MAPK pathway does not require de novo protein synthesis to antagonize TRAIL-mediated apoptosis. (a) MCF-7 cells were pre-treated with PDBu
(20 ng/ml) for 1 h before adding TRAIL (250 ng/ml) and incubated for 6 h, in the presence or not of cycloheximide (CHX) (5 mg/ml). CHX was added 1 h before PDBu.
Apoptosis was assessed by flow cytometry after staining the cells with Annexin V and propidium iodide. Error bars represent S.D. from three independent experiments.
UT¼ untreated cells. (b) MCF-7 cells were pretreated with PDBu (20 ng/ml) for 1 h before adding TRAIL (250 ng/ml) and incubated for 24 h, in the presence or not of
cycloheximide (CHX) (5 mg/ml). CHX was added 1 h before PDBu. Viable cells were determined by the crystal violet method. Results show the average and range of two
independent experiments. (c) Cells were treated as in (a) and then PARP cleavage was detected by immunoblotting with anti-PARP antibody. (d) Cells were transfected
by electroporation with a constitutively activated MEK1 (CA-MEK1) construct and treated with TRAIL (100 ng/ml) or TNFa (10 ng/ml) plus CHX (500 ng/ml) for 15 h.
Apoptosis was assessed by measuring PS externalization by flow cytometry. Error bars represent S.D. from three independent experiments. (e) Erk1/2 activation of cells
treated with PDBu for 6 h or electroporated with CA-MEK1 was assessed by immunoblotting with anti-phospho Erk1/2 antibody. The asterisk indicates a background
band that serves as a loading control
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cells in which mitochondrial permeabilization is not required
for effector caspase activation and consequent apoptosis.4 To
gain further insight into the mechanism of apoptosis inhibition
by the PKC-MAPK pathway, we assessed the effect of
PDBu on TRAIL-induced apoptosis in caspase-3-proficient
MCF-7 cells (MCF-7caspase�3). In these cells, pre-incubation
with PDBu did not inhibit TRAIL-induced apoptosis
(Figure 2a). These results indicate that the PKC-MAPK
pathway inhibits TRAIL-induced apoptosis at some step in
the mitochondrial route of effector caspase activation.
It has been demonstrated that in MCF-7 cells, doxorubicin

induces apoptosis through the intrinsic mitochondrial path-
way.22 Furthermore, in both death receptor and genotoxic
damage-induced mitochondria-operated apoptosis, proapop-
totic Bcl-2 family members Bax and Bak are involved.6 To
further investigate the mechanism by which the PKC-MAPK
pathway inhibits TRAIL receptor-mediated apoptosis in
MCF-7 cells, we examined the effect of PDBu on doxorubi-
cin-induced apoptosis. As shown in Figure 2b, treatment
with PDBu did not inhibit cell death by doxorubicin, suggesting
that inhibition impacts on a signaling component that is
uniquely involved in the death receptor pathway, and not on,
for example, Bax or Bak.

The PKC-MAPK pathway prohibits truncated Bid
from permeabilizing mitochondria

Since truncated Bid is the key component that links death
receptors to the mitochondrial route of effector caspase
activation, we tested the impact of the PKC-MAPK pathway

on endogenous (t)Bid formation and function. As previously
reported,18 TRAIL-induced processing of apical procaspase-8
was not affected by treatment with PDBu (Figure 3a).
Regarding Bid processing we observed that disappearance
of full length Bid was not inhibited by PKC-MAPK activation,
although we always observed a smaller amount of tBid in
cultures treated with PDBu. In order to test whether (t)Bid
translocation to the pellet fraction containing mitochondria
was affected by activation of the PKC-MAPK pathway, we
performed subcellular fractionation experiments in MCF-7
cells treated with TRAIL. As shown in Figure 3b, TRAIL
induced the localization of (t)Bid to the mitochondrial fraction.
Interestingly, activation of the PKC-MAPK pathway prevented
TRAIL-induced (t)Bid association with the mitochondrial
fraction (Figure 3b). However, inhibition of tBid association
with mitochondria did not result in its presence in the cytosolic
fraction. This is in accordance with the results shown in
Figure 3a where the amount of truncated Bid in samples from
cells treated with TRAIL and PDBu was significantly reduced
when compared to samples from TRAIL-treated cells despite
similar full-length Bid processing. These findings suggest that
cytosolic tBid is an unstable protein that can be subjected
to proteolytic degradation under conditions that prevent its
mitochondrial localization. Inhibition by the PKC-MAPK
pathway of TRAIL-induced tBid translocation to mitochondria
resulted in a marked reduction of cyt c release from this
organelle (Figure 3c). To get further evidence that a step
downstream (t)Bid formation could be the target of an
activated PKC-MAPK pathway, we carried out a number of
experiments with recombinant (t)Bid in digitonin-permeabi-
lized cells. Addition of recombinant tBid to digitonin-permea-
bilized MCF-7 cells caused a marked release of cyt c from the
mitochondrial fraction isolated from control cells (Figure 3d).
However, in cells that had been pretreated with PDBu, tBid
was unable to release cyt c from mitochondria (Figure 3d).
Altogether, these data demonstrate that the PKC-MAPK
pathway inhibits tBid function.

MAPK activation inhibits TRAIL and TNFa-induced
translocation of tBid to mitochondria

To examine how the PKC-MAPK pathway impacted on Bid
function in intact cells, we ectopically expressed Bid-green
fluorescent protein (GFP) chimeric proteins (Figure 4a) in
MCF-7 cells and examined their subcellular localization by
confocal microscopy. Firstly, MCF7 cells were transiently
transfected with full-length (FL) Bid-GFP fusion protein and
treated with TRAIL or TNFa. In untreated cells, Bid-GFP
showed a diffuse cytosolic distribution (Figure 4b). After 3 h
stimulation with TRAIL or TNFa, Bid-GFP fluorescence
showed a punctate distribution indicative of mitochondrial
localization. This was confirmed by colocalization with the
mitochondrial dye MitoTracker-Red. When the transfected
cells were incubated with PDBu prior to treatment with
death ligand, a fraction of cells displayed cytosolic Bid-GFP
distribution similar to untreated cells. Pretreatment with the
specific MEK1 inhibitor, PD98059, abolished the inhibition
by PDBu of death ligand-induced Bid-GFP translocation
(Figure 4b). Incubation of MCF-7 cells with either PD98059

Figure 2 Selective inhibition of TRAIL-induced mitochondria-operated
apoptotic pathway by phorbol ester. (a) MCF-7 cells overexpressing caspase-3
were treated with PDBu (20 ng/ml) for 1 h before adding TRAIL (100 ng/ml) for
5 h. Apoptosis was assessed by measuring PS externalization by flow cytometry.
(b) Cells were treated with doxorubicin (DXR) (500 ng/ml) for 48 h and cell
viability was determined by the crystal violet method. Some cultures were
incubated with PDBu (20 ng/ml) for 1 h prior to the addition of DXR. Error bars
represent S.D. from three independent experiments
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or PDBu alone had no effect on Bid-GFP localization. These
effects on Bid-GFP translocation were quantified by counting
cells that showed a punctate green fluorescent pattern
(Figure 4c). In parallel, we showed by immunoblotting
(using an antibody that recognizes GFP) that PDBu did not
affect the FL-Bid-GFP cleavage (Figure 4d). Together, these
results suggest that death receptor-induced translocation
of Bid-GFP to mitochondria is inhibited by an activated
MAPK pathway at a step downstream of caspase 8 mediated
Bid cleavage.

Localization of truncated Bid at the mitochondria
is reversed in the presence of an activator of the
MAPK pathway

We next addressed whether the MAPK pathway interfered
with mitochondrial translocation of tBid or with its mitochon-
drial association. For this purpose, we transfected MCF-7
cells with a GFP-tBid construct. In untreated cells, GFP-tBid
fluorescence was punctate and colocalized with MitoTracker,
indicative of mitochondrial localization in a majority of
transfected cells (Figure 5a and b). Interestingly, treatment
with PDBu caused a reduction in the number of cells showing
a mitochondrial localization of GFP-tBid. An activated
MAPK pathway was responsible for the observed inhibition

as the effect of PDBu was reversed in the presence of
PD98059 (Figure 5a and b). A constitutively active form
of PKC-theta, a known activator of the MAPK pathway,23

also inhibited the mitochondrial localization of GFP-tBid
(data not shown).
We next determined whether MAPK activity inhibited tBid

mitochondrial association by disrupting tBid interactions with
mitochondrial Bcl-2 family members. MCF-7 cells were
transfected with a different tBid construct, GFP-ttBid, with
a disrupted/nonfunctional BH3 domain (Figure 4a). The BH3
domain is essential for the interaction with other Bcl-2
proteins.24 As shown in Figure 5c and d, GFP-ttBid also
localized to themitochondria and this was partially inhibited by
PDBu. Again, PD98059 reversed the PDBu effect (Figure 5d).
These data indicate that the MAPK pathway does not disrupt
tBid localization at the mitochondrial membrane by interfering
with its interaction with other Bcl-2 family members.
To further substantiate that the MAPK pathway reversed

tBid localization at the mitochondria, MCF-7 cells were
transiently transfected with GFP-tBid and 15 h later treated
with PDBu in the presence of cycloheximide to prevent new
synthesis of GFP-tBid. Cells where then fixed and GFP-tBid
localization was evaluated by confocal microscopy. At time
0h, before addition of PDBu and cycloheximide, almost all
cells show a mitochondrial localization of GFP-tBid. Interes-
tingly, the number of cells with a mitochondrial GFP-tBid

Figure 3 MAPK inhibits TRAIL-induced mitochondria-operated apoptotic pathway downstream of Bid cleavage and upstream of cytochrome c release. (a) MCF-7 cells
were incubated in absence or presence of 20 ng/ml PDBu for 1 h and subsequently treated with or without 250 ng/ml TRAIL for 3 h. Caspase-8 processing was
determined by Western blot using mouse anti-human caspase-8mAb. Both the 55753 kDa native forms and the 43741 kDa intermediate cleavage products are shown
by arrows. The p22 full length Bid and the caspase-cleaved p15 were determined by Western blot using rabbit anti-Bid polyclonal antibody. For Bid, bands shown in
upper panel were revealed for a shorter period than those shown in lower panel. (b) Cells were treated with or without PD 98059 (50 mM) for 1 h. Then the cells were
incubated with or without PDBu (20 ng/ml) for 45 min before adding TRAIL (500 ng/ml) for 4 h. Levels of Bid and tBid (revealed for a longer period than Bid) in cytosolic
and pellet fractions were determined by Western blot. Following treatment, cells were lysed and cytosolic proteins were separated from mitochondria as described
under Materials and Methods. COX-IV was used as a mitochondrial marker and loading control. The asterisk indicates a background band that serves as a loading
control. (c) Cells were treated as in (b) and levels of cytochrome c in cytosolic and membrane fractions were determined by Western blot. The asterisk indicates a
background band that serves as a loading control. (d) Cells incubated with or without PDBu (20 ng/ml) were permeabilized for 10min with a buffer containing digitonin
(100 mg/ml) in the presence or not of 500 nM recombinant tBid. Cells were collected by centrifugation and supernatant or pellet proteins were resolved by immunoblotting
with anti-cytochrome c antibody as described in materials and methods. Results are representative of at least three different experiments
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localization decreased in the presence of PDBu (Figure 5e).
These results suggest that the MAPK pathway reverses the
localization of tBid from the mitochondria to the cytosolic
compartment.

Discussion

Despite the potential of TRAIL as an antitumor therapeutic
treatment, little is known about the mechanisms regulating
the sensitivity of tumor cells to TRAIL-induced apoptosis.

Expression of TRAIL decoy receptors was suggested to
contribute to TRAIL resistance.25,26 However, evidence for
this proposition have been based mainly in overexpression
studies.25,26 So far, there is no clear correlation between
expression of these receptors and sensitivity to TRAIL-
induced apoptosis in different tumor cell lines.27 Conversely,
expression of proapoptotic TRAIL receptors is controlled by a
variety of signals and may determine the sensitivity of tumor
cells to TRAIL.28 Nevertheless, available evidence indicates
that in most cases regulation of tumor cell sensitivity to TRAIL
relies on intracellular mediators. Despite the fact that many

Figure 4 Activation of the MAPK pathway inhibits TRAIL- or TNF-induced tBid mitochondrial localization. (a) GFP constructs of Bid and two different truncated forms of
Bid. (b) MCF-7 cells were transiently transfected with full-length Bid-GFP (FL Bid) using the FuGENE 6 transfection reagent and treated with PD98059 (50 mM) for 1 h
before adding PDBu (20 ng/ml) for 30 min and then treated with TRAIL (100 ng/ml) or TNFa (10 ng/ml) for a further 3-h period. At 1 h before the TNFa treatment, cells
were pretreated with CHX (500 ng/ml). Cells were fixed and analyzed by confocal microscopy. Mitochondria were identified with Mitotracker Red and nuclei with ToPro-3
(blue). (c) Quantification of mitochondria localized Bid by counting cells with a punctate green fluorescent pattern as described in the Materials and Methods section.
Error bars represent S.D. from three independent experiments. (d) Full-length Bid-GFP cleavage was determined by Western blot of cytosolic proteins with anti-GFP
antibody
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cancer cells are sensitive to TRAIL-induced apoptosis, a
number of them, and in particular, breast cancer cells, are
resistant to this death-ligand.29

Activity and expression of MAPK are significantly elevated
in breast carcinomas.30 Furthermore, it has been reported that
Bcl-2 expression is upregulated by Erk31 and that the MAPK
pathway could antagonize death receptor-mediated apopto-
sis by inducing FLICE-inhibitory protein (cFLIP) expression.32

However, our results indicate that the apoptosis antagonizing
effect of a PKC/MAPK activator does not require de novo
protein synthesis. Several authors have shown that MAPK
pathway protects from apoptosis triggered by different stimuli
at the level of mitochondria.33,34 MCF-7 cells, which are
deficient in caspase-3 expression,20 have been ascribed to
the type II group of cells since they require the mitochondrial
pathway for death receptor-mediated apoptosis signaling.4

Moreover, we have observed that overexpression of Bcl-2 in
MCF-7 cells not only blocks CD95 mediated apoptosis21 but
also TRAIL-mediated cell death.22 However, overexpression
of caspase-3 converts MCF-7 cells to type I cells in which
activation of executioner caspases is not regulated through
the mitochondria.4 Our data show that PDBu could no longer
protect MCF-7 cells overexpressing caspase-3 from TRAIL-
induced apoptosis, further supporting the idea that an
activated MAPK pathway inhibits TRAIL-induced apoptosis
via the mitochondrial pathway.

Previous reports have suggested that in HeLa and Jurkat T
cells inhibition of TRAIL-induced apoptosis by MAPK activa-
tion occurs by modulating DISC activity.14–16,35 In contrast, in
melanoma and breast cancer cell lines signaling through the
MAPK/Erk pathway inhibits TRAIL-induced translocation of
Bax from the cytosol to mitochondria thus preventing the
release of apoptogenic factors from this organelle.17,18 In the
present report, we have demonstrated that in MCF-7 breast
cancer cells TRAIL and TNF-a-induced cleavage of Bid was
unaffected by PKC activation and identified the mitochondrial
localization of tBid as a novel target of MAPK mediated
apoptosis inhibition. How this occurs is unknown at present.
One model is that MAPK activity inhibits tBid binding to Bcl-2
family proteins which is dependent upon the BH3 domain of
tBid.36–38 However, our results with the GFP-ttBid construct
that lacks the BH3 domain but is still subject to MAPK-
mediated inhibition rule out this possibility. Alternatively, it has
been described that myristoylation of tBid is required for its
translocation to mitochondria.39 However, it is unlikely that an
alteration of this post-translational modification by PKC/MAPK
could be responsible for the inhibition of the mitochondrial
localization of truncated Bid as the GFP-ttBid construct lacks the
specific myristoylation sequence (also GFP-tBid can not be
myristoylated since the GFP blocks the glycine target site).
Bid can be phosphorylated by casein kinases I and II

leading to resistance to cleavage by caspase-8.40 However,

Figure 5 Activation of the MAPK pathway reduces the mitochondrial localization of two different truncated forms of Bid. MCF-7 cells transiently transfected either with
GFP-tBid (a and b) or GFP-ttBid (c and d) using the FuGENE 6 transfection reagent were treated with PD98059 (50 mM) (PD) for 1 h before adding PDBu (20 ng/ml) for
4 h. Cells were fixed and analyzed by confocal microscopy. Mitochondria were identified with Mitotracker Red and nuclei with ToPro3 (blue). Quantitative analysis of the
mitochondrial localization of either GFP-tBid (b) or GFP-ttBid (d) by counting cells with a punctate green fluorescent pattern. Error bars represent S.D. for three
independent experiments. (e) MCF-7 cells transiently transfected with GFP-tBid were treated with CHX 1 h before the addition of PDBu (20 ng/ml). Cells were then
incubated for 6 h and GFP-tBid localization was assessed by confocal microscopy. Quantification of mitochondria localized GFP-tBid was performed by counting cells
with a punctate green fluorescent pattern. Results show the average and range of two independent experiments
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phosphorylation of tBid has not been reported and Bid does
not seem to contain any potential consensus sequences for
kinases like the mitogen-activated protein (MAP) kinases
Erk1/2 or Akt. On the other hand, caspase-8 cleaved Bid (tBid)
can be rapidly degraded by the proteasome.41 In this respect,
it is interesting that Bim(EL), another ‘BH3-only’ protein, is
phosphorylated following the activation of the Erk1/2 pathway
and this leads to a substantial degradation of BimEL via
the proteasome pathway.42 Whether tBid stability could be
altered indirectly by MAPK/Erk activation remains to be
elucidated.
Our results with permeabilized cells may suggest an

additional mechanism for the observed PKC/MAPK-mediated
inhibition of mitochondrial tBid localization and TRAIL-
induced apoptosis. In these experiments, cells were pre-
treated with a PKC activator before incubating them with
recombinant tBid for a short period. Under these conditions
cyt c release wasmarkedly inhibited. These observationsmay
indicate that PKC/MAPK activation could function to maintain
mitochondrial integrity as recently reported for Akt,43 though
the induction of hexokinase association with mitochondria.
This association prevents the proapoptotic effect of certain
members of the Bcl-2 family by preventing their mitochondrial
localization.44 We are currently investigating this hypothesis
in order to get further insight into the mechanism underlying
the PKC/MAPK-mediated abrogation of TRAIL and TNF-a-
induced apoptosis, particularly in those cells where inhibition
occurs downstream of Bid cleavage by caspase-8. These
studies may also help in the elucidation of the molecular
mechanisms controlling tBid binding to the mitochondrial
membrane.

Materials and Methods

Reagents and antibodies

RPMI 1640 medium and fetal bovine serum were obtained from Life
Technologies-Europe. Soluble human recombinant TRAIL was either
purchased from Alexis Biochemicals (Lausanne, Switzerland) or
generated as His-tagged recombinant TRAIL in our laboratory as
previously described.45 TNF alpha was from Peprotech EC LTD
(London, UK). Doxorubicin (DXR), propidium iodide (PI) and phorbol-
12,13-dibutyrate (PDBu) were from Sigma. (Poole, UK). PD98059 was
purchased from Calbiochem-Novabiochem GmbH (Band Soden, Germany).
Rabbit anti-Bid polyclonal antibody was generously provided by Dr. X
Wang (Howard Hughes Medical Institute, Dallas, Texas). Mouse anti-cyt c
mAb was from Pharmigen (San Diego, CA). Mouse anti-phospho-Erk1/
2mAb recognizing activated Erk1/2 was from Santa Cruz Biotechnology
(Santa Cruz, CA). Rabbit polyclonal anti-cyt c oxidase polypeptide IV (Cox
IV) was purchased from Abcam (Cambridge, UK). Mouse anticaspase 8
mAb was from BD Pharmingen (Erembodegem, Belgium). Anti-poly(ADP-
ribose) polymerase (PARP) polyclonal antibody was from Roche
Molecular Biochemicals (Germany). Monoclonal antibody to alpha-tubulin
was purchased from Sigma (Poole, UK). Anti-GFP antibody was from
Molecular Probes (Leiden, The Netherlands).

Cell lines

The human tumor cell line MCF-7 was maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and

40 mg/ml gentamycin at 371C in a humidified 5% CO2, 95% air incubator.
MCF-7 cells stably transfected with caspase-3 were generously provided
by Dr. DR Green (San Diego, CA, USA).

Analysis of cell viability and apoptosis

Cell viability was determined by the crystal violet method as described.21

Apoptosis was assessed by flow cytometry after staining with Anexin-V-
FLUOS (Roche Molecular Biochemicals) and propidium iodide by
measuring phosphatidylserine (PS) exposure on the surface of apoptotic
cells (propidium iodide negative). Flow cytometry was performed on a
FACScan cytometer using Cell Quest software (Becton Dickinson,
Mountain View, CA, USA). Apoptosis was also determined by analyzing
the cleavage of the caspase substrate poly(ADP-ribose) polymerase by
Western blotting with PARP antibody.

Immunoblot detection of proteins

After detachment with trypsin, cells (3� 105) were washed with
phosphate-buffered saline (PBS), and protein content was measured
following cell lysis using the Bradford reagent (Bio-Rad Laboratories, USA)
before adding Laemmli sample buffer. Samples were sonicated, and
proteins were resolved on SDS-polyacrylamide gels and detected as
described previously.21

Cellular fractionation

Following treatment, cells were lysed and cytosolic proteins were
separated from mitochondria as previously described.35 Briefly, cells
(7� 105) were washed with PBS and lysed in 30 ml ice-cold lysis buffer
(80 mM KCl, 250mM sucrose, 500mg/ml digitonin and proteases
inhibitors in PBS). Then, cell lysates were centrifugated for 5 min at
10 000� g. Proteins from the supernatant (cytosolic fraction) and pellet
(membrane fraction) were mixed with Laemmli buffer and resolved on
SDS-15% PAGE minigels.

Plasmid constructs

FL-Bid-GFP: Plasmid expressing the fusion protein full-length Bid
(corresponding to 1-195 aa)/EGFP. The human FL-Bid cDNA was
obtained from EST 286-f10 (MRC UK HGMP, Cambridge, UK) by PCR
using the following primers, forward 50-ATAAGATCTATGGACTGTGAG
GTCAACA-30 and reverse 50-CCCGGATCCGTCCATCCCATTTCTGG
CT-30. The PCR product was cloned initially into the pEGFP-N3 vector
(Clontech, BD-Biosciences, Belgium). Next, the FL-Bid-GFP fragment was
excised from pEGFP-N3 vector with BglII and NotI and subcloned into the
pEF4/Myc-His B vector (Invitrogen, The Netherlands). GFP-tBid: plasmid
expressing the fusion protein truncated Bid (corresponding to aa 61-195) /
EGFP. The human truncated Bid cDNA was obtained from EST 286-f10 by
PCR using the following primers, forward 50-ATAGTCGACGGCAACCG
CAGCAGCC-30 and reverse 50-CCCGGATCCGTCCATCCCATTTCTG
GCT-30. The PCR product was cloned into the pEGFP-BOS plasmid, a
modified version of pEGFP-C1 (Clontech, BD-Biosciences, Belgium)
plasmid with the CMV promoter removed and replaced for the pEF-BOS
promoter. GFP-ttBid: plasmid expressing the fusion protein ttBid (a shorter
version of human truncated Bid corresponding to aa 95-169)/EGFP. This
protein has a truncated and thereby non-functional BH3 domain. The ttBid
cDNA was obtained from EST 286-f10 by PCR using the following primers,
forward 50-ATAAGATCTAGCATGGACCGTAGCATCC-30 and reverse
50-CCCGTCGACATCACGGAGCAAGGAC-30. The PCR product was
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cloned directly into pEGFP-C1 (Clontech, BD-Biosciences, Belgium).
CA-MEK1: The cDNA coding for a constitutively active mutant of MAP
kinase kinase (MEK1) was as described.46

Cell transfections

For confocal analysis of Bid-GFP constructs transient transfection
experiments were conducted in MCF-7 cells with the FuGENE 6
transfection reagent (Roche Applied Science) as indicated by the
manufacturer. Briefly, 1.5� 105 cells/well were seeded into six-well
plates the day before transfection, 1 mg of full-length (FL) Bid-GFP, GFP-
tBid or GFP-ttBid plasmids were mixed with the FuGENE 6 reagent and
added to each well. At 15 h after transfection, cells were treated as
indicated in the figure legend. In order to obtain high transfection efficiency
(X90%) in experiments with the constitutively active mutant of MEK1
transfections were performed by electroporation as described pre-
viously.47 Briefly, 1� 106 MCF-7 cells were resuspended in 100 ml of
electroporation buffer containing 2mM HEPES (pH 7.2), 15mM K2HPO4/
KH2PO4, 250mM manitol, and 1mM MgCl2 at a final pH of 7.2. DNA
(3mg) were added to the cell suspension and electroporation was
conducted in a 0.1 cm cuvette (BioRad) with a Gene Pulser II apparatus
and Gene Pulser II RF module (BioRad) at 140 volts, 15 times 1.5 ms burst
duration and 1.5 s intervals. Cells were seeded in a 10-cm dish 5min after
electroporation. Cells were washed 16 h after transfection and the
experiment was performed either 24 or 48 h later.

Microscopy analysis and quantification of
mitochondrial Bid

After treatments, cells were fixed for 20min with 3% paraformaldehyde at
room temperature and analyzed using a Leica TCS NT confocal laser-
scanning microscope (Leica Microsystems, Germany). To quantify cells
with a punctate green fluorescent pattern (representing mitochondrial
localization), at least 100 Bid-GFP expressing cells were counted in
different fields. The percentage of punctate cells represents the
percentage of cells expressing Bid-GFP at the mitochondria relative to
total number of cells expressing Bid-GFP. Mitochondria were stained with
150mM Mitotracker Red (Molecular Probes) and nuclei were stained with
1 mM TOPRO-3 (Molecular Probes).

Recombinant tBid

The cDNA coding for full-length human Bid cloned into pGEX4T1 was
donated by Dr. Donald D Newmeyer (San Diego, CA, USA). The plasmid
was transformed into Escherichia coli BL21 and recombinant tBid was
produced as described.48

Cell permeabilization experiments

Cells (6� 105) per well were seeded in six-well plates. The next day cells
were washed twice with washing buffer containing 120mM NaCl, 5 mM
KCl, 1 mM KH2PO4, 0.2 mM MgCl2, 0.1 mM EGTA and 20mM HEPES-
NaOH pH 7.4, and then incubated 10min in permeabilization buffer
containing 120mM KCl, 10 mM NaCl, 1 mM KH2PO4, 20mM HEPES-Tris
pH 7.2, a protease inhibitor cocktail (Roche Diagnostic, GmbH, Mannheim,
Germany), 100mg/ml digitonin (Sigma), 2 mM succinate, 2 mM ATP, 5 mM
phosphocreatine (Sigma) and 5 U/ml creatine phosphokinase (Sigma) at
371C in the presence or absence of 500 ng of recombinant tBid. After

incubation, both cells and medium were collected and cyt c content was
determined by SDS-PAGE and Western blotting with cyt c antibody.
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