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Bcl-2 is a key inhibitor of a broad range of apoptotic
pathways, yet neither the mechanism of action nor the
role of Bcl-2 subcellular localization are well understood.
The subcellular localization of Bcl-2 includes the
mitochondrial membrane as well as the contiguous
membrane of the endoplasmic reticulum and nuclear
envelope. Most studies suggest that the ability of Bcl-2
to confer cell survival is dependent upon its localization
to the mitochondria. In this manuscript, we show that
Bcl-2 targeted to the endoplasmic reticulum can inhibit
Myc-, but not etoposide-induced apoptosis in the Rat-1
®broblast cell line. By contrast, wild type Bcl-2 can
inhibit apoptosis triggered by either death agonist. We
further show both Myc and etoposide trigger disruption
of mitochondrial membrane potential (MMP) and induce
poly-ADP ribose polymerase (PARP) cleavage, but
release of calcium was not evident. Bcl-2 abrogates
apoptosis at or upstream of MMP depletion showing
that Bcl-2 does not have to reside at the mitochondria to
prevent apoptosis. These results further elucidate the
biochemical events associated with Myc- and etoposide-
induced apoptosis and signi®cantly advance our under-
standing of Bcl-2 function.
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Introduction

Programmed cell death or apoptosis plays a critical
role in the prevention, genesis and eradication of
cancer, yet the key regulatory processes of apoptosis
remain unclear. Apoptosis is a genetic mechanism of
cell death signi®ed by a series of characteristic
morphological and biochemical alterations (reviewed
in Wyllie et al., 1980). Apoptotic agonists are thought
to independently trigger specialized signal transduction
pathways which ultimately converge and activate an
irreversible core e�ector phase of cell destruction (for
review see: Green and Martin, 1995). Bcl-2 has been
shown to block apoptosis induced by a variety of
agonists, suggesting that it plays an important role in

controlling apoptosis. Understanding the biochemical
and molecular mechanisms regulating apoptosis is
essential to fully comprehend the process of cellular
transformation and to design e�ective therapeutics to
speci®cally kill tumor cells.

A wide variety of apoptotic agonists can trigger cells
to die by diverse mechanisms. Many chemotherapeutic
agents activate apoptosis by in¯icting severe, irrepar-
able damage to the cell. For example, etoposide
antagonizes topoisomerase II activity which then leads
to DNA-damage and cell death (Liu, 1989). Other
apoptotic stimuli are less severe, yet are just as e�ective
at killing transformed cells. For example, withdrawal
of growth and survival factors can lead to growth
arrest of non-transformed ®broblast cells; however,
exposure of cells expressing an activated allele of the c-
myc oncogene to such a growth-arrest signal can lead
to apoptosis (Evan et al., 1992). The mechanism of
Myc-induced death remains unclear, but likely di�ers
from that of etoposide as DNA-damage is not
involved. Despite the broad range of apoptotic
agonists and their diverse individual signaling path-
ways, they are thought to ultimately activate a
common e�ector phase of apoptosis which is largely
centered and controlled at the mitochondria.

Mitochondrial function is highly associated with the
apoptotic process, yet the precise role of mitochondria to
the commitment phase of apoptosis, and the regulatory
machinery controlling mitochondrial function remain
unclear. The inner membrane of mitochondria possess
electrochemical gradients which result in an asymmetric
distribution of protons across the inner membrane
leading to the formation of mitochondrial membrane
potential (MMP). MMP disruption appears to be one of
the universal events in the death process. It is disrupted
in a wide-variety of cell types undergoing apoptosis in
response to a diverse array of death agonists (Vayssiere
et al., 1994; Zamzami et al., 1996). Moreover, kinetic
analysis shows MMP disruption precedes the character-
istic morphological features of apoptosis (Zamzami et
al., 1995) and pharmacological agents such as bongk-
rekic acid are able to retain MMP and concomitantly
suppress apoptosis (Marchetti et al., 1996). MMP
disruption is believed to be a consequence of a process
known as permeability transition (PT), which is thought
to result from the opening of a megachannel spanning
both mitochondrial inner and outer membranes
(Kroemer, 1997). The collapse of MMP through PT
has been proposed to be the rate limiting step prior to
the irreversible degradation phase of apoptosis. This
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model suggests apoptotic signal transduction cascades
must lead to MMP disruption and inhibitors of
apoptosis must retain MMP to prevent apoptosis.

The potent anti-apoptotic activity of Bcl-2 is well
established, yet its mechanism of action remains
unclear. Many proposed mechanisms are related to
the subcellular localization of Bcl-2. The carboxyl-
terminal insertion sequence targets Bcl-2 to speci®c
cytoplasmic membranes including the outer mitochon-
drial membrane, as well as the contiguous membrane
of the nuclear envelope and endoplasmic reticulum
(Akao et al., 1994; Chen-Levy and Cleary, 1990; Chen-
Levy et al., 1989; Janiak et al., 1994; Krajewski et al.,
1993; Monaghan et al., 1992; Nguyen et al., 1993;
Riparbelli et al., 1995). For example, Bcl-2 has been
proposed to function as an antioxidant and the
subcellular localization of Bcl-2 overlaps with sites of
reactive oxygen species generation (Hockenbery et al.,
1993; Kane et al., 1993; Veis et al., 1993; Zhong et al.,
1993). Moreover, Bcl-2 has been reported to regulate
the release of calcium from intracellular stores
primarily located at the endoplasmic reticulum (Ba�y
et al., 1993; He et al., 1997; Lam et al., 1994). Bcl-2
family members were also shown to form heterocom-
plexes with proteins such as Bax, Apaf-1 and Raf-1
showing Bcl-2 can function as a docking protein to
directly or indirectly sequester these and other
apoptotic regulatory molecules (Hu et al., 1998; Oltvai
et al., 1993; Pan et al., 1998; Wang et al., 1996).
Finally, another model suggests Bcl-2 directly sup-
presses mitochondrial PT through the direct formation
of mitochondrial membrane channels (Mignotte and
Vayssiere, 1998; Schendel et al., 1997). The latter
model is supported by studies showing that Bcl-2
targeted to the mitochondrial membrane leads to the
abrogation of apoptosis (Nguyen et al., 1994; Zhu et
al., 1996). However, targeting Bcl-2 to other physiolo-
gically-relevant cellular membranes and determining
the anti-apoptotic activity of Bcl-2 at these additional
sites has not yet been thoroughly explored.

In our previous work, we compared the ability of Bcl-
2 to suppress apoptosis when targeted to the
endoplasmic reticulum as well as the mitochondria
(Zhu et al., 1996). Targeting Bcl-2 to these speci®c
organelles was achieved by replacing the native insertion
sequence of Bcl-2 with the mitochondrial-speci®c
insertion sequence of Act A or the endoplasmic
reticulum-speci®c insertion sequence derived from
cytochrome b5 (cb5). We showed wild type Bcl-2 and
Bcl-2 targeted to the mitochondria could abrogate
apoptosis induced by serum-deprivation in the MDCK
epithelial cell line; whereas Bcl-2 targeted to the
endoplasmic reticulum was unable to confer cell
survival in this system. However, the endoplasmic
reticulum form of Bcl-2 was able to inhibit Myc-
induced apoptosis in the Rat-1 ®broblast cell line. It is
unclear whether the di�erential anti-apoptotic activity
of Bcl-2 targeted to the endoplasmic reticulum was
dependent upon the cell-type (epithelial or ®broblast) or
the apoptotic agonist (serum-withdrawal alone or Myc-
activation and serum-withdrawal). In this study we
address the latter by assessing the role of subcellular
localization to Bcl-2 function when a single cell-type,
®broblasts, are challenged with two di�erent apoptotic
agonists; Myc-activation under low serum conditions or
exposure to etoposide. We also investigate the

mechanism of action of the Myc-induced and etopo-
side-triggered apoptosis pathways and evaluate the
point at which Bcl-2 can inhibit these cascades.

Results

MMP disruption is evident in Rat-1 cells undergoing
Myc- or etoposide-induced apoptosis

Our previous work showed Myc-induced apoptosis
could be inhibited by a mutant form of Bcl-2 targeted
to the endoplasmic reticulum (Bcl-cb5). These results
suggested that Myc may trigger apoptosis by a unique
mitochondria-independent mechanism of action. To
determine if mitochondria are involved in Myc-
triggered apoptosis, we assayed MMP during apopto-
sis triggered by either etoposide, as a positive control
(Nguyen et al., 1993), or Myc-activation in serum-
deprived Rat-1MycER cells. The inducible c-myc
system was employed in these studies to allow the
mechanism of apoptosis triggered by either etoposide
or Myc to be directly compared within the same cell
line. Rat-1MycER cells constitutively express an
inactive fusion protein consisting of human c-Myc
linked in-frame to the ligand-binding domain of the
estrogen receptor (Eilers et al., 1989; Evan et al., 1992).
The inactive MycER fusion protein is constitutively
expressed and activated within minutes of exposure of
cells to 4-hydroxytamoxifen (OH-T). MycER-activa-
tion in the presence of growth and survival factors
stimulates cell proliferation, while under low serum
conditions MycER-activation triggers Rat-1 cells to
undergo apoptosis. The activity of MycER following
OH-T activation is directly comparable to that of the
wild type c-myc allele (Eilers et al., 1989; Evan et al.,
1992; Facchini et al., 1997; Marhin et al., 1997).

To determine the MMP of Rat-1MycER cells
undergoing apoptosis, a cationic amphipathic fluor-
ochrome DilCl(5) and ¯ow cytometry were employed
(Backway et al., 1997). When MMP is intact, the dye
concentrates in the mitochondrial matrix and the
¯uorescence intensity is measured using ¯ow cytome-
try. Disruption of MMP signi®cantly compromises
DilCl(5) accumulation which is detected as a decrease
in ¯uorescence intensity. As a positive control for the
detection of MMP disruption, Rat-1MycER cells were
exposed to the MMP-disrupting agent CCCP and then
incubated with DilCl(5) as well as propidium iodide
(PI). The latter is used to distinguish live from dead
cells by the retention or loss of cell surface membrane
integrity, respectively. To characterize the biochemical
and molecular events occurring as cells are undergoing
apoptosis, the MMP of PI-excluding cells was assayed
by ¯ow cytometry. As shown in Figure 1a, MMP
disruption was evident in response to CCCP exposure,
as indicated by the decrease in relative ¯uorescence
intensity in CCCP-exposed cells (low MMP cells are
indicated by an arrow) compared to untreated control
cells. Superimposing the untreated and CCCP fluores-
cence pro®les clearly shows the shift in ¯uorescence
intensity which corresponds to MMP disruption
(Figure 1a, third panel).

To determine whether MMP was disrupted in Rat-
1MycER cells in response to etoposide, asynchronously
growing cells were exposed to DMSO as a solvent

Bcl-2 subcellular localization alters anti-apoptotic function
ST Lee et al

3521



control (0 mM) or etoposide at 10, 20, 40 and 60 mM for
18 h. In these experiments MycER is inactive as the
cells were not exposed to OH-T. Following exposure to
etoposide, cells were harvested and incubated with
DilCl(5) as well as PI as above. As shown in Figure 1b,
overnight exposure to DMSO solvent control (0 mM)
showed a unimodal population of cells with narrow
distribution of MMP which is similar to untreated cells
(Figure 1a). By contrast, overnight exposure to 10 mM
etoposide induces MMP disruption, as indicated by the
emergence of a sub-population of cells with a decrease
in relative ¯uorescence intensity (indicated by arrow).
The fraction of cells found in the low MMP sub-
population increases with the dose of etoposide (Figure
1b) and positively correlates with the degree of cell
death as detected by microscopy as well as acridine
orange/ethidium bromide staining as previously con-
ducted (data not shown, Zhu et al., 1996). Thus
etoposide-induced apoptosis results in the disruption of
MMP in Rat-1MycER cells.

To determine whether MMP was disrupted in the
Myc-induced apoptosis pathway, subcon¯uent asyn-
chronous cells were exposed to OH-T in serum-

depleted medium for 0, 12, 24 and 40 h. Cells were
then harvested and analysed by ¯ow cytometry as
described above. As shown in Figure 1c, control
untreated cells (0 h) showed a single population of
cells with narrow distribution of MMP. Following 12 h
of treatment, a population of cells with low MMP was
observed (indicated by arrow). This low MMP cell
population increased with time of treatment (24 and
40 h) which was proportional to the degree of cell
death evident in the population (Evan et al., 1992; Zhu
et al., 1996). Clearly, MMP disruption is a feature of
the Myc-induced apoptosis pathway in Rat-1 cells.

Bcl-2 inhibits MMP disruption in both etoposide- and
Myc-induced apoptotic pathways

Anti-apoptotic protein Bcl-2 has been shown to inhibit
apoptosis triggered by either Myc- or etoposide (Fanidi
et al., 1992; Nguyen et al., 1993). We next determined
whether Bcl-2 inhibits apoptosis upstream or down-
stream of MMP disruption. Rat-1MycER cells
expressing the puromycin-resistance gene alone (con-
trol) or the human bcl-2 cDNA as well as the

Figure 1 Disruption of mitochondrial membrane potential (MMP) occurs during etoposide and Myc-induced apoptosis in Rat-
1MycER cells. Rat-1MycER cells were incubated with the ¯uorogenic dye DilCl(5), a PT-dependent mitochondrial stain, and
¯uorescence intensity was then measured by ¯ow cytometric analysis. (a) As a positive control for the detection of MMP disruption,
Rat-1MycER cells were untreated or exposed to the MMP-disrupting agent CCCP and the ¯uorescence intensity measured. In
untreated cells MMP is intact (untreated), whereas CCCP exposure disrupts MMP (CCCP) leading to altered ¯uorescence intensity
(indicated by arrow). By superimposing the untreated and CCCP ¯uorescence pro®les, the shift in ¯uorescence intensity
corresponding to MMP disruption is clearly evident (see the third panel). (b) Etoposide induces MMP disruption of Rat-1MycER
cells. Asynchronously growing Rat-1MycER cells were exposed to DMSO (0 mM), or 10, 20, 40, and 60 mM etoposide for 18 h, then
harvested and stained with DilCl(5), and analysed by ¯ow cytometry as above. (c) Myc-induced apoptosis triggers MMP disruption
in Rat-1MycER cells. Cells were exposed to 4-hydroxytamoxifen under low serum conditions to activate the MycER fusion protein
and induce apoptosis for 0, 12, 24 and 40 h and then analysed by ¯ow cytometry as above. In both (b) and (c) the population of
cells with ¯uorescence intensity indicative of MMP disruption is marked by an arrow
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puromycin-resistance gene were previously derived by
retroviral infection and puromycin selection (Zhu et al.,
1996) Stable populations of puromycin-resistant cells
were seeded subcon¯uently and either exposed to
etoposide (0, 10, 20, 40, 60 mM) or to OH-T in
serum-depleted medium for increasing periods of time
(0, 12, 24, 40 h). Cell death was measured by
microscopy (data not shown) while MMP was assayed
using DilCl(5) as described earlier. Cells expressing
exogenous Bcl-2 consistently demonstrated a unimodal
population of cells with narrow distribution of MMP
at an intensity indicative of an intact MMP (Figure 2).
Unlike control cells (Figure 1), MMP disruption was
not evident in cells expressing ectopic Bcl-2 in response
to etoposide, at a range of 0 to 60 mM, nor Myc-
induced death for up to 40 h. Thus ectopic Bcl-2
expression inhibited Myc and etoposide-induced
apoptosis at or upstream of MMP-disruption in Rat-
1 ®broblasts.

Another feature of apoptosis that may or may not
be independent of MMP is activation of caspases. To
assay caspase activation and Bcl-2-dependent inhibition
of this process, cells were assayed for the cleavage of
endogenous poly-ADP ribose polymerase (PARP).
PARP is speci®cally cleaved by caspases, including
caspase 3 which is activated during both Myc and
etoposide induced apoptosis (Kangas et al., 1998;
Widmann et al., 1998). Asynchronously growing
control and Bcl-2 cells were either left untreated,
exposed to 40 mM etoposide for 18 h or to OH-T
under low serum conditions for 40 h, then protein
extracts prepared and assayed by immunoblot (Figure
3). Under these conditions Myc and etoposide
triggered 39% and 30% cell death in control cells,
respectively; and 11% and 16% cell death in cells
expressing Bcl-2, respectively, as assayed by PI-
exclusion using ¯ow cytometry. Immunoblot analysis

shows intact PARP migrates at 116 kDa in control
cells, whereas in cells undergoing either Myc or
etoposide induced death, the 85 kDa cleavage product
is evident, showing that one or more caspases is
activated in these cells (Figure 3). This cleavage
product was not detectable in cells expressing ectopic
Bcl-2. Thus, Bcl-2-mediated abrogation of apoptosis
triggered by either Myc or etoposide occurs prior to
activation of caspases.

Bcl-2 targeted to the endoplasmic reticulum inhibits
Myc-, but not etoposide-induced apoptosis and prevents
MMP disruption

Our previous studies showed that a Bcl-2 mutant
targeted to the endoplasmic reticulum (Bcl-cb5)
protected cells from Myc-induced death as e�ciently

Figure 2 Bcl-2 inhibits MMP disruption and apoptosis triggered by etoposide- or Myc-induced apoptosis in Rat-1MycER cells.
Asynchronously growing Rat-1MycER cells were (a) exposed to DMSO (0 mM) or 10, 20, 40 and 60 mM etoposide for 18 h or (b)
exposed to OH-T under low serum conditions for 0, 12, 24 and 40 h to trigger Myc-induced apoptosis, then harvested and stained
with DilCl(5), and analysed by ¯ow cytometry as above

Figure 3 Immunoblot analysis of PARP in Rat-1MycER cells.
Asynchronously growing Rat-1MycER cells expressing control
vector (control) or exogenous wild type Bcl-2 (Bcl-2) were left
untreated or exposed to either 40 mM etoposide (Etoposide) for
18 h or to OH-T in low serum for 40 h (MycER). Cells were
harvested and assayed by Western blot to detect endogenous
PARP protein. Intact PARP (116 kDa) and a cleavage product
(85 kDa) are indicated. The 96 kDa molecular weight marker is
also shown
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as wild type Bcl-2; however it remained unclear
whether Bcl-cb5 could protect Rat-1 cells from other
apoptotic agonists. To determine whether Bcl-2
targeted to the endoplasmic reticulum could inhibit
etoposide- as well as Myc-triggered apoptosis, control,
Bcl-2 and Bcl-cb5 expressing cells described previously
(Zhu et al., 1996), were triggered to undergo apoptosis
in response to etoposide or Myc-activation and
analysed by microscopy. Importantly, levels of ectopic
Bcl-2 and Bcl-cb5 were comparable in these cells (Zhu
et al., 1996). Microscopic examination showed evidence

of apoptosis as detected by cell rounding and lifting o�
from the cell monolayer below (Figure 4). Rat-
1MycER cells ectopically expressing the puromycin-
resistance gene alone (control; Figure 4a, d and g), wild
type Bcl-2 (Bcl-2; Figure 4b, e and h), Bcl-2 targeted to
the endoplasmic reticulum (Bcl-cb5; Figure 4c, f and i),
were plated under subcon¯uent conditions. Cells were
then left untreated (Figure 4a ± c), exposed to 40 mM
etoposide for 18 h (Figure 4d ± f) or exposed to OH-T
in serum-deprived medium for 40 h (Figure 4g ± i).
Untreated cell cultures do not undergo apoptosis and
show similar growth and morphological characteristics
(Figure 4a ± c). Exposure to etoposide triggers apopto-
sis in control cells (Figure 4d) which is not evident in
cells expressing Bcl-2 (Figure 4e), but clearly detectable
in Bcl-cb5 expressing cells (Figure 4f). Myc-induced
apoptosis is evident in the control cell population
(Figure 4g), but not evident in cells expressing Bcl-2
(Figure 4h), or Bcl-cb5 (Figure 4i). Thus, microscopic
evidence shows Bcl-2 targeted to the endoplasmic
reticulum can inhibit Myc- but not etoposide-triggered
apoptosis.

We next addressed whether the mechanism of the
anti-apoptotic e�ect of Bcl-cb5 was associated with
MMP disruption of the cell. To this end, experiments
were conducted as described earlier using DilCl(5) and
PI staining with ¯ow cytometry. As expected, MMP is
intact in untreated Rat-1MycER cells (Figure 5a and
b). Exposure to 40 mM etoposide for 18 h lead to the
characteristic disruption of MMP in control cells which
was signi®cantly abrogated in cells expressing ectopic
Bcl-2, as shown by the unimodal population of cells
with narrow distribution (Figure 5a). MMP in cells
expressing Bcl-cb5 resembled that of control cells
(Figure 5a). Disruption of MMP in control cells was
detectable following 40 h Myc-induced apoptosis
(Figure 5b). In contrast to etoposide, Myc-activated
cells expressing Bcl-2 or Bcl-cb5 showed little to no

Figure 4 Bcl-2 targeted to endoplasmic reticulum can inhibit
Myc but not etoposide-induced apoptosis. Microscopic examina-
tion shows apoptosis of Rat-1 cells as rounded refractile cells
which lift o� the cell monolayer. Asynchronously growing Rat-
1MycER cells expressing control vector (a,d,g), exogenous wild
type Bcl-2 (b,e,h), Bcl-2 targeted to the endoplasmic reticulum
(c,f,i) were left untreated (a,b,c) or exposed to 40 mM etoposide for
18 h (Etoposide; d,e,f) or exposed to OH-T under low serum
conditions for 40 h (MycER; g,h,i). Photomicrographs show cells
at 1000-fold magni®cation (bar is equivalent to 15 mm)

Figure 5 Bcl-2 targeted to the endoplasmic reticulum can inhibit MMP disruption during Myc- but not etoposide-induced
apoptosis in Rat-1MycER cells. Asynchronous growing Rat-1MycER control, Bcl-2 and Bcl-cb5 cells were (a) left untreated or
exposed to 40 mM etoposide (Etoposide) for 18 h or (b) left untreated or exposed to OH-T under low serum conditions for 40 h
(MycER). The disruption of MMP is indicated by the changes of the ¯uorescence intensity (marked by the arrow)
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evidence of MMP disruption (Figure 5b). The degree
of MMP disruption was proportional to the cell death
triggered in these cells as detected by PI-exclusion and
¯ow cytometry (Figure 6). Taken together, our results
show that wild type Bcl-2 is able to inhibit apoptosis
and MMP disruption induced by two di�erent
apoptotic agonists. However, Bcl-2 targeted to the
endoplasmic reticulum antagonizes Myc-induced MMP
disruption and apoptosis, but is unable to abrogate
etoposide-induced apoptosis or its associated disrup-
tion of MMP.

Intracellular calcium levels are not elevated during
Myc- or etoposide-induced apoptosis

Bcl-2 has been suggested to inhibit apoptosis by
regulating endogenous calcium in various cell types
(Ba�y et al., 1993; Lam et al., 1994). To determine
whether calcium levels were altered in either the
etoposide- or Myc-induced apoptosis pathways, the
level of intracellular calcium was measured by ¯ow
cytometry. Asynchronously growing Rat-1MycER cells
were left untreated or, as a positive control, exposed to
the calcium ionophore ionomycin. Cells were then
harvested and stained with the calcium-binding dye
indo-1 to measure intracellular calcium. A clear shift in
¯uorescence is detected in cells exposed to ionomycin
(Figure 7a) showing release of calcium can be readily
measured by this approach in Rat-1MycER cells. To
determine the concentration of intracellular calcium as
cells are undergoing apoptosis, asynchronously grow-
ing Rat-1MycER cells were left untreated or exposed
to either 40 mM etoposide for 18 h (Figure 7b) or to
OH-T in low-serum containing medium for 40 h
(Figure 7c). The cells were harvested and analysed as
above. Calcium levels did not increase in control cells
undergoing apoptosis in response to either Myc or

etoposide nor did the intracellular calcium concentra-
tion change signi®cantly in cells expressing either Bcl-2
or Bcl-cb5. Elevation of cytosolic calcium does not
play a key regulatory role in etoposide-or Myc-induced
apoptosis in Rat-1 cells. Thus, Bcl-2 does not inhibit
apoptosis triggered by these stimuli by controlling
calcium levels in these cells.

Discussion

We have shown that Bcl-2 targeted to the endoplasmic
reticulum can inhibit Myc-, but not etoposide-induced
apoptosis, whereas wild type Bcl-2 can abrogate
apoptosis triggered by either stimulus in Rat-1
®broblasts. Mechanistically, both Myc- and etopo-
side-triggered apoptosis pathways are associated with
MMP disruption, and conversely, the anti-apoptotic
activity of Bcl-2 was strongly associated with an intact
MMP. These data suggest Bcl-2 inhibits apoptosis at
or upstream of MMP disruption and further supports
the notion that mitochondrial function plays an
important role in the commitment of a cell to enter
the irreversible degradation phase of apoptosis. As Bcl-
2 targeted to the endoplasmic reticulum inhibited
MMP disruption as well as Myc-induced apoptosis,
our data demonstrates Bcl-2 does not have to reside at
the mitochondria to control mitochondrial PT and
abrogate apoptosis. Thus, in Rat-1 cells there are at
least two Bcl-2-inhibitable, spatially-distinct apoptosis
pathways leading to MMP disruption.

We speculated that Bcl-2 targeted to endoplasmic
reticulum may inhibit apoptosis through the regulation
of the calcium signaling pathway (Zhu et al., 1996).
The endoplasmic reticulum is the main storage
compartment of intracellular calcium (Carafoli, 1987)
and calcium release can trigger apoptosis (Shibasaki

Figure 6 Flow cytometric analysis of cell death of Rat-1MycER cells. Asynchronous growing Rat-1MycER control, Bcl-2 and Bcl-
cb5 cells were (a) left untreated or exposed to 40 mM etoposide (Etoposide) for 18 h or (b) left untreated or exposed to OH-T under
low serum conditions for 40 h (MycER) and then incubated with propidium iodide (PI). The percentage of PI-stained cells was
quantitated by ¯ow cytometry
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and McKeon, 1995). A possible explanation for an
endoplasmic reticulum-speci®c pathway regulated by
Bcl-2 is control of calcium ¯ux (He et al., 1997; Lam et
al., 1994). To examine whether calcium elevation was
associated with Myc- or etoposide-induced apoptosis
we used a cyto¯uorometric approach. As our results
show, calcium elevation is unlikely to play a major role
in apoptosis induced by either Myc or etoposide in
Rat-1 cells. Thus, we speculate that Bcl-2 targeted to
the endoplasmic reticulum inhibits apoptosis via a
mechanism independent of direct regulation of
intracellular calcium homeostasis.

The mechanism of Bcl-cb5 inhibition of MMP
disruption and Myc-induced apoptosis remain un-
clear; however, numerous models can be proposed.
When targeted to the mitochondria, Bcl-2 is thought to
directly regulate mitochondrial homeostasis through a
channel-forming property. Consistent with this model,
Bcl-2 forms ion channels in vitro and is thought to
function like Bcl-XL, another Bcl-2 family member,
whose three-dimensional structure is similar to bacter-
ial toxins with pore-forming activity (Minn et al., 1997;
Muchmore et al., 1996; Schendel et al., 1997). Bcl-cb5
may inhibit Myc-induced apoptosis by forming a
channel in the membrane of the endoplasmic
reticulum to allow the release of ionic, proteinaceous

or other small molecular-weight constituents of this
unique organelle. These molecules may in turn inhibit
apoptosis by directly regulating mitochondrial PT or
by indirectly curtailing the apoptotic signals at or
upstream of the mitochondria. In addition to its
channel-forming properties, Bcl-2 has also been shown
to function as a docking protein to sequester apoptotic
regulators (Reed, 1997). Bcl-cb5 may bind to rate-
limiting proteins of the apoptotic process and thereby
prevent the cell from undergoing apoptosis. These
interacting molecules would not likely be those that
have been previously reported, such as Bax, Apaf-1 or
Raf-1, as binding these universal regulators of
apoptosis would potentially allow Bcl-cb5 to inhibit
both the Myc and etoposide-induced death pathways.
As Myc-, but not etoposide-induced death is abrogated
by Bcl-cb5, the binding protein is predicted to be
unique to the Myc-activated apoptosis pathway and
function at or upstream of mitochondrial PT. Such a
protein could be cytosolic or targeted to the
endoplasmic reticulum (Ng et al., 1997). Further
evidence that the Myc-induced apoptosis pathway
di�ers from that of etoposide or other death agonists
is provided by Kagaya et al. (1997) showing that serine
protease inhibitors can abrogate Myc but not other
apoptotic pathways. Understanding the mechanism(s)

Figure 7 Intracellular calcium concentration is not elevated during etoposide or Myc-induced apoptosis in Rat-1MycER cells.
Asynchronous growing Rat-1MycER cells were (a) left untreated or exposed to 5 mM ionomycin, (b) Rat-1MycER control, Bcl-2
and Bcl-cb5 cells were left untreated or exposed to 40 mM etoposide (Etoposide) for 18 h or (c) left untreated or exposed to OH-T
under low serum conditions for 40 h (MycER). To examine intracellular calcium concentration in cells undergoing apoptosis, cells
were harvested, incubated with calcium-binding dye indo-1 and then analysed by ¯ow cytometry
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of Bcl-cb5 inhibition of MMP disruption has
important therapeutic implications and requires
further investigation.

To further understand the mechanism of Bcl-2
inhibition of both apoptosis and MMP disruption, it
would be informative to determine which domain of
Bcl-2 is required for the inhibition of Myc-triggered
apoptosis when localized at the endoplasmic reticulum.
It would also be instructive to learn which other death
pathways can be inhibited by Bcl-cb5 in Rat-1
®broblasts, and to know whether Bcl-cb5 can inhibit
Myc-triggered apoptosis in other cell types. Clearly,
further investigation into the molecular mechanism of
the protective e�ect of Bcl-cb5 will add insight into
both the Myc-induced apoptosis pathway and Bcl-2
function. To this end, the targeted Bcl-2 molecules can
serve as valuable tools.

Materials and methods

Cell lines and apoptosis induction

The cell lines used in this study have been previously
described (Zhu et al., 1996). For etoposide-induced
apoptosis experiments, cells were exposed to DMSO as a
solvent control (40 ml) or etoposide (Sigma) was added to the
medium at a ®nal concentration of 10 ± 60 mM and incubated
for 18 h. For Myc-induced apoptosis experiments, cells were
exposed to ethanol as a solvent control or 100 nM OH-T
(Research Biochemical International) in 0.03% serum-
containing medium for 12 ± 48 h.

Flow cytometry

For ¯ow cytometric analysis, both ¯oating and adherent cells
were harvested, and cell pellets were resuspended at 106 cells/
ml 10%FBS/aMEM and kept on ice. All ¯uorogenic dyes
were obtained from Molecular Probes, (Eugene, OR, USA).
To assay cells for mitochondrial membrane potential (MMP),
56105 cells were incubated at 378C for 30 min with 20 nM of
DilCl(5) prior to ¯ow analysis (Backway et al., 1997).
Intracellular ionized calcium was examined by incubating

56105 cells with 3 mM indo-1 acetoxymethyl ester at 378C for
30 min prior to analysis. In addition, to distinguish cells with
intact surface membrane integrity, 5 mg/ml PI was added to
all samples prior to ¯ow analysis. To stimulate MMP
disruption or calcium release, cells were incubated with
200 mM of the uncoupling agent CCCP (Sigma) and 5 mM
ionomycin (Calbiochem), respectively.

Flow cytometry was performed using an Epics Elite cell
sorter (Coulter), ®tted with three air cooled lasers emitting at
325 nm, 488 nm, and 633 nm. PI was excited at 488 nm, and
collected at 640 nm. Indo-1 was excited by a 325 nm Helium/
Cadium laser, with a 440 nm bandpass ®lter used for
collection. Intracellular calcium ion concentration was
obtained by electronic ratio measurements of the calcium
bound (405 nm) and calcium free (525 nm) emission of indo-
1. DilCl(5) was excited at 633 nm and ¯uorescence collected
at 675 nm.

PARP immunoblot

Following apoptosis induction, both ¯oating and adherent
cells were harvested and suspended in extraction bu�er
containing loading dye (100 ml of 50 mM glucose, 25 mM

Tris-HCl pH 8, 10 mM EDTA, 1 mM PMSF mixed with
50 ml of 50 mM Tris-HCl pH 6.8, 6 M urea, 6% 2-
mercaptoethanol, 3% SDS, 0.003% bromophenol blue).
The cell samples were then sonicated and incubated for
15 min at 658C prior to fractionated by 6% SDS-
polyacrylamide gel electrophoresis and blotting onto PVDF
membrane (NEN Life Science). The resultant Western blot
was probed with a polyclonal antibody against full-length
recombinant PARP (Boehringer Mannheim) at 0.5 mg/ml.
The blot was developed using an enhanced chemilumines-
cence system according to the manufacturer's instructions
(NEN Life Science Products).
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