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Abstract Defective apoptotic mechanisms are consid-
ered to play a role in both the development of malig-
nancy and resistance to chemotherapeutic drugs. The
Bcl-2 family of proteins regulate the cellular commit-
ment to survive or die when challenged with various
apoptotic stimuli. Purpose: The purpose of this study
was to identify the point at which Bcl-2 interrupts the
apoptotic cascade initiated following exposure of human
tumor cells to etoposide. Methods: A stable Bcl-2-ex-
pressing HeLa-transfected clonal cell line, along with its
control-vector-transfected counterpart, were utilized in
this study. Following etoposide exposure, cells were ex-
amined for cell cycle arrest, formation of hyperdiploid
cells, apoptotic DNA degradation, loss of plasma
membrane integrity, levels of expression of members of
the Bcl-2 protein family, caspase activation, degradation
of poly(ADP-ribose) polymerase and movement of Bax
from cytosol to cellular membrane fractions. Results:
Caspase activation, poly(ADP-ribose) polymerase de-
gradation and Bax membrane insertion were initiated
rapidly following etoposide removal, concomitantly with
cell cycle arrest. Whereas Bcl-2 had no e�ect on etopo-
side-induced cell arrest, it interrupted all aspects of
apoptosis, including activation of caspases, poly(ADP-

ribose) polymerase degradation, DNA fragmentation
and loss of plasma membrane integrity. Surprisingly,
Bcl-2 also blocked Bax membrane insertion. In addition,
Bcl-2 also prevented the increase in cellular levels of
Bak, Bax and Bcl-xL, along with degradation of actin
and Bax. However, inhibition of etoposide-induced
apoptosis by Bcl-2 resulted in the accumulation of giant,
multinucleated cells that eventually lost the ability to
exclude trypan blue without apoptotic morphology or
DNA degradation. Conclusions: These results indicate
that biochemical apoptotic processes are initiated con-
comitant with etoposide-induced cell cycle arrest and are
interrupted by Bcl-2 overexpression. However, the aber-
rant mitotic events induced by etoposide are su�cient to
kill these cells even in the absence of apoptosis.
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Introduction

Despite tremendous advances in our understanding of
the mechanisms by which cancer develops, the major
barrier to its eradication with chemotherapy remains
drug resistance. Delineating the mechanisms of drug
resistance will allow the design of treatment strategies
aimed at their circumvention, leading to improved pa-
tient survival rates and quality of life. Studies carried out
over the last 30 years have focused upon how tumor cells
evade death by developing mechanisms that prevent
drugs from interacting with their cellular targets. How-
ever, recent discoveries indicate that tumor cells may
express defects in a programmed-cell-death mechanism
(apoptosis) that makes them resistant to chemotherapy,
regardless of the agent to which they are exposed
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[1, 18, 38, 46]. These discoveries have had a signi®cant
impact upon our perception not only of anticancer drug
resistance but also of the nature in which cancer can
develop. For these reasons and because apoptosis is a
signi®cant pathway by which chemotherapeutic drugs
eliminate target cells [17, 26], a tremendous e�ort has
been mounted to delineate the molecular mechanisms of
anticancer drug-induced apoptosis.

Apoptosis, in which a cell actively participates in its
own demise, was originally characterized morphologi-
cally by cell shrinkage, plasma membrane blebbing,
condensation of chromatin around the nuclear periph-
ery, and cell disintegration into plasma membrane-
bound apoptotic bodies [25]. Recent data indicate that all
of these processes are controlled by a sequential cascade
of activation, by proteolytic cleavage, of a family of cy-
steine-dependent, aspartate-speci®c proteases (caspases)
[7, 13, 39]. Di�erent members of the caspase family
exhibit variations in substrate sequence requirements N-
terminally to the required aspartate residue [7, 52]. For
example, caspase-3 (also known as CPP32/YAMA/apo-
pain) preferentially cleaves on the carboxyl side of the
tetrapeptide sequence Asp-Glu-Val-Asp (DEVD), a se-
quence present in PARP [30]. Indeed, cleavage of PARP
is considered an early marker for chemotherapeutic
drug-induced apoptosis [7, 24, 57]. Proteolysis of the 113-
kDa PARP protein by caspase-3 generates 89- and 24-
kDa cleavage products [44]. Additional proteins that
serve as targets for the caspase family include nuclear
lamins, DNA-activated protein kinase, actin, U1-70-kDa
protein, and protein kinase Cd [7, 11, 47]. Activation of
caspase-3, which may serve as a convergence point for
di�ering apoptotic stimuli [7, 39, 47], is catalyzed in vitro
by cleavage of pro-caspase-3 by caspase-9 [31]. Activa-
tion of pro-caspase-9 itself through catalytic cleavage is
controlled by a complex of Apaf-1 (the human homolog
of the Caenorhabditis elegans CED-4 protein), cyto-
chrome c and dATP [31]. Caspase activity in cell lysates
can be conveniently monitored by cleavage of chromo-
genic of ¯uorogenic tetrapeptide substrates [7, 52].

The epipodophyllotoxin etoposide exerts its cell-kill-
ing e�ects through DNA damage mediated by the
nuclear enzyme DNA topoisomerase II [6]. At non-
supralethal concentrations, etoposide induces G2 arrest
[8, 32, 34, 36, 41], which may or may not be followed by
apoptotic death [35, 36, 41]. Activation of multiple
caspases and cleavage of PARP have been documented
extensively in etoposide-induced apoptosis of human
tumor cells [12, 24, 40, 41, 43, 54, 57]. However, with the
exception of the recent report by Martins et al. [41],
morphological evidence of apoptosis was induced within
6 h of drug exposure.

The Bcl-2 family of proteins appear to interact to
regulate the commitment to survive or die on challenge
with various apoptotic stimuli by controlling the ¯ux of
ions and proteins through intracellular membranes [56].
Pro-apoptotic members of the family include Bax, Bak
and Bcl-xS, whereas anti-apoptotic members include Bcl-
2, Bcl-xL and Bcl-w [29]. Bax has recently been shown to

induce the release of cytochrome c (with the ensuing
caspase-3 activation and apoptosis) from mitochondria
[23, 48], whereas Bcl-2 and Bcl-xL can interfere with
caspase activation at the point of cytochrome c release
or downstream thereof [2, 28, 31, 48, 57]. Furthermore,
it has been demonstrated that Bax is an almost exclu-
sively cytosolic protein that translocates to cytoplasmic
membranes upon exposure of cells to an apoptotic stress
such as the protein kinase inhibitor staurosporine
[22, 55]. This observation challenges the dogma that
Bcl-2 (which is restricted to cellular membrane com-
partments) and Bax form heterodimers in cells not ex-
posed to an apoptosis-inducing stress. Indeed, the degree
of interaction between pro- and anti-apoptotic members
of the Bcl-2 family that is detected by immunoprecipi-
tation assays may be an artefact of detergent cell lysis
[20, 21].

We have developed a model system to study the sole
contribution of Bcl-2 to drug resistance of human epi-
thelial tumor (HeLa) cells, whereby signi®cant levels of
morphologically apoptotic cells are not detected until
after the manifestation of etoposide-induced G2 arrest
[35]. Whereas Bcl-2 was capable of inhibiting etoposide-
induced apoptosis, it could not enhance clonogenic
survival, due to post-mitotic catastrophe multinucle-
ation [35]. More recently we have reported that Bcl-2
can enhance clonogenic survival in a drug-speci®c
fashion in these cells [10]. In the present report we utilize
this model system to relate temporally etoposide-in-
duced G2 arrest to caspase activation and the initiation
of additional apoptotic events with respect to the point
of inhibition by Bcl-2. Our data indicate that Bcl-2 does
not a�ect G2 arrest but prevents caspase activation and
PARP cleavage, which are early events occurring in
concert with Bax subcellular redistribution. Inhibition of
apoptosis by Bcl-2 results in the accumulation of ter-
minally G2-arrested or multinucleated cells that even-
tually lose plasma membrane integrity. Furthermore,
apparent changes in intracellular levels of Bax, Bak and
Bcl-xL following etoposide treatment are prevented by
Bcl-2 overexpression, indicating that they are sequelae of
the apoptotic process.

Materials and methods

Reagents and cell lines

All reagents and their sources have been detailed in previous
publications [10, 35]. The transfection, selection and growth con-
ditions used for both the control-vector-transfected (S-1) and the
stable Bcl-2 expressing (B-5) HeLa clones used in this study have
also been described elsewhere [10, 35].

Cell viability, cytology techniques and cell cycle analysis

Exponentially dividing cells were exposed to etoposide, following
which they were washed twice with 37 °C PBS and incubated
in drug-free medium. At the appropriate time points, cells were
harvested and viability was estimated as the proportion of cells
that excluded 0.2% trypan blue [10, 35]. For morphological
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determination of the proportion of apoptotic and multinucleated
cells, 15,000 cells were spun onto a microscope slide and stained
with Wright/Giemsa stains [10, 35, 36]. In all, 1,000 cells were
counted and scored as either normal, multinucleated (large, mul-
tiple nuclei) or apoptotic (condensed, intense chromatin staining)
as reported previously [10, 35, 36].

For cell cycle analysis, cell suspensions were washed twice in
ice-cold PBS, ®xed in 70% cold ethanol and stored at )20 °C until
all time points were collected. Samples were then washed twice in
ice-cold PBS and resuspended in 500 ll of PBS containing prop-
idium iodide at 5 lg/ml and RNase A at 500 lg/ml. Following a
20-min period of incubation at room temperature in darkness, ¯ow
cytometric analysis was performed using a FACscan (Becton-Dic-
kinson). Data were analyzed using the CellFit Cell-Cycle Analysis
program (Version 2.01.2).

Flow cytometric di�erentiation between apoptotic
and multinucleated cells

Analysis of apoptotic DNA fragmentation was performed using
end-labelling of nicked DNA with biotin-conjugated dUTP by
terminal deoxynucleotidyl transferase (TdT) [14]. Single-cell sus-
pensions were ®xed with 1% paraformaldehyde in PBS for 15 min
on ice, washed in ice-cold PBS, ®xed in 70% ethanol and stored at
)20 °C until all time points were harvested. Altogether, 2 million
cells/sample were centrifuged, washed twice with ice-cold PBS and
resuspended in 50 ll of enzyme bu�er containing 1 mM CoCl2,
0.5 nmol of biotin-dUTP and 10 U of Tdt (Boehringer Mannheim
Biochemicals). Following a 30-min period of incubation at 37 °C,
cells were washed in PBS and resuspended in 100 ll of ¯uorescein
isothiocyanate (FITC) staining solution [¯uoresceinated avidin at
2.5 lg/ml, 4 ´ SSC, 0.1% Triton X-100 and 5% (w/v) non-fat dry
milk] [14]. After 30 min of incubation at room temperature in
darkness, cells were washed twice with PBS and resuspended in
propidium iodide/RNase solution as described for cell cycle anal-
ysis above. The percentages of cells in each phase of the cell cycle,
those that were apoptotic and those that were hyperdiploid were
assessed by dual-color ¯ow cytometric analysis using a Coulter
Elite ¯ow cytometer, and the analysis was gated to exclude cell
doublets. For each experiment, gates were drawn manually for
quantitation of the proportion of apoptotic, hyperdiploid and G1/
S/G2/M cell populations. Gates remained ®xed during the course
of each experiment.

Immunoblotting procedures

For the detection of Bcl-2, Bax, Bak and Bcl-X proteins, cell ex-
tracts were prepared by lysis of cells in PBS containing 1% NP-40
as described previously [35, 37]. For PARP immunoblots, cells were
lysed in RIPA bu�er [50 mM TRIS-Cl (pH 7.5), 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate (SDS), 50 mM sodium ¯uoride, 0.1 mM sodium orthov-
anadate] containing a protease-inhibitor cocktail [35, 37]. Protein
concentration was estimated by the bicinchoninic acid assay
method (Pierce) using bovine serum albumin (BSA) as the stan-
dard. Equal loading and transfer of proteins to polyvinylidene
di¯uoride membranes following SDS-polyacrylamide gel electro-
phoresis (PAGE) was veri®ed by staining of each membrane with
Ponceau S prior to blocking of non-speci®c binding sites. Immu-
noblotting was carried out as described previously [32, 33, 35] using
antihuman Bcl-2, Bax, Bak and Bcl-X polyclonal antisera (Phar-
Mingen), an anti-actin polyclonal antibody (Sigma), an anti-PARP
monoclonal antibody (clone C-2-10, Novus Molecular), and the
antihuman topoisomerase I monoclonal antibody (clone C-21,
kindly provided by Dr. Y.-C. Cheng, Yale University School of
Medicine, New Haven, Conn., USA). Chemiluminescent signals
were quanti®ed using Hyper®lm MP (Amersham) that had been
brought to the linear response range by pre¯ashing to an OD540 of
0.15. The intensity of each protein band was quanti®ed using NIH
Image software after scanning of the image using a MicroTek

ScanMaker III equipped with a transparency adaptor. PARP de-
gradation was expressed as the percentage of the 113-kDa protein
that proteolyzed to the 89-kDa fragment [44].

Caspase activity assays

Cells were harvested, washed twice with ice-cold PBS, and lysed by
six freeze/thaw cycles in 50 mM PIPES (pH 7.4), 50 mM KCl,
5 mM MgCl2, 5 mM ethylene glycol tetraacetic acid (EGTA),
1 mM phenylmethylsulfonyl¯uoride (PMSF), pepstatin A at
10 lg/ml, and leupeptin at 10 lg/ml at a density of 108 cells/ml.
The lysate was centrifuged at 10,000 g for 10 min at 4 °C and the
supernatant was used to estimate caspase activity by cleavage of
the synthetic CPP32 (caspase-3) substrate Ac-DEVD-pNA. The
equivalent of 100 lg of protein from cell lysates was pipetted into
each well of a 96-well plate, and 100 ll of reaction bu�er [20 mM
PIPES (pH 7.2), 100 mM NaCl, 10% sucrose, 0.1% CHAPS,
20 mM 2-mercaptoethanol] containing peptide substrate (®nal
concentration 100 lM) was added. Following 1 h of incubation at
37 °C the absorbance recorded at 405 nm (A405) was subtracted
from that noted in each well at time zero. The Ac-DEVD-pNa
cleavage activity was expressed as A405 per hour per milligram of
cellular protein. Preliminary experiments had veri®ed the linearity
of the response over time and protein concentration (data not
shown).

Subcellular fractionation

For separation of subcellular cytosolic and nuclear/membrane
fractions, 10 million cells were washed twice with ice-cold PBS,
resuspended in 1 ml of hypotonic lysis bu�er [10 mM HEPES (pH
7.4), 10 mM NaCl, PMSF at 25 lg/ml, leupeptin at 1 lg/ml, and
aprotinin at 1 lg/ml] and incubated on ice for 30 min. The cells
were then disrupted by six to seven cycles of freezing in liquid
nitrogen and thawing at 37 °C. After microscopic veri®cation that
>95% of the cells had lysed the crude lysate was subjected to
centrifugation at 100,000 g for 1 h at 4 °C. The resultant super-
natant, which consisted of the cytosol, was separated from the
pellet, which represented the cellular membrane, organelle, and
nuclear fractions. The pellet was resuspended in 1 ml of hypotonic
bu�er. Equal volumes of cytosolic and membrane fractions were
separated by SDS-PAGE, transferred to polyvinylidene di¯uoride
membranes and immunoblotted using Bax, Bcl-2 and actin poly-
clonal antisera. The extent of cross-contamination of each fraction
was veri®ed by measurement of the activity of lactate dehydroge-
nase (a cytosolic marker) followed by immunoblotting for the nu-
clear protein topoisomerase I. Experiments were deemed valid only
if >95% of the total lactate dehydrogenase activity and 100% of
the topoisomerase I protein appeared in the cytosolic and mem-
brane fractions, respectively.

Statistics

Unless stated otherwise, numerical data represent mean values for
at least two experiments. Standard errors, unless shown, were
generally less than 15% of the value of the respective data point.

Results

We previously demonstrated that Bcl-2 overexpression
in HeLa cells substantially delayed or inhibited the onset
of apoptosis and loss of plasma membrane integrity
following etoposide exposure without enhancing clono-
genic survival [35]. The Bcl-2-expressing cells (B-5) did
not exhibit a signi®cant di�erence in population-dou-
bling time as compared with control-vector-transfected
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cells (S-1) [35]. In addition, the colony-forming e�-
ciency of these two clones were comparable
(50.5 � 3.6% and 49.2 � 4.4% for S-1 and B-5 cells,
respectively; n � 4). We wished to explore further the
discrepancy between induction of cell death and inhi-
bition of clonogenic survival in these Bcl-2-expressing
cells by monitoring varous parameters of cell cycle
progression and apoptosis following etoposide treat-
ment. Exposure of B-5 or S-1 cells to etoposide resulted
in a transient delay in the S phase, which was followed
by the accumulation of 60±70% of cells in the G2/M
phase (Fig. 1). Within the initial 24 h following drug
removal, Bcl-2 expression exerted no signi®cant e�ect
on the cell-cycle arrest characteristics of HeLa cells ex-
posed to etoposide.

Bcl-2 expression in HeLa cells has been shown to
allow the accumulation of giant, multinucleated (>4n,
hyperdiploid) cells following exposure to etoposide by
preventing apoptosis [35]. A ¯ow cytometry technique
was utilized to discriminate G1-, S- and G2/M-phase
cells from those that were either >4n (hyperdiploid) or
apoptotic (Fig. 2). In Fig. 2 the amount of biotin-dUTP
that was incorporated into cellular DNA in the presence
of Tdt is plotted on the abscissa (FITC), whereas the
DNA content per cell is plotted on the ordinate (PI). G1,
S and G2/M cells are represented in region 1; hyper-
diploid or multinucleated (>4n) cells are contained in
region 2; and apoptotic cells appear in region 3 (Tdt-
positive). Control populations of S-1 and B-5 cells ex-
hibited >95% of events in the ``normal'' G1, S and G2/
M region (region 1 in Fig. 2A, C). However, at 6 days
after etoposide treatment, >80% of events in the S-1
population appeared in region 3 (apoptotic, Fig. 2B),
whereas <10% of B-5 events were in this region
(Fig. 2D). In contrast, etoposide-treated B-5 cells ap-
peared as approximately equal proportions of terminally
G2-arrested or hyperdiploid events (Fig. 2D, regions 1
and 2, respectively). The representative cell morphology
is shown in the inset of each plot. Thus, it would appear
that terminally G2-arrested or hyperdiploid HeLa cells
undergo apoptosis and that this can be inhibited by ec-
topic Bcl-2 expression.

The progression of etoposide-treated S-1 and B-5
HeLa cells into G2 delay, a hyperdiploid state, and ap-

optosis is represented quantitatively in Fig. 3. In addi-
tion, Fig. 3 shows the loss of viability as demonstrated
by the plasma-membrane-integrity assay of trypan blue
exclusion. Control S-1 and B-5 populations contained
only approximately 20% G2/M cells, with very few
hyperdiploid or apoptotic cells and the remainder of
cells were in the G1 or S phase (see Fig. 1). In the S-1
cells, signi®cant loss of viability occurred in parallel with
the emergence of Tdt-positive (apoptotic) cells and fol-
lowing the appearance of G2-arrested and hyperdiploid
cells (Fig. 3A). In contrast, >90% of B-5 cells exposed
to etoposide remained either terminally G2-arrested or
became hyperdiploid over the 6-day incubation period,
without a high proportion of apoptotic cells being de-
tected (Fig. 3B), despite the observation that B-5 cells
gradually lost plasma membrane integrity. Therefore,
the loss of plasma membrane integrity in B-5 cells can-
not be attributed to apoptosis alone, unlike the situation
in S-1 cells (Fig. 3, cf. A and B), indicating that Bcl-2
overexpression has redirected at least half of the cells
through an alternative death pathway. During extended
time-course experiments, B-5 cells did not exhibit a
greater tendency that S-1 cells to recover and repopulate
culture dishes following etoposide exposure (data not
shown).

The S-1 and B-5 clones represent a useful model
system for the study of drug-induced mechanisms of
apoptosis in human epithelial tumor cells, in which the
triggering events can be separated from the sequelae of
apoptosis. Due to the ability of Bcl-2 to inhibit etopo-
side-induced apoptosis in HeLa cells, it was reasoned
that the pro-apoptotic members of the Bcl-2 family
(such as Bax and Bak) might be involved in the apop-
tosis-triggering events. Furthermore, we wished to de-
termine whether the inhibitory e�ects of Bcl-2 occurred
via direct interactions with Bax and Bak proteins.

Experiments were performed to estimate intracellular
levels of Bcl-2 family members in etoposide-treated cells
(Fig. 4). Figure 4A shows representative immunoblots,
whereas each data point in Fig. 4B and Fig. 4C repre-
sents the mean value for three separate experiments. The
earliest change detected in this set of experiments was a
signi®cant increase in Bak protein levels in S-1 cells at 1
day following etoposide removal (Fig. 4A,B). Bak levels

Fig. 1A,B Bcl-2 overexpression
has no signi®cant e�ect on cell
cycle distribution of HeLa cells
following etoposide treatment.
A HeLa S-1 or B B-5 cells were
exposed to etoposide (25 lM, 4 h)
and harvested for cell cycle analy-
sis at various time points thereaf-
ter. The proportions of G1-(white
circles), S-(black circles) and G2/
M-phase cells (white triangles) were
individually estimated as a per-
centage of the total (10,000) events.
Data represent mean values for
two separate experiments
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continued to increase during the overall time course. In
addition, Bax and (paradoxically) Bcl-xL levels began to
increase at 2 days following etoposide removal in S-1
cells and continued to increase throughout the time
course. The increase in Bax levels was accompanied by its
degradation to lower-molecular-weight species, with over
40% being degraded at 6 days post treatment (Fig. 4A).
Finally, actin levels began to decline noticeably in S-1
cells at 4 days following the removal of etoposide. Fur-
ther experimentation con®rmed that no change in the

intracellular concentration of these proteins occurred
prior to the 24-h time point (data not shown).

In contrast, levels of Bak, Bax, Bcl-xL and actin did
not change signi®cantly in etoposide-treated B-5 cells
over the time course studied (Fig. 4A,C). These data
indicate that the changes in the levels of all four proteins
observed in S-1 cells can be inhibited by Bcl-2 overex-
pression (in B-5 cells). Furthermore, these changes are
not due to etoposide-induced cell cycle arrest, which did
not di�er in S-1 and B-5 cells, and likely occur down-
stream of the point at which Bcl-2 acts to prevent ap-
optosis.

The Bcl-2 protein was not detected in S-1 cells and its
expression was not signi®cantly altered in etoposide-
treated B-5 cells, whereas the Bcl-xS protein (resulting
from an alternatively-spliced form of the Bcl-X mRNA)
was not detected in S-1 or B-5 cells (data not shown).

Cleavage of the nuclear enzyme PARP by caspase-3
has been proposed as an early event in chemotherapeutic
drug-induced apoptosis [7, 24, 57]. Therefore, we wished
to relate temporally PARP cleavage and caspase activity
in etoposide-treated HeLa cells to the observations

Fig. 2A±D Flow cytometric separation of normal, hyperdiploid,
and apoptotic cells. Following etoposide treatment (25 lM, 4 h),
cells were harvested, prepared for cell cycle and Tdt ananlysis, and
processed by ¯ow cytometry as described in Materials and
methods. Manual gates were drawn around the G1, S and G2/M
(``normal'', region 1), the hyperdiploid (FITC-dim, region 2), and
the apoptotic (FITC-bright, region 3) cell populations. Each
histogram is representative of at least three separate experiments
and shows A, B S-1 or C, D B-5 cells exposed to either A, C solvent
control or B, D etoposide and harvested 6 days post treatment. The
representative cell morphology is shown as an inset in each
histogram
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described above, in which appreciable levels of apoptosis
are not detected until after the manifestation of G2 ar-
rest and multinucleation. PARP cleavage was estimated
by immunoblotting, whereas caspase activity in cell ly-
sates was monitored by cleavage of the chromogenic
substrate Ac-DEVD-pNA. Signi®cant levels of the 89-
kDa PARP cleavage product were present within 8 h of
the removal of etoposide from S-1 cells (Fig. 5A,B), with
over 75% being degraded by 16 h. Similarly, the caspase
activity in S-1 cells was observed to increase within 8 h
of drug removal, with a continued increase being noted
at 16 and 24 h (Fig. 5A). This increase was accompanied
by a decrease in and the ultimate disappearance of the
32-kDa form of pro-caspase-3 (CPP32) as detected by
immunoblotting (data not shown). In contrast, caspase
activity and PARP degradation were not detected in B-5
cells until at least 48 h post treatment (Fig. 5B; data not
shown).

During the course of these experiments we were in-
capable of detecting cleavage activities against a caspase-
1 synthetic substrate (Ac-YVAD-pNA) or a substrate
corresponding to the caspase cleavage site on protein
kinase Cd (Ac-DMQD-pNA) in etoposide-treated S-1 or
B-5 cells (data not shown) [7, 52].

Considerable data have accumulated to support the
model that Bax initiates caspase activation by translo-
cating from the cytosol to mitochondrial subcellular
compartments, thereby facilitating the release of cyto-
chrome c [22, 23, 48, 55]. To relate temporally this Bax
membrane insertion event to our observations of apop-
tosis in HeLa cells, subcellular fractionation procedures
were performed on etoposide-treated S-1 and B-5 cells.
Less than 10% of total cellular Bax was present in the
insoluble membrane fraction of non-drug-treated S-1

and B-5 cells (Fig. 5A,C; lanes 2, 6). However, the
proportion of membrane-associated Bax signi®cantly
increased in S-1 cells within 8 h of etoposide removal, in
concert with caspase activation and PARP degradation
(Fig. 5A), and continued to rise over the 24-h time
course (Fig. 5A,C; cf. lanes 2 and 4). At 72 h following

Fig. 4A±C Immunoblot analysis of intracellular levels of Bcl-2
protein family members in etoposide-treated A, B S-1 and A, C B-5
cells. Cells were exposed to etoposide as described in the legends to
Figs. 1±3 and harvested for immunoblot analysis at various days
thereafter. Immunoblot analysis was performed as described in
Materials and methods. A Blot representative of at least three
separate experiments; the integers above each lane denote the
number of days following etoposide removal (Ctl Solvent-treated
control). B, C Mean relative levels of each protein determined as a
percentage of solvent-treated controls over three separate experi-
ments. Each graph depicts the relative levels of Bak (white circles),
Bax (black circles), Bcl-xL (white triangles) and actin (black
triangles)

Fig. 3A,B Inhibition of etoposide-induced apoptosis by Bcl-2
results in the accumulation of terminally G2-arrested or hyperdip-
loid cells. A S-1 and B B-5 cells were exposed to etoposide (25 lM,
4 h) and harvested at various time points following removal of the
drug. Viability was estimated by the exclusion of 0.2% trypan blue,
and the remainder of cells were processed for ¯ow cytometric
analysis of G2/M, hyperdiploid (>4n) and apoptotic cells as
described for Fig. 2. The number of events in each gated region is
plotted as a percentage of the total events in regions 1, 2 and 3
shown in Fig. 2 (10,000 events). Data points represent mean values
for at least two separate experiments
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etoposide removal, <20% of Bax remained in the cy-
tosol (data not shown). In contrast, Bax subcellular re-
localisation was not observed in etoposide-treated B-5
cells (Fig. 5C, cf. lanes 6 and 8; data not shown), indi-
cating that Bcl-2 overexpression inhibits the Bax mem-
brane insertion event. Thus, a relatively early event in
etoposide-induced apoptosis in HeLa cells is Bax
translocation from the cytosol to the insoluble cellular
compartments, and this can be inhibited by Bcl-2 over-
expression. In these experiments, over 90% of Bax (cy-
tosolic fraction) and 100% of Bcl-2 (membrane/
organelle/nuclear fraction) were localized to separate
subcellular compartments in B-5 cells (Fig. 5C), which
calls into question their ability to heterodimerize in cells
not subjected to an apoptosis-inducing stress. Approxi-
mately 90% of actin appeared in the cytosolic fractions

of S-1 and B-5 cells, regardless of etoposide exposure
(Fig. 5C).

The distribution of Bcl-xL, which was approximately
equal between cytosolic and membrane fractions in non-
treated cells (F ig. 5C; lanes 1, 2, 5, 6), exhibited a slight
shift towards the membrane fraction following etoposide
teatment of S-1 cells (lanes 3, 4). Similar to the case of
Bax, this shift in distribution was inhibited by Bcl-2
overexpression (lanes 7, 8).

Discussion

In this report we have attempted to relate temporally
apoptotic events and their inhibition by Bcl-2 in human
tumor cells exposed to a concentration of etoposide that
does not induce appreciable levels of morphological cell
death until after the manifestation of G2 arrest. The
majority of previous studies have used etoposide to in-
duce apoptosis within 6 h [12, 24, 40, 41, 43, 54, 57]. The
salient ®ndings of the present study are that (a) caspase
activation, PARP cleavage and Bax membrane insertion
are early events in etoposide-induced apoptosis of HeLa
cells and occur concomitantly with cell cycle arrest;
(b) Bcl-2 overexpression, while not a�ecting etoposide-
induced cell-cycle arrest, inhibits or substantially delays
Bax membrane insertion, caspase activation, PARP de-
gradation and the subsequent manifestations of apop-
tosis, including DNA fragmentation and loss of plasma
membrane integrity; (c) the increase in cellular levels of
Bax, Bak and Bcl-xL proteins following etoposide
treatment do not occur in the context of Bcl-2 overex-
pression and, therefore, are sequelae of the apoptotic
process; and (d) inhibition of etoposide-induced apop-
tosis by Bcl-2 results in the accumulation of terminally
G2-arrested or multinucleated cells that eventually lose
their ability to preserve plasma membrane integrity.

The temporal relationships between etoposide-in-
duced apoptotic events in HeLa cells described in this
report are in general agreement with the overall model
for apoptosis caused by etoposide in several model
systems [12, 24, 40, 41, 43, 54, 57]. However, our report
contributes the additional observations that Bax mem-
brane insertion, induction of DEVD-speci®c cleavage
activity, and PARP degradation are relatively early
events in HeLa cells and occur concomitantly with
rather than subsequently to cell cycle arrest. It was re-
cently demonstrated that Bax relocated from the cytosol
to mitochondria during staurosporine-induced apopto-
sis and that removal of the C-terminal transmembrane
domain of Bax prevented both Bax insertion and ap-
optosis [55]. Presumably, Bax membrane insertion in
etoposide-treated HeLa cells causes mitochondrial re-
lease of cytochrome c, which precedes caspase activa-
tion and ampli®cation of the apoptotic cascade [48].
However, we could not temporally separate the events of
Bax membrane insertion, caspase activation and PARP
cleavage in these cells, which appear to occur simulta-
neously (Fig. 5A). Similarly, we could not temporally

Fig. 5A±C Analysis and quantitation of apoptotic events in
etoposide-treated S-1 and B-5 cells. Cells were exposed to etoposide
(25 lM, 4 h) and harvested at appropriate time points for
immunoblot analysis, subcellular fractionation, or estimation of
DEVD-speci®c cleavage activity as described in Materials and
methods. A PARP degradation (white circles), DEVD-speci®c
cleavage activity (black circles), and the proportion of Bax protein
in the cellular membrane fraction (shaded area) of S-1 cells. Data
represent mean values for two separate experiments. B, C
Representative immunoblots of B PARP cleavage and C Bax
subcellular distribution. B The integers above each lane denote the
number of hours following etoposide removal (Ctl, Solvent-treated
controls) C S-1 (lanes 1±4) and B-5 (lanes 5±8) cells were exposed to
solvent control (lanes 1, 2, 5, 6) or harvested 24 h following
etoposide removal (lanes 3, 4, 7, 8). Cells were fractionated into
cytosolic (C, lanes 1, 3, 5, 7) or insoluble membrane (M, lanes 2, 4,
6, 8) fractions and analyzed by immunoblotting
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separate these events in staurosporine-treated HeLa,
HL60 (human promyelogenous leukemia) and
MCF10A (human normal breast epithelial) cells (data
not shown). Additional experimentation is required to
delineate the dependent relationships between Bax
membrane insertion and caspase activation in drug-in-
duced cell death.

Preliminary immuno¯uorescence examination indi-
cates that the Bax movement from the cytosol to mem-
brane fractions in subcellular fractionation experiments
is due to mitochondrial localization rather than to the
endoplasmic reticulum or nucleus (data not shown). In
addition, it is likely that the DEVD cleavage activity
detected in lysates from etoposide-treated HeLa cells is
contributed principally by caspase-3, because the 32-
kDa pro-caspase-3 protein was proteolytically processed
in concert with the increase in DEVD-speci®c cleavage
activity. However, we cannot exclude the contribution of
caspase-7, which has substrate speci®city identical to
that of caspase-3, albeit with an approximate 6-fold re-
duction in cleavage kinetics [51, 52].

The increase in Bax membrane insertion, DEVD-
speci®c cleavage activity and PARP degradation within
8 h of etoposide removal indicates an early commitment
to cell death, prior to the detection of G2-arrested cells
by ¯ow cytometry. We had predicted that these apop-
totic events would be activated either in terminally G2-
arrested cells or as they proceeded through an aberrant
mitosis to produce multinucleated cells. Instead, over
70% of PARP was degraded at the earliest point of G2
arrest (cf. Figs. 1 and 5). These data indicate either that
cell cycle perturbations rapidly signal activation of the
apoptotic machinery or that apoptosis is induced inde-
pendently of cell cycle arrest. It remains to be deter-
mined whether the earliest increase in Bax membrane
insertion and caspase activity detected (within 8 h of
etoposide removal; Fig. 5) is contributed from cells un-
dergoing transient S-phase arrest or from the <20% of
cells that are in the G2 phase at this time.

Overexpression of Bcl-2 in B- and T-cells was recently
shown to prevent physiological cell death without af-
fecting cell cycle arrest by interrupting activation of
DEVD-speci®c cleavage activity [15]. Similarly, in this
study, overexpression of Bcl-2 in HeLa cells resulted in
dissociation of cell cycle arrest and apoptosis, but a high
proportion of Bcl-2-expressing cells eventually died
through non-apoptotic mechanisms (Fig. 3). That is,
etoposide-treated cells undergo cell cycle arrest in the
presence of Bcl-2 to an extent similar to that shown by
cells that do not overexpress Bcl-2 ± without concomi-
tant Bax membrane insertion, an increase in DEVD-
speci®c cleavage activity, or PARP degradation. There-
fore, the processes that signal apoptotic events following
detection of etoposide-induced DNA damage and/or cell
cycle arrest, although ill-de®ned, are interrupted by Bcl-
2 overexpression.

A candidate for an early event in etoposide-induced
apoptosis is Bax membrane insertion, with resultant
mitochondrial cytochrome c release and activation of

caspases [23, 48, 55]. Indeed, Bax movement from the
cytosol to membrane fractions occurred within 8 h of
etoposide removal in this study. However, the somewhat
surprising observation was that Bcl-2 overexpression
prevented Bax movement from the cytosol to membrane
subcellular fractions despite our expectation that Bax
movement would occur upstream of the point at which
Bcl-2 acts to interrupt apoptotic events. These data
suggest either that Bcl-2 physically blocks the Bax
membrane-binding site or that Bcl-2 controls an up-
stream event necessary for Bax insertion. The mecha-
nism of Bax membrane insertion is currently unknown
but is accompanied by a conformational change in the
Bax protein [21]. It will be interesting to determine
whether this conformational change in Bax occurs in
etoposide-treated HeLa cells and, if so, its relationship
to Bcl-2 overexpression.

The increased intracellular content of Bcl-2 family
member proteins in etoposide-treated S-1 cells deserves
comment. First, Bax subcellular redistribution can occur
in the absence of its increased expression (that is, Bax
membrane insertion was observed as early as at 8 h,
whereas increased levels were not detected until 2 days
post etoposide treatment). Second, degradation of actin
and Bax are late events in the apoptotic cascade (Fig. 4)
[3]. Third, changes in individual proteins, except for a
moderate (less than 1.5-fold) increase in Bak protein
levels, did not occur in the Bcl-2-expressing B-5 cells.
Therefore, these changes are unrelated to etoposide-in-
duced cell-cycle arrest and represent sequelae (rather
than controlling events) of the apoptotic process. Al-
though we have not determined whether these changes in
protein levels occur at the mRNA level, we consider this
to be an unlikely scenario and, therefore, unrelated to
the p53-induced increase in Bax and Bcl-xL gene ex-
pression observed following DNA damage [27, 58]. A
more rational conclusion is that the Bcl-2 members
studied are relatively resistant to degradation by ca-
spases and remain intact while other cellular proteins are
proteolysed, which, in e�ect, increases their relative in-
tracellular content. This may re¯ect their roles in regu-
lating apoptosis. The human Bax protein contains an
identical caspase-3 cleavage motif (DELD¯S), present in
the D4 G-protein dissociation inhibitor [7], that would
be predicted to cleave Bax into approximately 13.7- and
7.5-kDa fragments (similar to the doublet of Bax
cleavage fragments detected in Fig. 4A). Interestingly,
caspase-3 would be predicted to have a lower cleavage
activity against the tetrapeptide DELD than its recog-
nized optimal cleavage sequence DEVD [52], which may
explain in part why Bax cleavage is not detected until 4
days following etoposide removal, whereas PARP
cleavage is apparent within 8 h (Figs. 4, 5).

The etoposide exposure conditions used in this study
caused no apparent di�erence in the clonogenic survival
of S-1 and B-5 cells [35]. However, the clonogenic assay
as an indicator of antitumor e�cacy has been challenged
due to its lack of correlation with in vivo tumor control
and to its inability to discriminate cell cycle arrest from
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cell death [53]. Therefore, it remained possible in our
experiments that Bcl-2 protected cells from etoposide-
induced cell death but had not e�ect on clonogenic
survival due to the cell cycle arrest caused by the drug.
As mentioned above, long-term experiments did not
reveal any greater rate of recovery of Bcl-2-expressing
cells following etoposide exposure. Furthermore, these
experiments did indicate that Bcl-2-expressing HeLa
cells exposed to etoposide eventually lost plasma mem-
brane integrity with little evidence of apoptotic mor-
phology or characteristic DNA degradation. Thus, Bcl-2
may redirect cells from an apoptotic to a necrotic death
pathway. In addition, we have demonstrated that Bcl-2
enhances clonogenic survival in an agent-speci®c fashion
in HeLa cells [10]. These data indicate that the thera-
peutic e�ects of topoisomerase II poisons may not be
a�ected by apoptosis-speci®c mechanisms of drug re-
sistance brought about by modulation of Bcl-2 family
members.

The etoposide-induced multinucleation phenotype
observed in Bcl-2-expressing HeLa cells represents ad-
ditional rounds of DNA replication in the absence of cell
division or apoptosis. This multinucleated phenotype is
similar to that observed in the cooperation between Bcl-
xL and loss of p53 to overcome a mitotic spindle
checkpoint [42]. A notable exception is that etoposide
treatment results in the formation of additional small
nuclear fragments, probably as a result of reformation
of the nuclear membrane around acentric chromosomal
fragments caused by topoisomerase II-mediated DNA
cleavage [35]. It has recently been shown that p53 pre-
vents proliferation and induces apoptosis in micronu-
cleated cells [49, 50] and that pRb is necessary to prevent
DNA re-replication in the absence of cell division [45].
HeLa cells lack functional p53 and pRb checkpoints due
to human papillomavirus infection [4, 16, 19].

The precise mechanism of etoposide-induced apop-
tosis in non-Bcl-2-expressing HeLa (S-1) cells remains
unknown. However, it is unlikely to be due to reacti-
vation of p53, as concomitant G-1 arrest would be
expected to occur via p21Cip/Waf1 induction [9]. This
possibility cannot be excluded, however, as high con-
centrations of genotoxic agents have been observed to
interrupt expression of the HPV E6 and E7 proteins
[5]. Nevertheless, we have observed p21Cip1/Waf1 in-
duction only using supralethal etoposide exposure
conditions, not under the conditions used in this study
[37]. Despite a minor proportion of non-apoptotic S-1
cells appearing with >4n DNA content following
etoposide exposure (around 20%; Fig. 2B, region 2,
Fig. 3A), clearly a higher proportion of apoptotic cells
contain >4n DNA content (Fig. 2B, region 3). These
data suggest that despite the early activation of DEVD-
speci®c cleavage activity, Bax membrane insertion and
PARP degradation, the majority of etoposide-treated
S-1 cells become multinucleated but then rapidly un-
dergo apoptosis (as measured by DNA degradation;
Figs. 2B, 3A). Whatever the mechanism(s) of apoptosis
induction in etoposide-treated HeLa cells, it is inhibited

by Bcl-2 overexpession, which then appears to allow
DNA re-replication in the absence of cell division,
probably due to the lack of functional p53 and pRb
checkpoints.

In summary, Bcl-2 overexpression in HeLa cells does
not a�ect etoposide-induced cell-cycle arrest but instead
interrupts the apoptosis signaling cascade. Prevention of
Bax membrane insertion, caspase activation and PARP
cleavage, presumably along with additional apoptotic
events not assayed in this study, results in cells that are
either terminally G2-arrested or undergo rounds of
DNA re-replication in the absence of cell division. This
eventually leads to loss of plasma membrane integrity
without the morphological changes or DNA degrada-
tion characteristic of apoptosis. It will be interesting to
determine whether Bcl-2, by delaying etoposide-induced
cell death, causes an increase in rates of gene mutation
that might also contribute to resistance to chemothera-
peutic drugs.
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