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Abstract A reduced capacity for apoptosis induction is
considered to play a signi®cant role both in the devel-
opment of malignancy and in tumor cell resistance to
chemotherapeutic drugs. The Bcl-2 oncoprotein inhibits
apoptosis induced by antitumor agents at a point
downstream of drug-target interactions. Stable expres-
sion of Bcl-2 in the human epithelial tumor (HeLa) cell
line results in inhibition of apoptosis following exposure
to the topoisomerase II poison, etoposide. However,
Bcl-2 is unable to enhance clonogenic survival as a result
of alternate pathways to reproductive death induced by
the drug. Purpose: The purpose of this study was to
further investigate the role of Bcl-2 in human epithelial
tumor cell drug resistance using 5-¯uoro-2¢-deoxyuri-
dine, staurosporine, and doxorubicin, in addition to
etoposide. Methods: The ability of Bcl-2 to enhance
clonogenic cell survival was studied by colony-forming
assays, while delay of cell death induction was assessed
by trypan blue viability measurements. The proportion
of apoptotic cells was measured by morphological cri-
teria, as well as detection of apoptotic DNA fragmen-
tation using the terminal deoxynucleotidyl transferase
assay. Results: Despite profound inhibition to loss of
plasma membrane integrity for all agents tested, Bcl-2
was only able to signi®cantly increase clonogenic sur-
vival following exposure to 5-¯uoro-2¢-deoxyuridine and
staurosporine, but not following exposure to etoposide
or doxorubicin. Furthermore, the time-course of apop-
tosis induction following exposure of HeLa cells to
equitoxic concentrations of staurosporine and etoposide
was profoundly di�erent. Conclusions: These results in-
dicate that Bcl-2 enhances clonogenic survival of human
epithelial tumor cells in an agent-speci®c fashion, which

may be determined by the initial cytotoxic lesion in-
duced by a particular drug.
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transferase á WT wild-type

Introduction

The bcl-2 oncogene, originally identi®ed at the t(14:18)
chromosomal translocation found in the majority of
human follicular lymphomas [25], is the founder mem-
ber of a multigene family whose products interact to
control the cellular commitment to programmed cell
death, apoptosis [26]. Various human ``solid'' tumors
also express unusually high levels of Bcl-2, which is not
associated with the t(14:18) translocation [20, 22, 26].
Overexpression of the Bcl-2 protein has been shown to
inhibit apoptosis induced by almost all of the chemo-
therapeutic agents in current use, through events which
occur downstream of the initial cytotoxic lesion [6, 20,
26]. The limited number of correlative studies between
Bcl-2 expression and clinical prognosis suggest an
overall trend towards Bcl-2 conferring a poor outcome
[20, 26]. Certainly this appears to be true for lymphoma
[20]. However, an increasing number of reports indicate
that in human epithelial tumors, particularly those of the
breast and lung, Bcl-2 overexpression is associated with
smaller, well-di�erentiated tumors which exhibit more
favorable responses to hormonal and cytotoxic therapy
[7, 14, 19, 22].

In a previous report, we described the development of
a model system to study the sole contribution of Bcl-2 to
drug resistance of human epithelial tumor (HeLa) cells,
which express a dysfunctional p53 [15]. Despite the
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demonstration that etoposide-induced apoptosis is in-
hibited in these Bcl-2-expressing cells, to an extent which
is consistent with other reports in the literature, en-
hanced clonogenic survival was not observed [15]. This
study has now been extended to include other agents
with di�ering mechanisms of cytotoxicity: doxorubicin,
FUdR and staurosporine. In a similar manner to the
action of etoposide, the stabilization of covalent
(``cleavable'') complexes between the nuclear enzyme
DNA topoisomerase II and DNA appears to be the
initial cytotoxic lesion induced by doxorubicin [3].
FUdR inhibits thymidylate synthase, reduces the size of
intracellular nucleotide pools and induces ``thymidylate
stress'' [4]. The result of the thymidylate stress is the
introduction of strand breaks into nascent DNA, pos-
sibly because of misincorporation of deoxyuridine
monophosphate, with ensuing cell death via apoptosis
[6]. Staurosporine is a broad-range protein kinase in-
hibitor which appears to induce apoptosis as its primary
mechanism of cytotoxicity [12]. Also, at nontoxic con-
centrations, staurosporine potentiates antitumor drug
action, possibly through unscheduled activation of cell-
cycle control proteins [17, 18]. All of these agents have
been shown to induce apoptosis in human tumor cells
[10]. Our data indicate that, while Bcl-2 inhibits apop-
tosis induced by all four agents, it is only able to enhance
clonogenic survival in a drug-speci®c fashion. Therefore,
the perception of Bcl-2 as a multidrug resistance protein
in human epithelial tumor cells should take these ob-
servations into account.

Materials and methods

Reagents and cell lines

The sources of all reagents have been described in previous reports
[15±17], except for FUdR (Sigma Chemical Co., St. Louis, Mo.),
and doxorubicin (Adriamycin) which was obtained from the
J. Graham Brown Cancer Center Pharmacy as a clinical prepara-
tion. Cell culture conditions and derivation of the stable Bcl-2-
expressing HeLa clones, along with a control vector-transfected
clone, have also been described previously [15].

Drug treatments and cytotoxicity assays

Etoposide was prepared as a 100 mM stock in DMSO and stored
at )20 °C. Immediately prior to treating cells, the etoposide was
diluted to 10 mM in a ®nal concentration of 30% DMSO. FUdR
was dissolved in 0.9% saline immediately prior to treatment of
cells. Staurosporine was dissolved in methanol as a 2 mM stock
and stored at )20 °C. Immediately prior to cell treatment, the
staurosporine was diluted in methanol if necessary. Doxorubicin
was reconstituted in sterile distilled water to give a stock solution of
5 mM which was stored in aliquots at )20 °C. Subsequent dilu-
tions were in distilled water. During experiments, control cultures
received equivalent solvent treatment.

For colony-forming assays, between 700 and 70 000 cells were
seeded into 10-cm diameter tissue culture plates and allowed to
adhere overnight. Cells were then exposed to various concentra-
tions of each drug for 24 h, washed twice with sterile phosphate-
bu�ered saline (calcium and magnesium free) at 37 °C, and
incubated in drug-free medium for 10±14 days. Colonies were
stained with 2% crystal violet in methanol. Survival was expressed

as a percentage of the colony-forming e�ciency of solvent-treated
controls. IC50 concentrations were read from each survival curve.

Cell viability assays, cytological techniques, and biochemical
quanti®cation of apoptosis

The methodologies for determination of cell viability by trypan
blue exclusion, preparation and Wright/Giemsa staining of cell
cytospins, and determination of the proportions of morphologi-
cally apoptotic or multinucleated cells have been described in detail
in our previous reports [15, 16]. The Tdt assay [8] was also used to
con®rm the proportion of apoptotic cells, and generally di�ered by
less than 10% from morphological estimations.

Statistics

Unless stated otherwise, numerical data presented are the means of
at least two experiments. Standard errors, unless shown, were less
than 10% of the respective data point. Student's t-test was used to
evaluate whether di�erences between data sets were statistically
signi®cant. Only P-values <0.05 were considered signi®cant.

Results

Cell Lines

HeLa transfectants have been established which consti-
tutively overexpress Bcl-2 [15]. Testing two of these
clones (B-5 and B-6) has revealed a signi®cant delay in
both the loss of viability and the onset of apoptosis
following a 4-h etoposide exposure compared to WT
and a control vector-transfected clone (S-1) [15]. Nota-
bly, these characteristics are insu�cient to confer a
survival advantage when tested using clonogenic assays,
probably owing to the ability of etoposide to cause
clonogenic death through gross chromosomal damage in
the absence of apoptosis [16]. Because of these somewhat
surprising results, we hypothesized that Bcl-2 may only
be able to enhance clonogenic survival in an agent-spe-
ci®c fashion. The results of additional experiments to
investigate cross-resistance patterns conferred by Bcl-2
are described below.

Bcl-2 enhances clonogenic survival in an
agent-speci®c fashion

The survival of HeLa S-1 and B-5 clones was tested by
clonogenic assay following 24-h exposures to the thy-
midylate synthase inhibitor, FUdR, the protein kinase
inhibitor, staurosporine, and the topoisomerase II poi-
sons, doxorubicin and etoposide. The data presented in
Fig. 1 clearly demonstrate that Bcl-2 expression caused
enhanced clonogenic survival following exposure to
FUdR or staurosporine, but not following exposure to
doxorubicin or etoposide. For FUdR, the increase in
survival of B-5 cells reached statistical signi®cance at
concentrations of 500 nM and 1 lM (Fig. 1A). No
colonies were observed to grow when S-1 cells were
exposed to 2.5 lM FUdR over four separate experi-
ments, even when 70 000 cells were seeded per plate.
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Consequently, B-5 cells were calculated to exhibit at
least a 135-fold increase in survival at this drug con-
centration.

The increase in B-5 cell survival compared to S-1 cells
was signi®cant at all staurosporine concentrations tested
(Fig. 1B). At the three highest drug concentrations
(500 nM, 750 nM and 1 lM ), the survival of B-5 cells
ranged between 5- and 15-fold higher than that of S-1
cells. The results with FUdR and staurosporine con-
trasted with those obtained with doxorubicin and
etoposide. The di�erences in survival between S-1 and
B-5 cells did not reach statistical signi®cance at any of
the doxorubicin concentrations tested (Fig. 1C). The
marginal increase in B-5 cell survival at doxorubicin
concentrations of 5, 10 and 12.5 nM did not exceed 1.7-

fold that of S-1 cells. Similarly for etoposide, a statisti-
cally signi®cant increase in B-5 cell survival was not
observed at ®ve out of six drug concentrations tested.
The increase in B-5 cell survival at 750 nM etoposide
was 2.2-fold that of S-1 cells. At all other etoposide
concentrations tested, the survival of B-5 cells did not
exceed 1.7-fold that of S-1 cells. Therefore, while B-5
cells exhibited a slight tendency for higher survival than
S-1 cells following exposure to doxorubicin or etoposide,
the di�erences were not statistically signi®cant.

Table 1 compares IC50 values read from individual
survival curves of HeLa WT and transfected clones ex-
posed to the four drugs. There were no statistically sig-
ni®cant di�erences in IC50 values between all clones
following exposure to doxorubicin or etoposide, as

Table 1 IC50 values (nM ) of
HeLa clones exposed to FUdR,
staurosporine, doxorubicin or
etoposide. Values are means
� SE. Survival was estimated
by colony-forming assay after
24-h drug exposures (Fold S-1
ratio of IC50 values, nd not
determined). P-values are by
Student's t-test

Drug WT S-1 B-5 B-6

Doxorubicin (n=3) 3.13 � 0.21 2.85 � 0.18 3.00 � 0.13 2.33 � 0.44
Fold S-1 1.1 1.0 1.1 0.82
P-value vs WT ± 0.64 0.63 0.18
P-value vs S-1 0.64 ± 0.54 0.36

Etoposide (n=4) 189 � 21 198 � 21 214 � 17 169 � 16
Fold S-1 0.95 1.0 1.1 0.85
P-value vs WT ± 0.76 0.61 0.52
P-value vs S-1 0.76 ± 0.57 0.30

FudR (n=3) 181a 204 � 43 409 � 58 404a

Fold S-1 nd 1.0 2.0 nd
P-value vs S-1 nd ± 0.036 nd

Staurosporine (n=4) 194 � 22 184 � 23 368 � 21 355 � 32
Fold S-1 1.1 1.0 2.0 1.9
P-value vs WT ± 0.76 <0.001 0.005
P-value vs S-1 0.76 ± <0.001 0.004

aResults of a single experiment

Fig. 1A±D Survival of HeLa S-
1 (open circles) and B-5 (®lled
circles) cells following exposure
to FUdR (A), staurosporine
(B), doxorubicin (C) and
etoposide (D). Survival was
assessed by colony-forming as-
says following 24-h exposures
to each drug. Each data point
represents the mean � SE of
three or four separate experi-
ments. SEs are shown where
they are >10% of the respective
survival value (*P < 0.05,
**P < 0.01, S-1 vs B-5 cells)

459



anticipated from the composite survival curves shown in
Fig. 1. In contrast, the IC50 values for B-5 and B-6 cells
exposed to FUdR or staurosporine were increased ap-
proximately twofold compared with WT and S-1 cells
(Table 1). These di�erences in IC50 values reached a high
degree of statistical signi®cance. Moreover, these data
demonstrate that a twofold di�erence in IC50 can trans-
late into a >15-fold increase in cell survival at a single
drug concentration (e.g. compare FUdR or staur-
osporine IC50 values between S-1 and B-5 cells in Table 1
and cell survival at 1 lM of each agent in Fig. 1A,B).

Bcl-2 delays drug-induced loss of cell viability

Owing to the ability of Bcl-2 to enhance clonogenic
survival in an agent-speci®c fashion in our HeLa clones,
experiments were performed to determine the e�ects of
Bcl-2 on loss of plasma membrane integrity. This tech-
nique has become the generally accepted method to es-
timate the e�ects of Bcl-2 on resistance to
chemotherapeutic drugs [6, 20, 26]. In this set of exper-
iments, S-1 cells were again compared to B-5 cells fol-
lowing a 24-h exposure to a single concentration of
FUdR, staurosporine, doxorubicin or etoposide. At-
tempts were made to use a concentration of each drug
that was relevant to the clonogenic data represented in
Fig. 1, rather than supralethal drug concentrations.
Fig. 2 con®rms the results of our previous study with
etoposide [15], but also illustrates that the loss of cell
viability in B-5 cells was signi®cantly delayed compared
to S-1 cells, regardless of the agent tested.

The data presented in Fig. 2 indicate that the e�ects
of Bcl-2 on loss of plasma membrane permeability fol-
lowing doxorubicin or etoposide exposure may be
somewhat attenuated compared to the e�ects following
exposure to FUdR and staurosporine. However, there
still remains a striking disparity between inhibition of
cell death and increase in clonogenic survival caused by
Bcl-2 in HeLa cells exposed to topoisomerase II poisons
(compare Figs. 1 and 2).

Throughout the course of these experiments, no sig-
ni®cant variations in total cell number were detected
between S-1 and B-5 cells which could explain the pro-
tective e�ects of Bcl-2 on loss of cell viability as an ar-
tifact of rapid cell lysis (and consequently loss) from the
B-5 population (data not shown).

The time-courses of cell death caused
by equitoxic concentrations of etoposide
and staurosporine di�er markedly

In order to begin to de®ne the mechanisms by which
Bcl-2 may enhance clonogenic survival following expo-
sure to FUdR or staurosporine but not following ex-
posure to doxorubicin or etoposide, experiments were
performed to monitor cell death processes in S-1 cells
exposed to equitoxic (by clonogenic assay) concentra-
tions of staurosporine or etoposide. Exposure to
750 nM staurosporine or etoposide for 24 h allowed 2.1
� 0.5% and 2.1 � 0.4% cell survival, respectively
(n � 3). Despite this similarity, the time-course of loss
of cell viability was markedly di�erent for each drug

Fig. 2A±D Viability of HeLa S-
1 (open circles) and B-5 (®lled
circles) cells following 24 h ex-
posures to 1 lM FUdR (A), 1
lM staurosporine (B), 25 nM
doxorubicin (C) and 1 lM
etoposide (D). Viability was
assessed by the ability to ex-
clude 0.2% trypan blue. Data
presented are from a single
experiment, which is represen-
tative of at least two separate
experiments. Days on the ab-
scissae denotes the number of
days following initiation of the
drug treatment
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(Fig. 3A). Staurosporine caused approximately a 50%
reduction in cell viability within 24 h of administration,
whereas S-1 cells required around 8 days following ini-
tiation of the 24-h etoposide exposure to achieve a
similar reduction in plasma membrane integrity. The
di�erence in loss of viability was also re¯ected in the
respective time-courses of the proportion of morpho-
logically apoptotic cells (Fig. 3B,C): approximately 50%
of staurosporine-treated cells were apoptotic within 24 h
of drug exposure, whereas between 8 and 11 days were
required for the same e�ect following the initiation of
etoposide treatment. These results were con®rmed using
the Tdt assay which detects apoptotic DNA fragmen-
tation, and comparable di�erences were observed be-
tween staurosporine and etoposide in the induction of
apoptosis (data not shown).

The appearance of apoptotic cells in the S-1 popu-
lation exposed to etoposide was preceded by the detec-
tion of large multinucleated cells (Fig. 3C) [15].
Multinucleated cells were not detected following staur-
osporine exposure (Fig. 3B).

Discussion

The Bcl-2 oncoprotein has been shown to inhibit ap-
optosis induced by almost all of the chemotherapeutic
agents in current use [6, 20, 26]. Because of this, it is
generally assumed that Bcl-2 overexpression in human
tumor cells is associated with a multidrug resistance
phenotype. While our studies con®rm that Bcl-2 does
indeed inhibit the induction of apoptosis and delay the
loss of membrane integrity in cells exposed to agents
with di�ering mechanisms of action (this study; [15]) we
have now demonstrated that Bcl-2 is only able to en-

hance clonogenic survival in HeLa cells in an agent-
speci®c fashion.

We have proposed previously that etoposide-induced
multinucleation is su�cient to cause reproductive death
in HeLa cells [15]: inhibition of apoptosis by Bcl-2 re-
sulted in the accumulation of multinucleated cells which
exhibited no increased capacity for clonogenic survival
compared to non-Bcl-2-expressing cells. These cells
eventually lose plasma membrane integrity without ex-
hibiting the morphological or DNA degradative char-
acteristics of apoptosis (MJ Elliott and RB Lock,
unpublished observations). The data presented above
indicate that, in HeLa cells, the impact of apoptosis on
reproductive survival is strikingly di�erent for dissimilar
agents, and may depend upon the nature of the initial
cytotoxic insult imposed by a particular drug. Inhibition
of apoptosis by Bcl-2 allowed increased clonogenic
survival following exposure to FUdR or staurosporine,
but not to doxorubicin or etoposide. While the degree of
resistance to staurosporine and FUdR appears modest
in terms of IC50 values, the survival protection a�orded
by Bcl-2 at equivalent drug concentrations may be >15-
fold (compare S-1 and B-5 cell survival at 1 lM FUdR
and staurosporine, Fig. 1) and is therefore likely to be of
clinical signi®cance.

The most plausible explanation for the limitation
imposed upon Bcl-2 to enhance clonogenic survival in an
agent-speci®c fashion in our model system is that the
extensive DNA damage caused by topoisomerase II
poisons results in reproductive death owing to loss or
mutation of essential genetic material [2, 21, 24]. In this
instance, apoptosis functions in a secondary role to
eliminate a reproductively incompetent cell, which re-
sults in the extended time-course of apoptosis induction
observed in etoposide-treated cells (Fig. 3). In contrast,
it would appear that apoptosis plays a primary role in
cell death induced by staurosporine (protein kinase in-
hibition) and FUdR (thymidylate stress), for the simple
reason that inhibition of apoptosis by Bcl-2 expression
signi®cantly enhances clonogenic cell survival. More-
over, induction of apoptosis by staurosporine was ex-
tremely rapid compared to that caused by etoposide,
which suggests di�erential signaling pathways towards
apoptosis caused by each agent. However, the resistance
to staurosporine and FUdR is not absolute considering
the high level of enforced Bcl-2 expression in these

Fig. 3A±C Behavior of HeLa S-1 cells following exposure to
equitoxic (by clonogenic assay) concentrations of staurosporine or
etoposide. Cells were exposed to 750 nM of each drug for 24 h,
following which viability was estimated by the ability to exclude
trypan blue (A). The proportions of morphologically apoptotic or
multinucleated cells were also estimated by examination of cell
cytospins following exposure to staurosporine (B) or etoposide (C).
Data presented are from a single experiment, which is representa-
tive of at least two in separate experiments. Days on the abscissae
denotes the number of days following initiation of the drug
treatment
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transfectants [15], and additional pathways to cell death
appear to be invoked by these agents.

Our observations add to the growing body of evi-
dence that indicates that a�ecting the rate of onset of
drug-induced apoptosis by speci®c alterations in Bcl-2
expression or p53 functional status does not necessarily
translate into enhanced survival in cells of epithelial or
mesenchymal origin [9, 15, 27]. The molecular mecha-
nism underlying a cell's commitment to death in the
absence of apoptosis is not restricted to the speci®c le-
sions induced by topoisomerase II poisons [27], and may
have to be determined empirically for each antitumor
agent. However, the data presented above appear to be
the ®rst demonstration that Bcl-2 exhibits drug-speci®c
e�ects on clonogenic survival in the same model system.

HeLa cells express a dysfunctional p53 response to
DNA damage, because of the human papillomavirus E6
protein [11]. Recent studies indicate an inverse rela-
tionship between Bcl-2 and p53 (presumably mutant)
expression in certain human solid malignancies [1, 7],
which may represent an important aspect of tumor de-
velopmental biology. Clearly, additional in vitro and
in vivo studies are required of the e�ects of Bcl-2 on
chemotherapeutic drug action, in which the cellular
context of Bcl-2 expression is taken into account.

A concern raised in the performance of these studies
is that, by plating out relatively low numbers of cells for
colony formation, additional stresses are imposed upon
cells which may somehow negate the protective e�ects of
Bcl-2 that are observed when assessing the viability of
pooled cell populations. Indeed, some three-dimensional
model systems have been shown to behave quite di�er-
ently from cells grown as a monolayer in conferring
chemotherapeutic drug resistance [13]. This concern is
negated somewhat by the demonstration above that
enhanced clonogenic survival conferred by Bcl-2 is
agent-speci®c, but in addition requires the testing of our
HeLa-transfected clones grown as xenografts in im-
mune-deprived mice. These experiments are currently
underway.

Our results may also contribute to understanding the
apparent conundrum in breast cancer, which may extend
to other tumors of epithelial origin, in which Bcl-2
overexpression is associated with well-di�erentiated, es-
trogen receptor-positive, p53-negative (and therefore
presumably WT) tumors which exhibit more favorable
responses to hormonal and cytotoxic therapy [7, 14, 23].
Doxorubicin is probably the most active single chemo-
therapeutic agent used in the treatment of breast cancer,
although 5-¯uorouracil is also included in combination
[5]. Our data indicate that Bcl-2 overexpression would
not be predicted to increase clonogenic survival of hu-
man epithelial tumor cells exposed to doxorubicin.

Finally, while our studies do not question the im-
portance of apoptosis in physiological cell death and in
tumor cell responses to chemotherapeutic drugs, they do
serve to highlight the importance of alternative cell
death processes which must be considered for individual
drugs. Currently, we are testing the generality of these

observations in other human tumor model systems both
in vitro and in vivo.

Acknowledgements This work was supported by USPHS Grant
CA53184 from the NIH, by the Henry Vogt Cancer Research In-
stitute, and by the Regional Cancer Center Corporation. The
contents of this report are solely the responsibility of the authors
and do not necessarily represent the o�cial views of the funding
agencies.

References

1. Alderson LM, Castleberg RL, Harsh GR IV, Louis DN,
Henson JW (1995) Human gliomas with-wild-type p53 express
bcl-2. Cancer Res 55: 999

2. Berger NA, Chatterjee S, Schmotzer JA, Helms SR (1991)
Etoposide (VP-16-213)-induced gene alterations: potential
contribution to cell death. Proc Natl Acad Sci USA 88: 8740

3. Chen AY, Liu LF (1994) DNA topoisomerases: essential en-
zymes and lethal tagets. Annu Rev Pharmacol Toxicol 34: 191

4. Curtin NJ, Harris AL, Aherne GW (1991) Mechanism of cell
death following thymidylate synthase inhibition: 2¢-deoxyuri-
dine-5¢-triphosphate accumulation, DNA damage, and growth
inhibition following exposure to CB3717 and dipyridamole.
Cancer Res 51: 2346

5. DeVita VTJ, Hellman S, Rosenberg SA (1993) Cancer: prin-
ciples and practice of oncology, 4th edn. J.B. Lippincott Co.,
Philadelphia

6. Fisher TC, Milner AE, Gregory CD, Jackman AL, Aherne
GW, Hartley JA, Dive C, Hickman JA (1993) bcl-2 Modula-
tion of apoptosis induced by anticancer drugs: resistance to
thymidylate stress is independent of classical resistance path-
ways. Cancer Res 53: 3321

7. Gasparini G, Barbareschi M, Doglioni C, Palma PD, Mauri
FA, Boracchi P, Bevilacqua P, Ca�o O, Morelli L, Verderio P,
Pezzella F, Harris AL (1995) Expression of bcl-2 protein pre-
dicts e�cacy of adjuvant treatments in operable node-positive
breast cancer. Clin Cancer Res 1: 189

8. Gorczyca W, Gong J, Darzynkiewicz Z (1993) Detection of
DNA strand breaks in individual apoptotic cells by the in situ
terminal deoxynucleotidyl transferase and nick translation as-
says. Cancer Res 53: 1945

9. Han J, Dionne CA, Kedersha NL, Goldmacher VS (1997) p53
Status a�ects the rate of the onset but not the overall extent of
doxorubicin-induced cell death in Rat-1 ®broblasts constitu-
tively expressing c-myc. Cancer Res 57: 176

10. Hickman JA (1992) Apoptosis induced by anticancer drugs.
Cancer Metastasis Rev 11: 121

11. Hoppe-Seyler F, Butz K (1993) Repression of endogenous p53
transactivation function in HeLa cervical carcinoma cells by
human papillomavirus type 16 E6, human mdm-2, and mutant
p53. J Virol 67: 3111

12. Jacobson MD, Burne JF, King MP, Miyashita Y, Reed JC,
Ra� MC (1993) Bcl-2 blocks apoptosis in cells lacking mito-
chondrial DNA. Nature 361: 365

13. Kobayashi H, Man S, Graham CH, Kapitain SJ, Teicher BA,
Kerbel RS (1993) Acquired multicellular-mediated resistance
to alkylating agents in cancer. Proc Natl Acad Sci USA 90:
3294

14. Lipponen P, Pietilainen T, Kosma VM, Aaltomaa S, Eskelinen
M, Syrjanen K (1995) Apoptosis suppressing protein bcl-2 is
expressed in well-di�erentiated breast carcinomas with fa-
vourable prognosis. J Pathol 177: 49

15. Lock RB, Stribinskiene L (1996) Dual modes of death induced
by etoposide in human epithelial tumor cells allow Bcl-2 to
inhibit apoptosis without a�ecting clonogenic survival. Cancer
Res 56: 4006

16. Lock RB, Galperina OV, Feldho� RC, Rhodes LJ (1994)
Concentration-dependent di�erences in the mechanisms by

462



which ca�eine potentiates etoposide cytotoxicity in HeLa cells.
Cancer Res 54: 4933

17. Lock RB, Thompson BS, Sullivan DM, Stribinskiene L (1997)
Potentiation of etoposide-induced apoptosis by staurosporine
in human tumor cells is associated with events downstream of
DNA-protein complex formation. Cancer Chemother Phar-
macol 39: 399

18. Meikrantz W, Gisselbrecht S, Tam SW, Schlegel R (1994)
Activation of cyclin A-dependent kinases during apoptosis.
Proc Natl Acad Sci USA 91: 3754

19. Pezzella F, Turley H, Kuzu I, Tungekar MF, Dunnill MS,
Pierce CB, Harris A, Gatter KC, Mason DY (1993) Bcl-2
protein in non-small-cell lung carcinoma. N Engl J Med 329:
690

20. Reed JC (1995) BCL-2: prevention of apoptosis as a mecha-
nism of drug resistance. Hematol Oncol Clin North Am 9: 451

21. Shibuya ML, Ueno AM, Vannais DB, Craven PA, Waldren
CA (1994) Megabase pair deletions in mutant mammalian cells
following exposure to amsacrine, an inhibitor of DNA topo-
isomerase II. Cancer Res 54: 1092

22. Silvestrini R, Veneroni S, Daidone MG, Benini E, Borscchi P
(1994) The Bcl-2 protein: a prognostic indicator strongly re-
lated to p53 protein in lymph node-negative breast cancer in
patients. J Natl Cancer Inst 86: 499

23. Silvestrini R, Benini E, Veneroni S, Daidone MG, Tomasic G,
Squicciarini P, Salvadori B (1996) p53 and bcl-2 expression
correlates with clinical outcome in a series of node-positive
breast cancer patients. J Clin Oncol 14: 1604

24. Singh B, Gupta RS (1983) Mutagenic responses of thirteen
anticancer drugs on mutation induction at multiple genetic loci
and on sister chromatid exchanges in Chinese hamster ovary
cells. Cancer Res 43: 577

25. Tsujimoto Y, Croce CM (1986) Analysis of the structure,
transcripts, and protein products of bcl-2, the gene involved in
human follicular lymphoma. Proc Natl Acad Sci USA 83: 5214

26. Yang E, Korsmeyer SJ (1996) Molecular thanatopsis: a dis-
course on the BCL2 family and cell death. Blood 88: 386

27. Yin DX, Schimke RT (1995) BCL-2 expression delays drug-
induced apoptosis but does not increase clonogenic survival
after drug treatment in HeLa cells. Cancer Res 55: 4922

463


