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Abstract Purpose: Studies were designed to elucidate
the basis for the antiproliferative activity of the an-
thracycline antibiotic, idarubicin (4-demethoxy-dauno-
rubicin) in MCF-7 breast tumor cells. Methods: Growth
inhibition was evaluated using the MTT tetrazolium dye
assay, induction of DNA strand breaks was determined
by alkaline elution, inhibition of DNA synthesis was
assessed by measuring the incorporation of labelled
thymidine intoDNA,modulation of the expression of the
c-myc oncogene was determined by Northern blotting
and the induction of apoptosis was evaluated by alkaline
unwinding, static ®eld gel electrophoresis, terminal end
labelling and assessment of cell morphology. Results:
MCF-7 cells were relatively sensitive to idarubicin, with
an IC50 value for growth inhibition of approximately
0.01 lM. While DNA strand breakage was not evident
below a concentration of 0.1 lM idarubicin, where
growth inhibition exceeded 70%, both the inhibition of
DNA synthesis and suppression of c-myc expression
closely paralleled the pro®le of antiproliferative activity
for idarubicin. Finally, while exposure to idarubicin re-
sulted in a substantial loss of viable cells within 48±72 h,
there was no morphological evidence of apoptotic body
formation. The absence of apoptosis in cells exposed to
idarubicin was supported by studies demonstrating the
absence of DNA fragmentation using gel electrophore-
sis, alkaline elution and in situ DNA end-labelling as-
says. Conclusions: The results of these studies extend
previous results from this laboratory indicating an as-
sociation between suppression of c-myc expression,
inhibition of DNA synthesis and growth arrest by

topoisomerase II inhibitors, as well as the lack of in-
duction of apoptotic cell death by topoisomerase II in-
hibitors in MCF-7 breast tumor cells.
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bromide á PBS phosphate-bu�ered saline á
SDS sodium dodecyl sulfate á VM-26 teniposide,
4¢-demethylepipodophyllotoxin-4-(4,6-0-thenylidene-
beta-D-glucopyranoside

Introduction

The anthracycline antibiotics, which include the drugs
doxorubicin and daunorubicin, have broad utility in the
treatment of a variety of malignancies. Doxorubicin is
one of the primary agents utilized in the treatment of
breast cancer [18]. The 4-demethoxy derivative of dau-
norubicin, idarubicin, which can be administered orally
[15], and which has been reported to circumvent multi-
drug resistance [2, 35], is used primarily against leuke-
mias [5] but has also shown utility in the treatment of
breast cancer [25, 32].

One of the primary mechanisms thought to mediate
the antiproliferative and cytotoxic e�ects of drugs such
as the anthracycline antibiotics is the inhibition of the
religation activity of the enzyme, topoisomerase II [38],
which results in the induction of strand breaks in DNA
[16]. Previous work from this laboratory has demon-
strated a lack of correspondence between the induction
of DNA damage and the antiproliferative activity of
these agents [3, 11, 14, 27, 43]. In contrast, inhibition of
DNA synthesis has been shown to correlate closely with
growth inhibition in both H-35 rat hepatoma and
MCF-7 breast tumor cells [3, 11, 14, 27]. In addition,
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it has been reported from this laboratory that the
topoisomerase II inhibitors, doxorubicin, VM-26 and
m-AMSA, as well as ionizing radiation, are capable of
suppressing the expression of the oncogene, c-myc, in the
MCF-7 breast tumor cell line [3, 11, 14, 41]. Further-
more, the concentration-dependent suppression of c-myc
expression has been determined to be predictive of
growth arrest [3, 11, 14, 41]. Finally, it has been re-
ported from this laboratory [10, 12, 41], as well as by
other investigators [28, 34, 42] that MCF-7 breast tumor
cells are generally refractory to apoptotic cell death in-
duced by agents that damage DNA or otherwise perturb
DNA integrity.

The purpose of the present work was to extend these
previous ®ndings to idarubicin by assessing the rela-
tionship between the e�ects of idarubicin on DNA
synthesis, c-myc expression and growth of MCF-7 breast
tumor cells. In addition, this work was designed to
provide further evidence that cell death can occur in
these breast tumor cells in the absence of oligosomal
DNA fragmentation and apoptosis. The ®ndings sup-
port the possibility that regulation of c-myc expression
could be linked to the growth regulatory/growth arrest
pathways in MCF-7 breast tumor cells.

Materials and methods

Materials

Dulbecco's modi®ed eagle's medium (DMEM) was obtained from
Hazelton Research Products, Denver, P. L-Glutamine, penicillin/
streptomycin (10 000 U/ml penicillin and 10 mg/ml streptomycin),
and fetal bovine serum were obtained from Whittaker Bioproducts,
Walkersville, Md. De®ned bovine calf serum was obtained from
Hyclone Laboratories, Logan, Utah. Trypsin-EDTA (10 ´ 0.5%
trypsin, 5.3 mM EDTA) was obtained from Gibco Laboratories,
Grand Island, N.Y. Idarubicin (4-demethoxy-daunorubicin) was
generously provided by Pharmacia/Adria Laboratories, Mil-
waukee, Wis. Idarubicin was dissolved in water and maintained as
a frozen stock solution. Drug was diluted in incubation medium on
the day of the experiment.

The radiolabelled compounds [3H]thymidine (75 Ci/mmol),
and [a-32P]dCTP (3000 Ci/mmol) were obtained from DuPont
NEN Research Products, Boston, Mass., respectively. Nuclease S1
was obtained from Pharmacia LKB Biotechnology, Piscataway,
N.J. Dimethyl sulfoxide, proteinase K, MTT, thymidine, and tri-
chloroacetic acid and RNAse A were obtained from Sigma
Chemical Co, St. Louis, Mo. Tetrapropyl ammonium hydroxide
was obtained from Kodak Chemicals, (Rochester, N.Y.). Agarose
was obtained from GIBCO BRL (Gaithersburg, Md.). All other
chemicals were reagent or molecular grade, as appropriate.

The c-myc probe, an EcoRI/ClaI fragment of pMC41 3RC
containing the third exon of the human c-myc gene was kindly
provided by Dr. Eric Westin of the Medical College of Virginia.
Genomic or cDNA probes for glyceraldehyde-3-phosphate dehy-
drogenase (pHcGAP) were obtained from ATCC, Rockville, Md.

Cell line

The MCF-7 breast tumor cell line was kindly provided by the
laboratory of Dr. Kenneth Cowan at the National Cancer Institute,
Bethesda, Md, and cells were maintained as monolayers in DMEM
supplemented with glutamine (0.292 mg/ml), penicillin/streptomy-

cin (0.5 ml/100 ml medium), 5% fetal bovine serum, and 5% de-
®ned bovine serum at 37 °C in an atmosphere containing 5% CO2.

Cell proliferation and cell death

Growth Inhibition

The capacity of idarubicin to interfere with the growth of the
MCF-7 breast tumor cells was determined using the MTT tetra-
zolium dye assay, as described in detail previously [11]. Brie¯y, cells
subcultured at a density of 1 ´ 10 4 cells/ml in 96-well microplates
(Costar, Cambridge, Mass.) were incubated with various concen-
trations of idarubicin for 2 h. Drug was aspirated, cells were wa-
shed with incubation medium, and permitted to grow for an
additional 72 h prior to determination of viable cell numbers.

Cell killing

The capacity of idarubicin to produce cell death was determined by
monitoring the decline in the number of cells originally plated using
trypan blue exclusion and cell counting. MCF-7 cells subcultured at
a density of 1.5 ´ 104 cells/ml in 25-cm2 T ¯asks (Costar) were
incubated with 0.5 lM idarubicin for 2 h at 37 °C. Drug was as-
pirated and the cells were washed with ice-cold phosphate-bu�ered
saline (PBS, pH 7.4). Cells were released from ¯asks by incubation
with trypsin (0.05 mg/ml)/EDTA (0.02 mg/ml) for 5 min at 37 oC,
collected in ice-cold PBS (pH 7.4), and centrifuged at 4 °C. Cell
pellets were resuspended in 300 ll ice-cold PBS and aliquots were
mixed with trypan blue. Cells were loaded on a hemocytometer and
viable cell numbers determined (cell viability was assessed by ex-
clusion of trypan blue dye).

Determination of DNA damage

Loss of integrity of bulk DNA was determined by enhanced-¯uo-
rescence alkaline unwinding analysis using either the alkaline un-
winding procedure of Kanter and Schwartz [21], as described
previously [11, 27]. For alkaline unwinding, cells in 75-cm2 T ¯asks
(Costar) were incubated with idarubicin for 2 h, washed with PBS
(pH 7.4), released from ¯asks by incubation with 0.05 mg/ml
trypsin in 0.02 mg/ml EDTA for 5 min at 37 °C, and collected in
ice-cold PBS. Pelleted cells were resuspended in saline and sub-
jected to timed alkaline denaturation in 0.1 N NaOH. Denatur-
ation was terminated by neutralization in 0.1 N HCl. Cells were
further diluted in PBS and lysed by the addition of 200 mM
K2HPO4, 50 mM EDTA, 0.16% N-lauroylsarcosine with brief
sonication. Damage to bulk DNA in cell lysates was quanti®ed by
spectro¯uorophotometry in the presence of Hoechst-33258
(kex = 350, kem = 450). Induction of strand breaks was dem-
onstrated by reduction in net DNA ¯uorescence. Values were
standardized against graded DNA strand breakage induced by
scaled [137Cs] irradiation (0.3 to 30 Gy).

Alkaline unwinding was also used to determine whether DNA
fragmentation may have occurred by assessing the integrity of
DNA at 72 h after exposure to drug. We have previously demon-
strated that DNA fragmentation assessed using this assay parallels
the induction of apoptosis in HL-60 human leukemic cells [17, 20].

The induction of DNA damage by idarubicin was con®rmed
using the alkaline elution procedure of Kohn et al. [23]. Cells were
prepared as for alkaline unwinding, and alkaline elution was per-
formed as described in detail previously [27].

In¯uence of idarubicin on DNA biosynthesis

The e�ects of idarubicin on the rates of DNA synthesis were de-
termined by monitoring the rate of incorporation of [3H]thymidine
into acid-precipitable material over a time course of 40 min as
previously described [11, 27]. MCF-7 cells in 24-well plates (Costar)
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were exposed to idarubicin for 2 h and washed with Hanks' buf-
fered salts solution (pH 7.4; Whittaker Biochemicals, Walkersville,
Md.) at room temperature prior to incubation with [3H]thymidine
for 40 min. At appropriate times, cells were washed with ice-cold
PBS, lysed with trypsin/EDTA and precipitated with ice-cold tri-
chloroacetic acid. The percentage inhibition of DNA biosynthesis
was calculated from the relative rates of incorporation of the 3H-
labelled nucleic acid precursor into acid-precipitable material (on
Millipore ®lters) in drug-treated versus untreated control cells.

In¯uence of idarubicin on expression of c-myc and GAPDH

After incubation with idarubicin for appropriate times and at
stated concentrations, cells were washed twice with 10 ml ice-cold
PBS (pH 7.4), and lysed in 4 M guanidine isothiocyanate and 0.5%
sodium lauryl sarcosine. RNA was isolated by ultracentrifugation
through a 5.7 M cesium chloride cushion at 41 000 g for 20 h at
20°C [7]. RNA was precipitated with 70% ethanol, RNA pellets
were washed in 95% ethanol and 70% ethanol, and resuspended in
Mili Q water.

RNA (10 lg) was denatured in 0.02 M morpholino propane
sulfonic acid (pH 7.0), 5 mM sodium acetate, 1 mM EDTA, 2.2 M
formaldehyde and 50% formamide. The samples were separated on
a 6.6% formaldehyde/1% agarose gel [39]. Equal loading of RNA
in each lane was con®rmed by ethidium bromide staining. Blotting
was carried out using Nytran transfer membranes (Schleicher &
Schuell, Keene, N.H.).

Probes were radiolabelled using a nick translation kit from
GIBCO BRL (Gaithersburg, Md.) and hybridized to blots in the
presence of 50 mM sodium phosphate, pH 6.5, 5 ´ Denhardt's
solution (0.1% bovine serum albumin, 0.1% Ficoll, 0.1% polyvinyl
pyrrolidine) 5 ´ SSC (0.75M NaCl, 0.075 M sodium citrate), 0.1%
SDS, yeast RNA (250 lg/ml), 50% formamide and 10% dextran
sulfate [39]. Hybridizations were for 16±20 h at 42 °C. Filters were
washed three times at 42 °C for 5 min in 2 ´ SSC and 0.2% SDS
followed by one wash in 2 ´ SSC and 0.2% SDS at 60 °C and one
wash in 0.5 ´ SSC and 0.2% SDS for 40 min before autoradiog-
raphy.

Qualitative analyses of DNA fragmentation
by static ®eld gel electrophoresis

The formation of oligonucleosomal DNA fragments (~0.2 to ~1.2
kbp) was assessed by conventional agarose gel electrophoresis as
described previously [17, 20]. After drug exposure and washing,
cells were released from ¯asks by incubation with trypsin (0.5 mg/
ml)/EDTA (0.02 mg/ml) for 5 min, collected in ice-cold PBS at
pH 7.4 and centrifuged at 1500 rpm for 5 min at 4 oC. Pelleted cells
were resuspended in PBS and lysed by the addition of 5 mM Tris-
base, 20 mM EDTA, 0.1% Triton X-100, pH 8.0 (yielding a ®nal
density of 2 ´ 107 cells/ml), and mixed thoroughly with gentle
mechanical agitation; the lysates were then treated with proteinase-
K (500 lg/ml; Sigma) at 55 °C for 18 h. The deproteinated extracts
were centrifuged at 30 000 g for 45 min at 4 °C, and the pellets
were discarded. The supernatants were treated with ribonuclease-A
(100 lg/ml; Sigma) at 37 °C for 3 h. Aliquots of ®nal lysate prep-
arations (corresponding to 2 ´ 106 cells) were loaded into 2.25%
agarose gels (Metaphor; FMC) impregnated with ethidium bro-
mide (0.5 mg/ml). Low molecular weight DNA fragments were
resolved by electrophoresis at 6.5 V/cm for 90 to 180 min in tris
acetate/EGTA bu�er. DNA fragments were visualized by UV
transillumination. DNA molecular weight reference preparations
(100 bp/step ladder; GIBCO-BRL) were run in parallel to facilitate
estimation of DNA fragment size.

Morphological assessment of apoptosis

After exposure to idarubicin and trypsinization, pelleted cells were
resuspended in PBS, ®xed in conventional cytocentrifuge prepara-
tions, stained with 20% Wright-Giemsa stain, and the occurrence

and mode of cell death in each treatment group was determined
based on morphological criteria outlined previously [17, 20]. At
least 300 cells were scored for each treatment by assessing the ex-
pression of cytoarchitectural characteristics of either apoptosis (cell
shrinkage, condensation of nucleoplasm and cytoplasm, formation
of membrane blebs and apoptotic bodies) or necrosis (cell swelling,
nuclear expansion, deterioration of organellar membranes, gross
cytolysis).

Terminal end labelling (TUNEL) assay

The method of Gavrieli et al. [13] was utilized as an independent
assessment of apoptotic cell death. Brie¯y, following ®xation in 4%
formaldehyde, cells were treated with acetic acid/ethanol (1:2) for
5 min at )20 °C. The slides were then immersed in TDT bu�er
(30 mM Trizma base, pH 7.2, 140 mM sodium cacodylate, 1 mM
cobalt chloride) containing 0.3 e.u./ml TdT (Boehringer-Man-
nheim) and ¯uorescein isothiocyanate-labelled dUTP (¯uorescein-
12-dUTP; Boehringer-Mannheim). The slides were incubated in a
fully humidi®ed atmosphere at 37 °C for 60 min. The reaction was
terminated by washing the slides in PBS, after which they were
counterstained with propidium iodide (5 lg/ml in 0.01% sodium
citrate). After rinsing, the slides were examined under ¯uorescence
utilizing an Olympus model BX-40 ¯uorescent microscope for cells
exhibiting a bright green±yellow ¯uorescence indicative of apop-
tosis.

Results

The in¯uence of idarubicin on the proliferation of MCF-
7 breast tumor cells was determined 72 h after acute
drug exposure. Figure 1A indicates that idarubicin
produced a concentration-dependent reduction in cell
growth, with an IC50 value of approximately 0.01 lM1

The corresponding induction of DNA strand breaks
after acute drug exposure was determined using the
technique of alkaline unwinding. Figure 1A further
demonstrates that there was little detectable DNA
damage at the IC50. Signi®cant damage to DNA was
evident only after cells were exposed to an idarubicin
concentration of 0.5 lM, where cell growth was inhib-
ited by approximately 70%. These e�ects of idarubicin
on DNA damage were con®rmed using the alkaline
elution assay. As shown in Fig. 1B, there was minimal
DNA damage detected at idarubicin concentrations of
0.05 and 0.1 lM. Signi®cant DNA strand breakage was
observed only at 0.5 lM idarubicin. The plot presented
in Fig. 1C demonstrates that the induction of DNA
damage by idarubicin did not correspond with the extent
of growth inhibition (correlation coe�cient 0.47).

We have previously reported that growth inhibition
by the topoisomerase II inhibitors, doxorubicin, VM-26
and m-AMSA, in MCF-7 cells [3, 11, 14] and by doxo-
rubicin in H-35 rat hepatoma cells [27] corresponds
closely with inhibition of DNA synthesis. Figure 2A
demonstrates that idarubicin produced a concentration-
dependent inhibition of DNA synthesis (assessed 2 h

1A similar dose-response relationship was generated with a 4-h
exposure to idarubicin. These studies were performed to maintain
consistency with the conditions for concentration-dependent e�ects
of idarubicin on c-myc expression.
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after the initiation of drug exposure) which paralleled the
inhibition of growth. Figure 2B indicates a correlation
between the inhibitory e�ect of idarubicin on cell growth
and on DNA synthesis (correlation coe�cient 0.91).

Fig. 2 A Growth inhibition and inhibition of DNA synthesis in
MCF-7 breast tumor cells after acute exposure to idarubicin.
MCF-7 cells were exposed to idarubicin for 2 h and growth arrest
was assessed 72 h later by the MTT tetrazolium dye assay. E�ects
on DNA synthesis were assessed immediately after drug exposure
and each point represents the mean � standard error of ®ve
experiments. B Relationship between growth inhibition and
suppression of DNA synthesis

b

Fig. 1A Growth inhibition and induction of DNA damage in
MCF-7 breast tumor cells after acute exposure to idarubicin.
MCF-7 cells were exposed to idarubicin for 2-h and growth arrest
was assessed 72 h later by the MTT tetrazolium dye assay. DNA
strand break induction was monitored immediately after the 2-h
drug exposure by alkaline unwinding. Each point relating to
growth inhibition represents the mean � standard error of eight
replicate experiments. Each point relating to induction of DNA
strand breaks represents the mean � standard error of four to six
replicate experiments. B Induction of DNA damage in MCF-7 cells
as measured by alkaline elution. In this representative experiment,
MCF-7 cells were exposed to idarubicin for 2 h and DNA strand
break induction was monitored immediately after the 2-h drug
exposure. All samples were incubated with proteinase K in order to
digest DNA±protein cross-links prior to elution. C Lack of
correspondence between the induction of DNA strand breaks
and growth inhibition by idarubicin (Data were taken from A)
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One of the primary interests pursued in our labora-
tory has been to determine whether alterations in the
expression of the oncogene, c-myc, could be an early
event in the cellular response to topoisomerase II in-
hibitors. In this context, we have previously determined
that early suppression of c-myc expression (i.e. within 2±
4 h after drug exposure) is closely associated with
growth arrest by VM-26, m-AMSA and doxorubicin
[3, 12, 14]. Consequently, we evaluated the capacity of
idarubicin to alter c-myc expression in a time- and
concentration-dependent manner. Figure 3 presents a
representative Northern blot as well as pooled data from
four experiments and demonstrates a time-dependent
suppression of c-myc expression in MCF-7 cells exposed
to 0.5 lM idarubicin. The transient increase in c-myc
expression which was evident at 1 h in the Northern blot
was observed only in a single experiment. Maximal
suppression of c-myc expression by idarubicin occurred
between 3 and 4 h. As shown, levels of the constitutively
expressed housekeeping gene, GAPDH, were essentially
unchanged in cells exposed to idarubicin.

Our previous ®ndings relating to drug and radiation-
induced suppression of c-myc expression [3, 12, 14, 41]
suggest that c-myc expression could be closely associated
with the growth arrest pathway which responds to
DNA-damaging agents in this breast tumor cell line.
Consequently, we were interested in determining
whether a similar relationship is evident for idarubicin.

The e�ects of various concentrations of idarubicin on
c-myc expression (at 4 h after drug exposure) were de-
termined over the same concentration range used to
assess growth inhibition. Figure 4 presents a represen-
tative Northern blot accompanied by pooled data from
four independent experiments and shows a concentra-
tion-dependent reduction in c-myc expression by expo-
sure to idarubicin; again, expression of GAPDH was
essentially unchanged (not shown). Figure 5A demon-
strates that the suppression of c-myc expression by ida-
rubicin paralleled growth inhibition. Figure 5B indicates
a correlation between the inhibitory e�ects of idarubicin
on cell growth and on c-myc expression (correlation
coe�cient of 0.9).

The MTT assay, which was utilized to generate the
growth inhibition data, does not discriminate between
growth arrest and cell killing. In order to determine
whether acute exposure to idarubicin resulted in cell
death, cell numbers were monitored over a time period
of 72 h after acute exposure of MCF-7 cells to idarubi-
cin. Table 1 indicates that viable cell numbers were re-
duced by between 70% and 80% over 48±72 h following
acute exposure to the drug.

Analysis of cell morphology at intervals of 24 h after
drug treatment supports the concept that these breast
tumor cells were not undergoing apoptotic cell death. As
shown in Fig. 6, there was no evidence of cell shrinkage,
nuclear condensation or apoptotic bodies in MCF-7 cells

Fig. 3 Upper Representative Northern blot demonstrating the
time-dependent reduction in c-myc expression in MCF-7 breast
tumor cells after exposure to idarubicin and the lack of e�ect of
idarubicin on GAPDH expression. (lanes 1±5 control cells at 0, 1, 2,
3 and 4 h, respectively, after initiation of the study; lanes 6±10
drug-treated cells at 0, 1, 2, 3 and 4 h after initiation of the study).
Lower Pooled data indicating the time-dependent suppression of
c-myc expression by idarubicin. Each point represents the
mean � standard error for c-myc expression (normalized for
GAPDH expression) of four replicate experiments

Fig. 4 Upper Representative Northern blot demonstrating the
concentration-dependent reduction in c-myc expression at 4 h after
treatment with the indicated concentrations of idarubicin. Lower
Quantitative representation of idarubicin-induced suppression of
c-myc expression. Each point represents the mean � standard
error for c-myc expression (normalized for GAPDH expression) of
four replicate experiments
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exposed to idarubicin. Analysis of DNA integrity by
static ®eld gel electrophoresis con®rmed the absence of
DNA fragmentation in cells acutely exposed to idarubi-
cin (not shown). Assessment of DNA integrity at 72 h

after drug exposure using the alkaline unwinding proce-
dure also failed to provide any evidence for DNA frag-
mentation (not shown). Finally, as shown in Fig. 7, the in
situ TUNEL assay for detection of DNA fragmentation
failed to demonstrate an increase in the number of cells
with damagedDNA, con®rming the absence of apoptotic
cell death in MCF-7 cells exposed to idarubicin.

Discussion

Induction of DNA strand breaks

Idarubicin, like other members of the family of anthra-
cycline antibiotics, is thought to interfere with cell
growth and to induce cell death by inhibiting the activity
of the enzyme, topoisomerase II, which results in the
induction of DNA strand breaks [43, 44]. However, the
extent of DNA damage produced by idarubicin is rela-
tively low in comparison with that of other topoisom-
erase II inhibitors, such as m-AMSA and VM-26 [3, 14].
The present studies are consistent with previous ®ndings
from this laboratory [43] as well as by other investigators
demonstrating a lack of correspondence between DNA
strand breaks (or DNA±protein cross-links) and toxicity
of idarubicin [1, 4, 9, 44]. For example, Zwelling et al.
[44] were unable to demonstrate a relationship between
DNA±protein cross-linking and the cytotoxicity of ida-
rubicin in HL-60 leukemic cells. Similarly, Ferrazzi et al.
[9] have reported that DNA damage is essentially un-
detectable at the IC50 for idarubicin and that the in-
duction of DNA damage fails to correspond directly
with growth inhibition in mouse ®brosarcoma cells.
Capranico et al. [4] did not detect DNA strand breaks in
P388 leukemia cells at the IC50 of idarubicin. A series of
studies by Belvedere et al. [1] also suggest a dissociation
between DNA strand break induction and growth in-
hibition by idarubicin. These investigators [1] reported
that the extent of DNA damage increases in the absence
of a corresponding increase in growth inhibition at ele-
vated drug concentrations, and conversely that growth
inhibition increases without a perceptible increase in
DNA strand break induction at low drug concentra-
tions.

Cell killing in the absence of apoptosis

We as well as others have previously reported that MCF-
7 breast tumor cells are refractory to DNA damage in-
duced apoptotic cell death (Magnet et al., in preparation;
[10, 12, 28, 34, 41, 42]). It has been reported that ida-
rubicin has the capacity to induce apoptosis in human
lymphoma cells [36]. However, despite the approximately
70% reduction in cell numbers by exposure to idarubicin,
four complementary analytical approaches (morpholog-
ical analysis, static ®eld gel electrophoresis, alkaline un-
winding and in situ detection of DNA fragments) failed
to provide evidence of apoptosis in MCF-7 cells exposed

Fig. 5 A Growth inhibition and suppression of c-myc expression in
MCF-7 breast tumor cells after acute exposure to idarubicin.
MCF-7 cells were exposed to idarubicin for 2 h and growth arrest
was assessed 72 h later by the MTT tetrazolium dye assay.1E�ects
on c-myc expression were assessed at 4 h after drug exposure and
each point represents the mean � standard error of four experi-
ments. B Relationship between growth inhibition and suppression
of c-myc expression

Table 1 Time-dependent reduction in viable cell numbers after
acute exposure of MCF-7 cells to 0.5 lM idarubicin. Each value is
the mean � standard error of two or three replicate experiments.
The values indicate the proportion of cells remaining viable as a
percentage of the original population at time zero. These studies of
cell killing should be clearly distinguished from the data presented
in Fig. 1, which compares growth in control and drug-treated cells
after 72 h (i.e. growth inhibition)

24 h 48 h 72 h

83 � 7.4 35.8 � 5.7 28.8 � 12.2
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to idarubicin. In view of the fact that MCF-7 cells ap-
parently do have the capacity to undergo apoptotic cell
death [22, 24, 26, 28, 30, 40], it appears possible that the
refractoriness of these cells to apoptosis in the current

and previous studies (Magnet et al., in preparation;
[10, 12, 41]) may be related, in part, to suppression of c-
myc expression, as c-myc is thought to contribute to p53
mediated apoptosis [19, 29].

Fig. 7 TUNEL assay for the
induction of DNA damage by
idarubicin in MCF-7 breast
tumor cells. MCF-7 cells were
isolated on microscope slides at
the indicated times after expo-
sure to 0.5 lM idarubicin and
DNA fragmentation was as-
sessed by ¯uorescent end-label-
ling

Fig. 6a±d Morphological ef-
fects of idarubicin in MCF-7
breast tumor cells as determined
by light microscopy. Cells were
exposed to 0.5 lM idarubicin
(a Control; b Idarubicin, 24 h;
c idarubicin, 48 h; d idarubicin,
72 h)
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Inhibition of DNA biosynthesis and of c-myc
expression by exposure to idarubicin

We as well as others have previously demonstrated a close
correspondence between the e�ects of various topo-
isomerase II inhibitors on DNA synthesis and growth
in MCF-7 cells [3, 11, 14, 37]. The present studies sup-
port and extend these prior observations to idarubicin.

As demonstrated for the topoisomerase II inhibitors,
VM-26, m-AMSA and doxorubicin [3, 12, 14], and
more recently for ionizing radiation [41], idarubicin
produces a time- and concentration-dependent sup-
pression of c-myc expression. Again, as reported for
these other agents, the concentration-dependent sup-
pression of c-myc expression by exposure to idarubicin
corresponded closely with growth inhibition.

One possible explanation for the e�ects of idarubicin
on c-myc expression is that idarubicin induces breaks
within the c-myc gene that are not detected by conven-
tional assays for DNA damage. We have previously
reported that the topoisomerase II inhibitors, VM-26
and m-AMSA, induce damage within the locus of c-myc
[3, 14]. Recently, Catapano et al. [6] have reported the
existence of a topoisomerase II cleavage site in the ®rst
exon of c-myc, a ®nding consistent with earlier reports
by other investigators [31, 33].

While the present studies in no way prove that altered
c-myc expression is linked to the signal transduction
pathway leading to growth arrest in MCF-7 cells, this
hypothesis is strengthened by the correspondence be-
tween the early suppression of c-myc expression and the
ultimate inhibition of growth for di�erent topoisomerase
II inhibitors as well as for ionizing radiation
[3, 12, 14, 41]. One protein which could regulate c-myc
expression is the transcription factor, E2F, which has
binding sites in the promoter regions of a number of genes
associated with DNA synthesis, including c-myc [8]. It is
possible that alterations in c-myc expression are related to
the fact that E2F is a component of the signal transduc-
tion pathway which responds to DNA damage through
an increase in levels of the tumor suppressor protein p53,
and the cyclin-dependent kinase inhibitor p21waf1/cip1,
and through dephosphorylation of the retinoblastoma
tumor suppressor protein, Rb [8]. Studies are currently in
progress to determine whether c-myc expression is regu-
lated in response to DNA damage in other breast tumor
cell lines and to identify the potential involvement of c-
myc in the DNA damage response pathway.
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