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Growth Arrest and Non-apoptotic Cell
Death Associated with the Suppression of
c-myc Expression in MCF-7 Breast Tumor
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ABSTRACT. In the MCF-7 human beast adenocarcinoma cell line, acute exposure to 1 pM doxorubicin
inhibited cell proliferation by ~75%. Analysis of cell cycle distribution indicated that within 24 hr, the G,/M
fraction increased more than 3-fold and the S-phase population declined by >50%. In addition to growth arrest,
there was an ~40% reduction in the viable cell population after 72 hr. Gel electrophoretic resolution of low
molecular weight DNA immediately after exposure of cells to doxorubicin failed to demonstrate “laddered”
oligonucleosomal profiles associated with apoptosis. The absence of intracellular DNA fragments or release of
fragmented DNA into the incubation medium was confirmed by spectrofluorophotometry over a 72 hr interval
following exposure of cells to 1 uM doxorubicin. In addition, there was no evidence of the morphological
features associated with apoptosis during this period. Acute exposure to 1 pM doxorubicin also produced a
transient increase in c-myc message expression (within the first hour) followed by a decline to 70% of control
levels within 2-4 hr. The reduction in ¢-myc mRNA levels was concentration dependent and corresponded
closely with growth arrest (as well as with inhibition of DNA synthesis). These findings (as well as similar reports
demonstrating a correspondence between reduced c-myc expression and growth inhibition by VM-26 and
m-AMSA in MCF-7 cells) suggest that the down-regulation of c-myc expression may reflect perturbations
in regulatory processes contributing to growth arrest in MCF-7 cells exposed to topoisomerase II inhibi-
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Although doxorubicin is widely recognized for its clinical
utility in the treatment of breast cancer [1], the basis for its
antiproliferative and cytotoxic effects has not been defined
conclusively. In a previous report from this laboratory, it
was suggested that a hierarchy of cellular perturbations may
be responsible for growth arrest in MCF-7 breast tumor cells
acutely exposed to doxorubicin [2]. At relatively low con-
centrations (0.05 through 0.5 uM), doxorubicin interferes
with DNA unwinding [2]. At a concentration of 1 uM,
doxorubicin inhibits topoisomerase I, as indicated by the
induction of protein-associated strand breaks in DNA [2].
Finally, supra clinical concentrations (5 uM) of doxorubi-
cin produce non-protein associated DNA-strand breaks,
suggestive of free-radical generation [2]. In contrast,
chronic exposure to a concentration (50 nM) that is typi-
cally sustained in the peripheral blood for up to 12 hr fol-
lowing i.v. administration [3, 4] appears to engage a unique
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growth arrest/cell death pathway involving damage to na-
scent DNA, endoreduplication of DNA, and differentia-
tion-induction associated with a gradual reduction in ex-
pression of the c-myc oncogene [5].

Qur principal interest in the c-myc oncogene is based
upon its critical role in growth regulation in the MCF-7
breast tumor cell line [6, 7], and its overall contribution to
the proliferative activity of breast tumor cells [8]. c-myc has
been shown to be deregulated or overexpressed in many
clinical breast tumor samples [9], while amplification of
c-myc is associated with early relapse and poor response
{10]. The Myc protein is also thought to represent a com-
ponent of the apoptotic cell death pathway {11, 12].

We have reported previously that the ropoisomerase 11
inhibitors VM-268 and m-AMSA produce a concentra-

§ Abbreviations: VM-26 (teniposide), 4’-demethylepipodophyllotoxin-4-
(4,6-O-thenylidene-B-D-glucopyranoside); m-AMSA, 4’-(9-acridinylami-
no)methanesulfon-m-anisidide; SSC, standard saline citrate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; DMEM, Dulbecco’s modified
Eagle's medium; and MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-

razolium bromide.
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tion-dependent rteduction in the expression of c-myc,
which precedes and correlates with growth arrest in MCF-7
breast tumor cells [13, 14]. Recent studies in our laboratory
have demonstrated that a similar relationship between the
suppression of c-myc expression and growth arrest is evident
for ionizing radiation in the MCF-7 breast tumor cell line.!
These observations suggest that c-myc could play the role of
a DNA-damage response gene in this breast tumor cell line.

The present studies were designed to assess the influence
of acute exposure to 1 pM doxorubicin on the expression of
the c-myc gene as well as the induction of growth arrest and
apoptotic cell death in the MCF-7 breast tumor cell line.
Our studies indicate a time- and concentration-dependent
reduction in c-myc expression which correlates closely with
growth arrest. Although we also observed a significant re-
duction in the number of viable cells, we found no mor-
phological or biochemical evidence of apoptotic cell death
or of DNA fragmentation. These findings indicate that
acute exposure to doxorubicin results in both cytostasis and
(delayed) death of MCF-7 breast tumor cells by a non-
apoptotic pathway. Furthermore, it appears that growth ar-
rest induced by topoisomerase Il inhibitors in this cell line
may be related to suppression of c-myc expression. It will be
necessary to extend these observations to other breast tu-
mor cell lines in order to establish a relationship berween
c-myc expression and the cellular response to DNA damage.

MATERIALS AND METHODS
Materials

DMEM (56-439) was obtained from Hazelton Research
Products, Denver, PA; L-glutamine, penicillin (10,000
U/mL), streptomycin (10 mg/mL) and fetal bovine serum
were obtained from Whittaker Bioproducts, Walkersville,
MD; defined bovine calf serum was obtained from Hyclone
Laboratories, Logan, UT. Trypsin-EDTA and agarose were
obtained from GIBCO BRL (Gaithersburg, MD). Doxoru-
bicin, DMSQO, thymidine, trichloroacetic acid, bis-benz-
imide trihydrochloride (Hoechst 32258), proteinase K, and
MTT were obtained from the Sigma Chemical Co., St.
Louis, MO. The radiolabeled compounds [PHlthymidine
and [a-**PldCTP were obtained from ICN Radiochemicals,
Irvine, CA, and DuPont NEN Research Products, Boston,
MA, ATP, CTP, and GTP were obtained from Boehringer
Mannheim Biochemicals, Indianapolis, IN. All other
chemicals were reagent or molecular grade, as appropriate.

The c-myc probe, an Eco RI/Cla 1 fragment of pmC41
3RC containing the third exon of the human c-myc gene,
was provided by Dr. Eric Westin of the Medical College of
Virginia. Genomic or complementary DNA probes for
GADPH were obtained from the American Type Culture
Collection, Rockville, MD. The nick-translation kit was
obtained from GIBCO BRL.

I'Watson NC, Orr MS, Fornari FA and Gewirtz DA, Manuscript in prep-
aration.
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Cell Line

The MCF-7 breast tumor cell line was provided by the
laboratory of Dr. Kenneth Cowan at the National Cancer
Institute, Bethesda, MD. Cells were maintained in DMEM
(Hazelton Research Products) supplemented with 5% fetal
bovine serum {Life Technologies, Grand Island, NY), 5%
defined bovine serum (Hyclone Laboratories), glutamine
(29.2 mgf/100 mL), and penicillin/streptomycin (0.5 mL/
100 mL) (Whittaker Bioproducts.

Growth Inhibition

The capacity of doxorubicin to interfere with the growth of
the MCF-7 breast tumor cell line was determined using the
MTT assay [15], as described in detail previously [16].
Briefly, cells subcultured at a density of 1 x 107* cells/mL in
96-well microplates (Costar, Cambridge, MA) were incu-
bated with doxorubicin for either 2 or 4 hr at 37°, washed
free of drug, and incubated in fresh medium for an addi-
tional 72 hr. Medium was removed by gentle inversion of
the microplate, and the cells were washed with PBS, prior
to incubation with 100 pL of MTT solution (2 mg/mL
MTT in PBS; filtered as needed). MTT is converted to a
blue formazan product by mitochondrial succinate dehydro-
genase. This product was eluted from cells by addition of
100 L of DMSQ, and absorbance, at 540 nm, was deter-
mined using an EL310 EIA autoreader (Biotek Instruments,
Burlington, VT). It should be noted that this assay fails to
distinguish between growth arrest and a reduction in cell
number due to cell death.

Determination of Viable Cell Number

To determine the capacity of doxorubicin to produce cell
death, the reduction in viable cell number was assessed after
72 hr. MCF-7 cells subcultured at a density of 1.5 x 107
cells/mL in 75 cm? T flasks (Costar) were incubated with 1
uM doxorubicin for 4 hr at 37°, washed free of drug, and
incubated in fresh medium for an additional 72 hr. At
appropriate intervals the drug was aspirated, and the cells
were washed with ice cold PBS (pH 7.4). Cells were re-
leased from flasks by incubation with trypsin {0.05 mg/mL})/
EDTA (0.02 mg/mL) for 5 min at 37°, collected in ice-cold
PBS (pH 7.4), and centrifuged at 4°. Cell pellets were re-
suspended in 300-500 L of ice-cold PBS, and aliquots
were mixed with trypan blue. Cells were loaded on a he-
mocytometer, and viable cell number was determined based
on exclusion of trypan blue dye.

Inhibition of DNA Synthesis

The influence of doxorubicin on DNA synthesis in MCF-7
breast tumor cells was determined based on the incorpora-
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tion of [PH]thymidine into acid-precipitable material, as
described in detail previously [16]. Briefly, after exposure to
drug in 24-well plates, drug was aspirated, and cells were
washed in DMEM and incubated with [*H]thymidine. At
10-min intervals (over a total time frame of 40 min), the
radiolabel was aspirated, and the cells were washed with
DMEM and detached from the plastic substratum by incu-
bation with trypsin (0.05 mg/mL)/EDTA (0.02 mg/mL) for
5 min at 37°. The suspended cells were transferred to ice-
cold trichloroacetic acid, and the precipitated radiolabeled
DNA was isolated on disc filters using a Millipore Filtration
apparatus. Inhibition of DNA synthesis was determined by
comparing the rates of [’H]thymidine incorporation in con-
trol and drug-treated cells.

Light Microscopic Analysis of Cell Morphology

MCE-7 breast tumor cells in 75 cm? T flasks (Costar) were
incubated with [ wM doxorubicin for 4 hr at 37°, washed
free of drug, and incubated in fresh medium for an addi-
tional 72 hr. At appropriate intervals, the drug was aspi-
rated and the cells were washed with ice-cold PBS (pH 7.4)
and released from flasks by incubation in trypsin (0.05 mg/
mL)/EDTA (0.02 mg/mL) for 5 min at 37°. The cells were
collected in ice-cold PBS (pH 7.4) and centrifuged at 4°.
After resuspension, the cells were deposited on cytocentri-
fuge slides and stained with a 20% Wright-Giemsa stain.

Cell Cycle Analysis

MCEF-7 breast tumor cells in 75 cm? tissue culture flasks
were grown for 4 hr (37°, 5% CO,, 100% humidity) in
drug-free medium or medium containing 1 wM doxorubi-
cin, washed free of drug, and incubated in fresh medium for
an additional 72 hr. At the appropriate intervals, cells were
washed once in 1x PBS and released from flasks by incu-
bation with trypsin (0.05 mg/mL)/EDTA (0.02 mg/mL) for
5 min at 37°. Cells in trypsin were diluted with cold me-
dium to prevent proteolysis, and the suspensions were pel-
leted at 400 g in a Beckman model TJ-6 refrigerated cen-
trifuge (Beckman, Spinco Division, Palo Alto, CA). Cells
were resuspended in 1.0 mL of fluorochrome staining solu-
tion containing propidium iodide (0.05 mg/mL), sodium
citrate (3.8 mM), RNase B (7000 U/mL), and 0.1% Triton
X-100 [17}. Stained cell nuclei were strained through 62
wm mesh filters into microfuge tubes and stored at 4° until
the day of analysis. Before testing, cells were filtered using
35 pm mesh nylon. Nuclei were analyzed with an EPICS
753 flow cytometer (Coulter Electronics, Hialeah, FL) us-
ing the 488 nm line of an argon laser and standard optical
emission filters. To exclude doublets, bitmap gating on his-
tograms of integral versus peak fluorescence signals was em-
ployed. The resulting DNA distributions were analyzed for
the proportion of cells in various stages of the cell cycle [18]
using Cytologic Software (Coulter Electronics).

Spectrofluorophotometric

Quantitation of DNA Fragments

Quantitative analysis of DNA fragmenration, permitting
quantification of DNA fragments in both lysate and me-
dium preparations, was performed using a miniaturized ad-
aptation of bis-benzimide spectrofluorophotometry [19] as
described previously [20]. As above, cells were incubated
with 1 uM doxorubicin for 4 hr at 37°, washed free of drug
and incubated in fresh medium. For measurement of cellu-
lar DNA fragments, pelleted cells were lysed by incubation
in 0.1% Triton X-100 (fully hydrogenated)/5 mM Tris—
HCI/20 mM EDTA, pH 8.0 (100 pL/10° cells) for 15 min,
and the lysates were centrifuged at 30,000 g at 4° for 40
min. For measurement of DNA fragment release, aliquots of
incubation medium were centrifuged at 20,000 g. The pel-
lets were discarded, and the presence of non-sedimenting
DNA fragments in the supernatant was determined by di-
lution in modified TNE buffer (3 mM NaCl, 10 mM Tris—
HCI, 1 mM EDTA, pH 8.0) containing 1.0 pg/mL bis-
benzimide trihydrochloride (Hoechst 33258; Sigma), and
monitoring net fluorescence in each sample (A., =365, A,
= 460). Final DNA values were calculated in terms of
highly purified calf thymus DNA calibration standard; val-
ues for all such responses were measured as nanograms
DNA recovered or released from 10° cells, and reflect the
absolute amount of non-sedimenting, small molecular
weight (i.e. <3000 bp) fragments of DNA present in lysate
and medium preparations.

Agarose Gel Electrophoresis

Qualitative analysis of DNA fragments was performed by
conventional agarose gel electrophoresis as described pre-
viously [20]. Cells were incubated with 1 uM doxorubicin
for 4 hr at 37°, washed free of drug, and incubated in fresh
medium. Cells were released from flasks by incubation with
trypsin (0.05 mg/mL)}/EDTA (0.02 mg/mL) for 5 min at
37°, collected in ice-cold PBS (pH 7.4), and centrifuged at
4°. Pelleted cells were lysed by incubation for 15 min in
0.1% Nonidet P-40, 10 mM Tris-HCI, 25 mM EDTA, pH
7.4, and dispersed with gentle mechanical agitation; the
lysate was then treated with 500 pg/mL proteinase-K at 55°
for 16 hr. The deproteinated extract was centrifuged at
30,000 g for 75 min at 4°, and the pellet was discarded; the
supernatant was treated with ribonuclease-A (0.1 mg/mL;
Sigma) at 37° for 18 hr. Small molecular weight DNA
residing in the final extract was resolved by electrophoresis
at 85-115 V for 90-240 min on 2.25% agarose gels impreg-
nated with ethidium bromide. DNA fragments were visu-
alized under UV light. Multiple DNA molecular weight
reference preparations (100-, 123-, and 1000-bp ladders;
GIBCO BRL) routinely were run in parallel to facilitate
assessment of the relative size of oligonucleosomal DNA
fragments.

Gene Expression by Northern Blotting

Expression of mRNA for c-myc and for GAPDH was de-
termined by standard northern blotting. RNA was isolated
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from cells as previously described [21]. Briefly, after incu-
bation, drug was removed, and cells were washed with PBS
(pH 7.4) and lysed in 4 M guanidine isothiocyanate and
20% sodium lauryl sarcosine. RNA was separated by ultra-
centrifugation through a 5.7 M cesium chloride cushion at
41,000 g for 20 hr at 20°. RNA pellets were washed in 95%
ethanol and resuspended in Milli Q water. Ten micrograms
of RNA was denatured in 0.02 M morpholino propane
sulfonic acid, pH 7.0, 5 mM NaAc, 1 mM EDTA, 2.2 M
formaldehyde, and 50% formamide and separated on a
6.6% formaldehyde, 1% agarose gel [22]. Blotting was car-
ried out using Nytran transfer membranes (Schleicher &
Schuell, Keene, NH).

Probes were radiolabeled using a nick translation kit
(GIBCO BRL) and hybridized to membranes for 16-20 hr
at 42° 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 (0.75 M Na(l,
0.075 M sodium citrate), 0.1% SDS, yeast RNA (250 ug/
mL), 50% formamide, and 10% dextran sulfate [23]. Filters
were washed accordingly at 42° in 2x SSC and 0.2% SDS
followed by 2x SSC and 0.2% SDS for approximately 40
min before autoradiography and Betascope blot analysis

(Betagen Corp., Waltham, MA).

Statistical Analysis

Statistical analysis was performed using Student’s t-test.
Drug effects that resulted in P values of 0.05 or below were
considered statistically significant.

RESULTS
Effect of Doxorubicin on Cell Growth and Viability

Acute exposure of MCF-7 breast tumor cells to doxorubicin
was demonstrated previously to produce a concentration-
dependent inhibition of growth, with an 1csg of 0.1 uM [2].
At 1 pM doxorubicin, the concentration utilized through-
out the present study, growth was reduced by 74.7 + 2.5%,
when compared to growth of untreated control cells. As
indicated below, a separate analysis indicated that there was
a reduction of approximately 40% in the viable cell popu-
lation after 72 hr.

We have reported previously that acute exposure to 1
M doxorubicin produces protein-associated single-strand
breaks in bulk DNA [2]. Because exposure to agents that
induce DNA damage generally results in a G,/M-arrest [24-
26], flow cytometric analysis was utilized to determine the
influence of acute exposure to 1 wM doxorubicin, a level
that is maintained in the plasma for several hours following
i.v. bolus administration [3, 4} on cell-cycle progression.
The results shown in Table 1, indicate that, within 24 hr,
the G,M fraction increased from 5.4 to 32.5%, the percent-
age of S-phase cells was reduced from 30.5 to 9.9%, and the
G,/G; fraction showed a slight decline. The untreated con-
trols maintained a relatively uniform phase distribution

F. A. Fornari Jr. et al.

TABLE 1. Effects of 1 pM doxorubicin on MCF-7 cell cy-
cle traverse

Distribution of cells

0,
Time (%) % of
Cycle phase (h) Control Doxorubicin  Control
G,/G, 6 64.1 60.7 94.7
24 71.6 51.6 80.5
48 67.9 53.9 79.4
S 6 30.5 294 96.4
24 22.9 9.9 433
48 26.8 17.2 64.2
G,M 6 5.4 9.9 183.3
24 5.5 325 590.1
48 5.3 28.9 545.3

Adherent cultures of MCF-7 cells were incubated for 4 hr in the absence or presence
of doxorubicin (1 wM), and the distribution of cells in various phases of the cell cycle
(ie., Go/Gy, S, Gy/M) was then determined by flow cytometry as described. Values
are expressed as a percentage of untreated controls.

throughout the experimental time frame (i.e. 23% S, 5%
G,M, and 72% G,).

Effect of Doxorubicin on
Steady-State c-myc mRNA levels

Previous work in our laboratory has demonstrated a close
correspondence between inhibition of growth of MCF-7
cells and of c-myc expression after exposure to topoi-
somerase I inhibitors such as VM-26 and m-AMSA [13,
14]. We therefore assessed the influence of acute exposure
to doxorubicin on c-myc expression. Figure 1 presents the
results of northern blot analyses, demonstrating that expo-
sure to 1 pM doxorubicin produced a transient increase
followed by a time-dependent reduction of c-myc mRNA
levels (with a maximal reduction observed at 3—4 hr), while
expression of the “housekeeping gene,” GADPH, remained
essentially unaltered. (It should be emphasized that each
time point after doxorubicin treatment is compared to its
time-equivalent control in order to correct for random vari-
ations in c-myc expression.) Figure 2 demonstrates that
acute exposure to doxorubicin produced a concentration-
dependent reduction in c-myc mRNA levels. As reported
previously in studies involving VM-26 and m-AMSA in
MCE-7 breast tumor cells [13, 14], a close correlation was
observed (% = 0.923) between the extent of inhibition of
c-myc expression (assessed after a 4-hr exposure to doxoru-
bicin) and growth inhibition measured 72 hr after drug
exposure (Fig. 3A). Figure 3B demonstrates that a similar
correspondence was observed between the reduction in
c-myc expression and the early inhibition of DNA synthesis
(r* = 0.962). Data for concentration-dependent growth in-
hibition and for inhibition of DNA synthesis by doxorubi-
cin in MCEF-7 cells were generated previously [2].

It should also be noted that, in contrast to the enhance-
ment of DNA synthesis previously reported in MCF-7 cells
chronically exposed to a low (differentiation-inducing)
concentration of doxorubicin [5], acute exposure to 1 pM
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FIG. 1. Time-dependent effects of 1 pM doxorubicin on mRNA levels in MCF-7 breast tumor cells.
A quantitative representation of the time-dependent effects of doxorubicin on c-myc (®) and
GAPDH (O) mRNA levels is shown. The c-myc message expression is presented as a percent of
time-equivalent controls. GAPDH expression is presented as a percent of the zero-time control. Data
are the means = SEM for 3 experiments. Key: (*) significant at P < 0.05. Inset: Autoradiographic
display of the time-dependent changes in (a) c-myc expression in control cells; (b) c-myc expression
in cells exposed to 1 pM doxorubicin; and (¢) GAPDH expression in cells exposed to 1 pM doxo-

rubicin.

doxorubicin resulted in a sustained inhibition of DNA syn-
thesis over a period of 72 hr as measured by H]thymidine
uptake (not shown).

Influence of Doxorubicin on Cell
Morphology and DNA Fragmentation

As doxorubicin has been reported to induce apoptosis [27,
28], we were interested in determining whether doxorubi-
cin maintained the capacity to produce apoptotic cell death
in a cell line where c-myc expression was suppressed. Con-
sequently, the number of surviving cells was determined
after acute exposure of a logarithmically growing popula-
tion to 1 wM doxorubicin. Figure 4 indicates that there
were minimal reductions in cell number after 24 hr, but
that after 72 hr, cell number had declined by approximately
40%. Alterations in cellular morphology and DNA integ-
rity of MCEF-7 cells were examined following exposure to 1
uM doxorubicin. The typical appearance of MCF-7 cells at
24-hr intervals after a 2-hr exposure to 1 pM doxorubicin is
shown in Fig. 5. While these cells clearly exhibited gross
perturbations in morphology in response to doxorubicin,
there was no indication of the morphological features com-
monly used to define apoptosis (e.g. chromatin condensa-

tion, disappearance of nucleoli, formation of membrane
blebs, apoptotic bodies, and cell shrinkage) [29]. These cells
also failed to show morphological evidence of necrotic cell
death (e.g. loss of nuclear definition, distortion of organelle
structure, cell swelling, and gross cytolysis) and instead,
appeared to undergo autocatalysis, as indicated by the ap-
pearance of numerous perinuclear autocatalyic vacuoles,
which has been observed in MCF-7 cells chronically ex-
posed to doxorubicin [5].

To substantiate the non-apoptotic character of doxoru-
bicin-induced cell death, MCF-7 cells were incubated in
the absence or presence of doxorubicin (1 pM) for 2 hr, and
damage to genomic DNA was evaluated by several criteria,
Immediately after exposure to drug, agarose gel electropho-
resis failed to demonstrate laddered electrophoretic profiles
of oligonucleosomal DNA fragments indicative of apoptosis
(not shown). Quantitative spectrofluorophotometry dem-
onstrated neither intracellular accumulation nor release of
low molecular weight double-stranded DNA fragments over
an interval of 6-72 hr following drug exposure (Fig. 6). The
absence of DNA fragmentation in the incubation medium
is a particularly important observation in view of reports of
apoptosis in adherent cells that have become detached from

the culture plate [30, 31]. Further analysis of DNA frag-
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FIG. 2. Concentration-dependent effect of doxorubicin on
mRNA levels in MCF-7 breast tumor cells. MCF-7 cells were
exposed to various concentrations of doxorubicin for 4 hr
and northern blot analysis was performed as described in
Materials and Methods. A quantitative representation of
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shown. Data are the means = SEM for 3 experiments. Inset:
Autoradiographic display of the concentration-dependent
changes in c-myc and GAPDH expression in cells acutely
exposed to doxorubicin.
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mentation by pulse-field gel electrophoresis failed to iden-
tify larger fragments generated in other tumor cell lines by
agents such as TGF-B, TNF and ceramide [20, 32, 33] [i.e.
300-and 50-kbp fragments corresponding to, respectively,
rosette and loop structures in static chromatin (not
shown)].

DISCUSSION
Implications Relating to the Reduction
in c-myc Expression by Doxorubicin

The studies presented in this report extend our previous
findings indicating that topoisomerase II inhibitors are ca-
pable of down-regulating c-myc expression in MCF-7 breast
tumor cells following acute drug exposure [13, 14}. In a
previous work, we further demonstrated that suppression of
c-myc expression by VM-26 occurs at the transcriptional
level, and that the response is transient [34]. These findings
raise the possibility that suppression of c-myc expression
represents a component of a signal transduction pathway
leading to growth arrest in breast tumor cells.

The early alterations in c-myc expression involved a
transient increase within the first hour followed by a sub-
sequent decline that was sustained and constant after 3 and
4 hr. The transient increase is difficult to explain, but may
reflect the capacity of c-myc to respond to mitogenic signals
[35]; that is, although doxorubicin inhibits tumor cell
growth, Vichy and Tritton [36] have also reported a
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FIG. 3. Correlation between concentration-dependent reductions in c-myc mRNA levels and growth inhibition (A) and
inhibition of DNA synthesis (B). In MCF-7 cells exposed to doxorubicin, growth inhibition was assessed using the MTT
assay; c-myc expression was monitored by northern analysis, and DNA synthesis inhibition was assessed by monitoring
the incorporation of labeled precursor into acid-precipitable DNA. Data for growth inhibition and DNA synthesis

inhibition were taken from Ref. 2.
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FIG. 4. Time-dependent reduction in number of viable cells
after acute exposure to doxorubicin. MCF-7 cells in log
growth were exposed to 1 pM doxorubicin for 4 hr. Cells
were washed and resuspended in drug-free medium. Viable
cell number was assessed at the indicated times based on
trypan blue exclusion. Data are the means = SEM for 5
separate experiments. The initial number of cells in assay
varied between 10 and 20 x 10°.

growth-stimulatory effect of doxorubicin,albeit at subtoxic
concentrations. We propose that the subsequent decline in
c-myc expression may reflect its function in a signal trans-
duction pathway leading to growth arrest. This hypothesis
is based on the close correlation between the concentra-
tion-dependent effects of the topoisomerase Il inhibitors
VM-26 and m-AMSA (and now doxorubicin) on c-myc
expression and on growth inhibition [13, 14]. In recent
work, we have observed that a similar correspondence exists
with respect to suppression of c-myc expression and growth
arrest by ionizing radiation in MCF-7 breast tumor cells.*
While these correlations do not establish that growth arrest
is dependent on the suppression of c-myc expression, the
close relationship suggests that c-myc is somehow linked to
the growth regulatory pathway.

As shown in this report and in our previous studies [13,
14], reduced c-myc expression in MCF-7 breast tumor cells
occurs in response to drugs that produce predominantly G,
arrest, whereas c-myc induction is generally associated with
the G, to G4/S transition [37). However, a careful analysis
of the cell cycle distribution data presented in Table 1
indicates that doxorubicin may be producing arrest in both
G, and G,, since a significant proportion of the cell pop-
ulation (between 54 and 58%) remained in G, at 24 and 48
hr after exposure of the cells to doxorubicin. In contrast, a

* Watson NC, Orr MS, Fornari FA and Gewirtz DA, Manuscript in prep-
aration.

classic G;M block would result in a marked decline in the
proportion of cells in the G, population. Interpretation of
the data in Table ! as indicating the induction of growth
arrest in G, as well as G, would also be consistent with the
inhibition of DNA synthesis by doxorubicin.

Various DNA-damaging agents that produce both G,
and G, arrest have been reported to up-regulate the p53
tumor suppressor protein [38—40], and recent reports have
suggested a relationship between p53 and the G, transition
as well [41, 42). It therefore appears possible that, like p53,
c-myc may be involved in both the G, and G, checkpoints
responding to DNA damage in the MCF-7 breast tumor cell
line. In this regard, a role for c-myc in transition through G,
has been reported by other investigators {43, 44]. One pos-
sibility currently under investigation is that an upstream
signal, perhaps mediated via p53, leads to down-regulation
of c-myc expression; this hypothesis is supported by the
report that p53 has the capacity to transrepress c-myc [45].

The expression of c-myc has also been associated with
DNA replication [46, 47], although this issue is not fully
resolved [48, 49]. The close correlation between suppres-
sion of c-myc expression and inhibition of DNA synthesis
by doxorubicin, as well as by VM-26 and m-AMSA [13,
141, supports such a relationship. However, because these
effects occur within 2 hr of drug exposure, it is difficult to
determine whether the suppression of c-myc expression pre-
cedes or follows the inhibition of DNA synthesis.

Non-apoptotic Cell Death
in MCF-7 Breast Tumor Cells

The concentration of doxorubicin (I wM) used in the
present studies is clinically relevant in that this level is

»
-~

Doxorubicin (24 hr)

Control

Doxorubicin (48 hr) Doxorubicin (72 hr)

FIG. 5. Analysis of cell morphology. MCF.7 cells in log
growth were exposed to 1 pM doxorubicin for 4 hr. Cells
were washed and resuspended in drug-free medium. Cell
morphology was assessed at the indicated intervals after
cytospin and staining.
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FIG. 6. Analysis of DNA fragmentation. MCF-7 cells in log
growth were exposed to 1 pM doxorubicin for 4 hr. Cells
were washed and resuspended in drug-free medium. DNA
fragmentation was assessed quantitatively both in adherent
(®) and nonadherent (O) cells. Data are the means = SEM
for 7 separate experiments.

achieved in the circulation within the first few hours after
i.v. bolus administration [2, 3]. Acute exposure to 1 uM
doxorubicin resuits in both growth arrest and cell death. In
our previous studies in which MCF-7 cells were chronically
exposed to 50 nM doxorubicin, we failed to detect either
morphologic or biochemical evidence of apoptotic cell
death [5]. In the previous as well as the present studies with
MCEF-7 cells after acute exposure to 1 wM doxorubicin, the
cells appear to undergo autocatalysis, a process that does
not reflect the different types of apoptotic cell death de-
scribed in the studies by Zakeri et al. [50]. Thus, while
evidence has been presented that MCF-7 cells have the
capacity to undergo DNA fragmentation and apoptosis [51—
55], our findings appear to be consistent with the report by
Oberhammer et al. [32] demonstrating the relative refrac-
toriness of MCF-7 breast tumor cells to apoptotic cell
death.

The basis for the refractoriness of MCFE-7 cells to the
induction of apoptosis by, for example, doxorubicin remains
obscure. One possibility is that down-regulation of c-myc
expression may be incompatible with induction of p53 de-
pendent apoptosis [56, 57]. Alternatively, various intrinsic
cytoprotective mechanisms may be enhanced in MCF-7
cells. Recent studies have suggested a high ratio of Bcl-2 to
Bax proteins in these cells [54, 58] and that Bcl-x, sensitizes
MCEF-7 cells to chemotherapy-induced apoptosis [59].
Other mechanisms that could protect MCF-7 cells from
programmed cell death include as yet undefined tyrosine
kinases, as demonstrated in the case of the erythroleukemic
K562 cell line [60], high endogenous protein kinase C ac-

F. A. Fornari Jr. et dl.

tivity [61], or matrix adherence [62]. It is possible, as dem-
onstrated in a recent paper [59], that approaches which
enhance apoptotic cell death in this breast tumor cell line
may also sensitize these cells to chemotherapeutic agents.

This work was supported by grants from the Thomas M. Jeffress and
Kate Jeffress Memorial Trust, Adria Laboratories, Grant CA-63753
from the National Cancer Institute, and Cancer Center Support Core
CA-16059 from NCI. F.A.F. was supported by National Institute for
Environmental Health and Safety Training Grant ESO-7087 from
NIEHS and is the recipient of National Research Service Award HL-
09241 from NHLBI. W.D.J. is the recipient of National Research
Service Award CA-09380 from the National Cancer Institute.

References

1. Henderson IC and Canellos GP, Cancer of the breast: The
past decade. N Engl ] Med 302: 78-90, 1980.

2. Fornari FA, Randolph JK, Yalowich JC, Ritke MK and
Gewirtz DA, Interference with DNA unwinding by doxoru-
bicin in MCF-7 breast tumor cells. Mol Pharmacol 45: 649—
656, 1994.

3. Robert ], Illiadis A, Hoerni B, Cano ], Durand M and Lagarde
C, Pharmacokinetics of adriamycin in patients with breast
cancer: Correlation between pharmacokinetic parameters and
clinical short-term response. Eur J Cancer Clin Oncol 18:
739-145, 1982.

4. Brenner DE, Galloway S, Cooper ], Noone R and Hande KR,
Improved high-performance liquid chromatography assay of
doxorubicin: Detection of circulating aglycones in human
plasma and comparison with thin-layer chromatography.
Cancer Chemother Pharmacol 14: 139-145, 1985.

5. Fornari FA, Jarvis WD, Grant S, Orr MS, Randolph JK,
White FKH, Mumaw VR, Lovings ET, Freeman RH and
Gewirtz DA, Induction of differentiation and non-apoptotic
cell death associated with nascent DNA fragmentation and
reduced c-myc expression in MCF-7 human breast tumor cells
exposed to a therapeutically relevant concentration of doxo-
rubicin. Cell Growth Differ 5: 723-733, 199%4.

6. Watson PH, Pon RT and Shiu RPC, Inhibition of c-myc
expression by phosphorothioate antisense oligonucleotide
identifies a critical role for c-myc in the growth of human
breast cancer. Cancer Res 51: 3996—4000, 1991.

7. Shiu RPC, Watson PH and Dubik D, c-myc oncogene expres-
sion in estrogen-dependent and -independent breast cancer.
Clin Chem 39:353-355, 1993.

8. Kreipe H, Feist H, Fischer L, Felgner ], Heidorn K, Mettler L
and Parwaresch R, Amplification of c-myc but not c-erbB-2 is
associated with high proliferative capacity in breast cancer.
Cancer Res 53: 1956-1961, 1993.

9. Escot C, Theillet C, Lidereau R, Spyratos F, Champeme M-H,
Gest J and Callahan R, Genetic alteration of the c-myc pro-
tooncogene (MYC) in human primary breast cancinomas.
Proc Natl Acad Sci USA 83: 4834-4838, 1986.

10. Martiani-Costantini R, Escot C, Theillet C, Gentile A, Merlo
G, Lidereau R and Callahan R In situ c-myc expression and
genomic status of the c-myc locus in infiltrating ductal carci-
nomas of the breast. Cancer Res 48: 199-205, 1988.

11. Evan GI, Wyllie AH, Gilbert CS, Littlewood TD, Land H,
Brooks M, Waters CM, Penn LZ and Hancock DC, Induction
of apoptosis in fibroblasts by c-myc protein. Cell 69: 119-128,
1992.

12. Amati B, Littlewood TD, Evan GI and Land H, The c-myc
protein induces cell cycle progression and apoptosis through
dimerization with MAX. EMBO ] 12: 5083--5087, 1993.

13. Gewirtz DA, Orr MS, Fornari Fa, Randolph JK, Yalowich ]JC,
Ritke MK, Povirk LF and Bunch RT, Dissociation between



Reduced ¢-myc Expression by Doxorubicin in MCF-7 Breast Tumor Cells

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

bulk damage to DNA and the antiproliferative activity of
teniposide (VM-26) in the MCF-7 breast tumor cell line:
Evidence for induction of gene-specific damage and alter-
ations in gene expression. Cancer Res 53: 3547-3554, 1993.
Bunch RT, Povirk LF, Orr MS, Randolph JK, Fornari FA and
Gewirtz DA, Influence of amsacrine (m-AMSA) on bulk and
gene-specific DNA damage and c-myc expression in MCF-7
breast tumor cells. Biochem Pharmacol 47: 317-329, 1994.
Mosmann T, Rapid colorimetric assay for cellular growth and
survival: Application to proliferation and cytotoxicity assays.
J Immunol Methods 65: 5563, 1983.

Munger C, Ellis A, Woods K, Randolph J, Yanovich S and
Gewirtz DA, Evidence for inhibition of growth related to
compromised DNA synthesis in the interaction of daunoru-
bicin with H-35 rat hepatoma. Cancer Res 48: 2404-2411,
1988.

Fried ], Perez AG and Clarkson BD, Rapid hypotonic method
for flow cytofluorometry of monolayer cell cultures. Some
pitfalls in staining and data analysis. J Histochem Cytochem
26: 921-933, 1978.

Collins JM, Berry DE and Bagwell CB, Different rats of DNA
synthesis during the S phase of log phase Hela S;, WI-38,
and 2RA cells. J Biol Chem 255: 3585-3590, 1980.
Cesarone C, Bolognesi C and Santi L, Improved microfluo-
rometric DNA determination in biological material using Ho-
echst 33258. Anal Biochem 100: 188-197, 1979.

Jarvis WD, Kolesnick RN, Fornari FA, Traylor RS, Gewirtz
DA and Grant S, Induction of apoptotic DNA damage and
cell death by activation of the sphingomyelin pathway. Proc
Natl Acad Sci USA 91: 73-77, 1994.

Ellis AL, Munger CE, Bunch RT, Woods KE, Randolph JK,
Boise L, Swerdlow PS, Zwelling LA, Hinds M, Yanovich S
and Gewirtz DA, Components of intrinsic drug resistance in
the rat hepatoma. Biochem Pharmacol 43: 331-342, 1992.
Chrigwin JM, Pryzbyla HE, MacDonald R} and Rutter WJ,
Isolation of biologically active ribonucleic acid from sources
enriched in ribonuclease. Biochemistry 18: 5294-5299, 1984.
Thomas PS, Hybridization of denatured RNA and small DNA
fragments transferred to nitrocellulose. Proc Natl Acad Sci
USA 77: 5201-5205, 1990.

Barlogie B, Drewinko B, Johnston DA and Freireich EJ, The
effect of adriamycin on the cell cycle traverse of a human
lymphoid cell line. Cancer Res 36: 1975-1979, 1976.

Rius C, Zorrilla AR, Cabafias C, Mata F, Bernabeu C and
Aller P, Differentiation of human promonocytic leukemia
U-937 cells with DNA topoisomerase II inhibitors: Induction
of vimentin gene expression. Mol Pharmacol 39: 442-448,
1990.

O'Conner PM, Wasserman K, Sarang M, Magrath [, Bohr VA
and Kohn KW, Relationship between DNA cross-links, cell
cycle, and apoptosis in Burkitt’s lymphoma cell lines differing
in sensitivity to nitrogen mustard. Cancer Res 51: 6550-6557,
1991.

Skladanowski A and Konopa ], Adriamycin and daunomycin
induce programmed cell death (apoptosis) in tumor cells. Bio-
chem Pharmacol 46: 375-382, 1993.

Lang Y-H, Priebe W and Perez-Soler R, Apoptosis induced by
anthracycline antibiotics in P388 parent and multidrug-resis-
tant cells. Cancer Res 53: 1845-1852, 1993.

Gerschenson LE and Rotello R], Apoptosis: A different type
of cell death. FASEB ] 6: 2450-2455, 1992.

Solary E, Bertrand R and Pommier Y, Apoptosis of human
leukemic HL-60 cells induced to differentiate by phorbol ester
treatment. Leukemia 8: 792-797, 1994,

Armstrong DK, Isaacs JT, Orttaviano YL and Davidson NE,
Programmed cell death in an estrogen-independent human
breast cancer cell line, MDA-MB-468. Cancer Res 52: 3418-
3424, 1992.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

939

Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman ],
Wakeling AE, Walker PR and Sikorska M, Apoptotic death
in epithelial cells: Cleavage of DNA to 300 and/or 50 kb
fragments prior to or in the absence of internucleosomal frag-
mentation. EMBO J 12: 3679-3684, 1993.

Jarvis DW, Fornari FA, Browning JF, Gewirtz DA, Kolesnick
RN and Grant S, Attenuation of ceramide-induced apoptosis
by diglyceride in human myeloid leukemic cells. J Biol Chem
269: 31685-31692, 1994.

Orr MS, Fornari FA, Randolph JK and Gewirtz DA. Tran-
scriptional down-regulation of c-myc expression in the
MCE.-7 breast tumor cell line by the topoisomerase 11 inhib-
itor, VM-26. Biochim Biophys Acta 1262: 139-145, 1995.
Dean M, Levine RA, Ran W, Kindy MS, Sonenshein GE and
Campisi ], Regulation of ¢-myc transcription and mRNA
abundance by serum growth factors and cell contact. J Biol
Chem 261: 9161-9166, 1986.

Vichy P and Tritton TR, Stimulation of growth in human and
murine cells by adriamycin. Cancer Res 49: 2679-2682, 1989.
Kelly K, Cochran BH, Stiles CD and Leder P, Cell specific
regulation of the c-myc gene by lymphocyte mitogens and
platelet derived growth factors. Cell 35: 603-610, 1983.
Fritsche M, Haessler C and Brandner G, Induction of nuclear
accumulation of the tumor suppressor protein p53 by DNA-
damaging agents. Oncogene 8: 307-318, 1993.

Nelson WG and Kastan MB, DNA strand breaks: The DNA
template alterations that trigger p53-dependent DNA damage
response pathways. Mol Cell Biol 14: 1815-1823, 1994.
Kuerbitz SJ], Plunkett BS, Walsh WV and Kastan MB, Wild-
type p53 is a cell cycle checkpoint determinant following
irradiation. Proc Natl Acad Sci USA 89: 7491-7495, 1992.
Stewart N, Hicks GG, Paraskevas F and Mowat M, Evidence
for a second cell cycle block at G2/M by p53. Oncogene 10:
109-115, 1995.

Guillouf C, Rosselli F, Krishnaraju K, Moustacchi E, Hoffman
B and Liebermann DA, p53 involvement in control of G2
exit of the cell cycle: Role in DNA damage-induced apopto-
sis. Oncogene 10: 2263-2270, 1995.

Shibuya H, Yoneyama M, Ninomiya-Tsuji ], Matsumoto K
and Taniguchi T, IL-2 and EGF receptors stimulate the he-
matopoietic cell cycle via different signaling pathways: Dem-
onstration of a novel role for c-myc. Cell 70: 57-67, 1992.
Seth A, Gupta S and Davis R}, Cell cycle regulation of the
c-myc transcriptional activation domain. Mol Cell Biol 13:
4125-4136, 1993.

Levy N, Yonish-Rouach E, Oren M and Kimchi A, Comple-
mentation by wild-type p53 of interleukin-6 effects on M1
cells: Induction of cell cycle exit and cooperativity with c-myc
suppression. Mol Cell Biol 13: 7942-7952, 1993.

Studzinski GP, Brevli ZS, Feldman SC and Watt R, Partici-
pation of ¢-myc protein in DNA synthesis of human cells.
Science 234: 467-470, 1986.

Ariga H, Imamura Y and lguchi-Ariga SMM, DNA replica-
tion origin and transcriptional enhancer in c-myc gene share
the c-myc protein binding sequences. EMBO J 8: 4273-4279,
1989.

van der Burg B, van Selm-Miltenburg AJP, de Laan SW and
van Zoelen EJ], Direct effects of estrogen on c-fos and c-myc
protooncogene expression and cellular proliferation in human
breast cancer cells. Mol Cell Endocrinol 64: 223--228, 1989.
Wosikowski K, Eppenberger U, Kiing W, Nagamine Y and
Mueller H, c-fos, c-jun and c-myc expressions are not growth
rate limiting for the human MCF-7 breast cancer cells. Bio-
chem Biophys Res Commun 188: 1067-1076, 1992.

Zakeri Z, Bursch W, Tennisword M and Lockshin RA, Cell
death: Programmed, apoptosis, necrosis or other? Cell Death
Differ 2: 87-96, 1995.

Kryprianou N, English HF, Davidson NE and Isaacs ]JT, Pro-



940

52.

53.

54.

55.

56.

57.

grammed cell death during regression of the MCF-7 human
breast cancer following estrogen ablation. Cancer Res 51:
162-166, 1991.

Warri AM, Huovinen RL, Laine AM, Martikainen PM and
Harkonen PL, Apoptosis in toremifene-induced growth inhi-
bition of human breast cancer cells in vivo and in vitro. ] Natl
Cancer Inst 85: 1412-1418, 1993.

Wang TTW and Phang JM, Effects of estrogen on apoptotic
pathways in human breast cancer cell line MCE-7. Cancer Res
55: 2487-2489, 1995.

Teixeira C, Reed JC and Pratt MAC, Estrogen promotes che-
motherapeutic drug resistance by a mechanism involving
Bcl-2 proto-oncogene expression in human breast cancer
cells. Cancer Res 55: 3902-3907, 1995.

Shao Z-M, Dawson MI, Li XS, Rish AK, Sheikh MS, Han
Q-H, Ordonez JV, Shroot B and Fontana JA, p53 indepen-
dent GO/GI arrest and apoptosis induced by a novel retinoid
in human breast cancer cells. Oncogene 11: 493-504, 1995.
Hermeking H and Eick D, Mediation of c-Myc induced ap-
optosis by p53. Science 265: 2091-2093, 1994.

Wagner AJ, Kokontis JM and Hay N, Myc-mediated apopto-
sis requires wild-type p53 in a manner independent of cell

58.

59.

60.

61.

62.

F. A. Fornari Jr. et al.

1¥afeiel Genes

cycle arrest and the ability of p53 to induce p2
Dev 8: 2817-2830, 1994.

Kiguchi K, Glesne D, Chub CH, Fijiki H and Huberman E,
Differential induction of apoptosis in human breast tumor
cells by okadaic acid and related inhibitors of protein phos-
phatases 1 and 2A. Cell Growth Differ 5: 995-1004, 19%4.
Sumantran VN, Ealovega MW, Nufiez G, Clarke MF and
Wicha MS, Overexpression of Bcl-x, sensitizes MCE-7 cells to
chemotherapy-induced apoptosis. Cancer Res 552 2507-2510,
1995.

McGahon A, Bissonnette R, Schmitt M, Cotter KM, Green
DR and Cotter TG, BCR-ABL maintains resistance of
chronic myelogenous leukemia cells to apoptotic cell death.
Blood 83: 1179-1187, 1994.

Jarvis WD, Povirk LF, Turner AJ, Traylor RS, Gewirtz DA,
Pettit GR and Grant S, Effects of bryostatin 1 and other
pharmacological activators of protein kinase C on 1-[3-D-
arabinofuranosyl]cytosine-induced apoptosis in HL-60 human
promyelocytic leukemia cells. Biochem Pharmacol 47: 839-
852, 1994.

Boudreau N, Sympson CJ, Werb Z and Bissell MJ, Suppres-
sion of ICE and apoptosis in mammary epithelial cells by
extracellular matrix. Science 267: 891-893, 1995.



