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Abstract

The topoisomerase Il inhibitors teniposide (VM-26), doxorubicin, and amsaars®@MSA), as well as ionizing radiation, induce a
transient suppression ofrayc mRNA, which correlates with growth inhibition of MCF-7 breast tumor cells. To further assess the
involvement of cmycin the DNA damage-induced signal transduction pathways of the breast tumor cell, we determined the influence of
sustained DNA damage onmycexpression, c-Myc protein levels and c-Myc function. Continuous exposure of MCF-7 breast tumor cells
to VM-26 induced DNA strand breaks that were sustained for at least 9 hr. DNA strand breakage was accompanied by a degfine in c-
transcripts and c-Myc protein levels by90% after VM-26 exposure for 24 hr. The activity of a transcriptional target of the c-Myc protein,
ornithine decarboxylase, was reduced by approximately 75% within 9 hr of DNA damage, in parallel to the declimtgsmRNA and
protein levels. Extended exposure to VM-26 resulted in an initial loss of approximately 35% of the cell population followed by the death
of additional cells such that by 72 hr only 50% of the cells were viable. Although apoptosis was evident 72 hr after initiating drug exposur
[based on cell cycle analysis, terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assays, and an assessmm
of cell morphology], the primary phase of cell killing, which occurred during the first 24 hr was non-apoptotic. These studies indicate tha
non-apoptotic pathways can also mediate cell death in the breast tumor cell and support the rlgekpression, c-Myc protein, and
c-Myc function as elements of the DNA damage response pathway in the breast tumor cell. © 2001 Elsevier Science Inc. All rights reserve
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1. Introduction transition between Gand G [1,2], entry and exit from S
phase [3], progression of the cells along differentiation
The cmyconcogene is frequently overexpressed in hu- pathways [4,5], and the induction of apoptotic cell death
man tumors. Regulation of mycexpression and activity is  [reviewed in Ref. 6]. Despite these pleiotropic effects, only
associated with multiple cellular functions including the a handful of transcription targets that are activated as a
result of cmycoverexpression and which act as mediators
of c-Myc function have been identified. These include the

* Corresponding author. Tel.:+1-804-828-9523; fax:+1-804-828- tyrosine phosphatase cdc25A [7], which targets cdk4/cyclin
8079. . . D complexes [8,9], cad [10], and ODC [11], the first and the
E-mail addressgewirtz@hsc.veu.edu (D.A. Gewirtz). rate-limiting enzyme of polyamine biosynthesis. All of
Present address: 1 Jarrett White Road, MCHK-CI Tripler AMC, HI . - .
96859-5000 these are direct c—Myc.tra}nscrlptlon targets tha}t require
2 present address: Gene Logic, 708 Quince Orchard Road, Gaithers-CONS€NsUSs c-Myc:Max binding elements for their induction
burg, MD 20878. by c-Myc and by growth factors [7,11,12]. In addition, both

Abbreviations: ODC, ornithine decarboxylase; VM-26 (teniposide), ODC and cdc25A are mediators of c-Myc function, as
4'-demethylepipodophyllotoxin-4-(4,6-thenylideneg-d-glucopyrano- ablation of cdc25A or ODC activity impairs c-Myc-induced

side); pRb, retinoblastoma proteim-AMSA, amsacrine; TUNEL, termi- . ..
nal deoxynucleotidyl transferase-mediated dUTP nick end-labeling; apoptosis and blocks cell CyCIe progression MEJ‘S_]'S]'

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; and FBS, fetal bo-INterestingly, enforced expression of either target is also
vine serum. sufficient to augment the apoptotic program; yet, ODC is
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not, like c-Myc, sufficient to promote continuous mitogen- ture flasks at a density of 2 10%/cn?. The following day,
independent cell-cycle progression [15]. Therefore, pertur- the culture medium was replaced with medium containing
bation of the cell cycle is not strictly linked to the apoptotic 10 uM VM-26 (teniposide; provided by the Bristol-Myers
program. In agreement with this concept, c-Myc-induced Squibb Co.). This medium also contained DMSO, which
pathways that regulate apoptosis and cell cycle progressionwas used as the drug solvent, at a final concentration of
can be separated pharmacologically by treating myeloid 0.2%; therefore, control cells were treated with medium

cells with cyclic AMP analogues [15]. containing 0.2% DMSO.
Transient exposure of MCF-7 breast tumor cells to the
topoisomerase Il inhibitors VM-26, doxorubicin, amd 2.2. Alkaline unwinding (detection of single-strand

AMSA, or to ionizing radiation, produces an early concen- breaks)

tration-dependent (and in the case of radiation, a dose-

dependent) reduction in rmyc transcript levels [16-19]. Bulk (single-strand) damage to DNA was determined

Suppression of ecayc mMRNA by VM-26 (as well as by  using alkaline unwinding [35] as described previously [36].

ionizing radiation) is a transient effect [18,19], which may This assay is based upon the differential binding and fluo-

be related to the transient nature of DNA strand breaks rescence obisbenzimide trihydrochloride (Hoechst 33258)

induced by acute exposure to topoisomerase Il inhibitors orto single-stranded and double-stranded DNA. F values,

ionizing radiation [20—23]. VM-26, doxorubicihand ionizing which represent the percent of double-stranded DNA re-

radiation also promote pRb dephosphorylation in MCF-7 cells maining after a fixed period of alkaline denaturation, were

[24]. As hypophosphorylated pRb:E2F complexes repressconverted to rad equivalence based on the standardization of

c-myctranscription [25-28], this again suggests that regu- DNA damage, using a cesium-137 irradiator that produced

lation of cimyccould be linked to a DNA damage response dose-dependent quantities of strand damage.

pathway that arrests breast tumor cell growth.

It has been demonstrated that MCF-7 breast tumor cells2.3. Northern blot analyses

are relatively refractory to apoptosis in response to DNA

damaging modalities such as adriamycin or irradiation [17,  The plasmid pMC413RC, containing a 1.4-kb human

19,29-31]. This may be due, in part, to inactivation of c-myc cDNA sequence [37], was provided by Dr. Eric

caspase-3 in these cells [32], but other studies indicate thatWestin (Medical College of Virginia). The plasmid pHc-

this resistance is common to a number of breast tumor cell GAP, containing a 780-bp human GAPDH cDNA sequence,

lines [33,34]. To explore the linkages between the induction was obtained from the American Type Culture Collection.

of DNA damage, the levels and activity of c-Myc protein, A plasmid containing a 1.6-kb murine ODC sequence was

cell cycle arrest, and cell death, we continuously exposed provided by Dr. Daniel Nathans (Johns Hopkins Universi-

MCF-7 cells to VM-26, thereby inducing sustained DNA ty). Total cellular RNA was isolated using the RNA

strand breaks. Unlike the transient effects omysexpres- STAT-60 procedure as described by the manufacturer (Tel-

sion observed after acute drug exposure or irradiation [18, Test “B,” Inc.). Gel electrophoresis, probe radiolabeling,

19], cimyc message levels declined and remained sup- and hybridization were performed as described previously

pressed. Moreover, c-Myc protein levels were also [18].

suppressed, as was c-Myc protein activity, as measured by

analysis of one of its targets, ODC, that is activated by 2.4. Western blot analyses

c-mycoverexpression [11,12]. Overall these studies demon-

strate that anycis a critical component of signal transduc- Total protein from cell lysates was separated by SDS—

tion pathways responding to DNA damage. PAGE and transferred to nitrocellulose membranes (Nitro-
Bind; Micron Separations, Inc.). c-Myc protein was de-
tected using culture medium from 9E10 hybridoma cells,

2. Materials and methods which produce a human c-Myc-specific monoclonal anti-
body [38]. Bound antibody was detected with a horseradish
2.1. Cell culture and drug treatment peroxidase-labeled goat anti-mouse 1gG antibody (Kirkeg-

aard & Perry) and chemiluminescence (SuperSignal Sub-

MCF-7 breast tumor cells were obtained from the NCI- Strate; Pierce).
Frederick Cancer Research Facility. SaOs-2 cells were ob- o
tained from Dr. Gerard Zambetti at St. Jude Children’'s 2-2- ODC activity
Research Hospital. Cells were grown in Dulbecco’s Mini- . L
mum Essential Medium containing 10% FBS, at 37° in a  Cells (1 x 107) were collected by trypsinization and
humidified, 5% CQ atmosphere. Cells were plated incul Washed twice inice-cold PBS [137 mM NaCl, 2.7 mM KCl,
1 mM NaHPQ,, 1.8 mM KH,PQ,, (pH 7.2)], and then
pellets were quick-frozen in liquid nitrogen. Pellets were
Di Y-M, Holt S, Gewirtz DA, Manuscript in preparation. then suspended in 500L of ODC assay buffer [10 mM
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Tris—HCI (pH 7.4), 0.1 mM EDTA, 2.5 mM dithiothreitol, 100 - 100
0.2 mM pyridoxal-5-phosphate], and lysed by three cycles
of freeze—thawing; debris was removed by centrifugation. .

Then ODC assays were performed in duplicate as described

previously [14]. 80 1

60 -

40

204

2.6. Determination of cell viability

The number of viable cells was determined by trypan
blue dye exclusion as described previously [17,19].

2.7. Clonogenic analysis

Cells treated with VM-26 were trypsinized under sterile
conditions, and plated in triplicate in six well culture dishes
at 1000 cells/plate. After 10 days, cells were fixed with
methanol, air-dried for 1-2 days, and stained with 0.1%
crystal violet. For determining cell survival, groups of 50 or 0+
more cells were counted as colonies and were normalized to
the initial cell number plated.

% Double-stranded DNA

Time (h)

2.8. Cell cycle analysis Fig. 1. Induction of DNA strand breaks in MCF-7 cells by VM-26. Cells
were incubated in the continuous presence oflMVM-26. DNA strand

Cells were collected and resuspended in PIF solution (3.8 breaks were assessed at the intervals indicated using the technique of

: : - T on alkaline unwinding. Data shown represent the meanSEM for three
mM sodium citrate, 0.05 mg/mL of propidium iodide, 0.1% independent experiments. Inset: The induction and reversal of DNA strand

Triton X-100, 9_ Kunitz Units/mL of RNase A) and incu- breaks after acute exposure to VM-26. MCF-7 cells were exposed to 10
bated for 45 min at 4°. DNA content per cell was deter- uM VM-26 for 3 hr. Drug was removed, cells were washed free of residual

mined by cytofluorimetry using a Becton-Dickinson FAC- drug, and DNA strand breaks were assessed at the intervals indicated after
Scan model FC incubation of the cells in drug-free medium. Data shown represent the

means= range from two independent experiments.

2.9. Light microscopy analysis of cell morphology
3. Results
Both adherent and nonadherent cells were collected, de-
posited onto cytocentrifuge slides, stained using a Wright 3.1. Suppression of m¥yc expression associated with
stain technique (Diff-Quik Stain Set; Dade International, persistent DNA strand breaks

Inc.), and analyzed by light microscopy for the presence of
Cyto_architectua| features of apoptosis_ Acute exposure of MCF-7 breast tumor cells to the

topoisomerase Il inhibitors VM-26n-AMSA, and doxoru-
bicin, or to ionizing radiation, results in a time- and dose-
dependent suppression ofitycmRNA levels [16—-19]. By
Both adherent and nonadherent cells were collected Ontocontras_t, exposure of MCF-7 cells to vincristine, a micro-
tocentrifuge slides and fixed with 4% formaldehvde in tubule inhibitor that does not produce DNA d_amage, failed
Y 9 . . ) yae to down-regulate enyc mRNA levels (unpublished data).
PBS followed by acetl_c amd.ethanpl (1:2). After washmg The suppression of mycexpression by VM-26 is a tran-
with PBS, ce_lls_ were mcubatepl with 1 mg/mL of bovine sient effect [18], and recovery of myc expression also
serum albumin in PBS for 30 min at room temperature, then .. \rred in MCF-7 cells after exposure to ionizing radiation
washed again with PBS. DNA fragment ends were labeled (unpublished data). As the transient suppression oiyc-
by incubating the cells with 50Q.M fluorescein-12-dUTP  RNA appeared to be related to the induction and reversal
and 0.25 ULL of terminal deoxynucleotidyl transferase of DNA strand breaks, we examined the effects of sustained
(Boehringer Mannheim) in 1X TdT Reaction Buffer [200 DNA damage on anycexpression following chronic expo-
mM potassium cacodylate, 25 mM Tris—HCI, 0.25 mg/mL  sure of MCF-7 cells to VM-26. DNA damage induced in
of bovine serum albumin, 2.5 mM cobalt chloride] for 1 hr MCF-7 cells by continuous exposure to VM-26 was sus-
at 37°. Cells were washed with PBS and mounted in tained throughout the course of the experiment (9 hr; Fig.
Vectashield (Vector Laboratories, Inc.). 1). In contrast, acute exposure (3 hr) to VM-26 produced

2.10. TUNEL assay
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Fig. 2. Suppression of mycexpression by VM-26 in MCF-7 cells. Cells
were treated with 1M VM-26 for the intervals indicated. Total cellular
RNA was isolated, and mycand GAPDH mRNA levels were evaluated

by northern blotting. Data shown represent the mearSEM from three
independent experiments. All data fomgycexpression were normalized

for GAPDH expression and are presented as a percentage of corresponding
DMSO-treated controls. Inset: representative northern blots.

DNA strand breaks that were almost fully reversed within 3
hr after removal of the drug (Fig. 1, inset).

The capacity of chronic exposure to VM-26 to suppress
the expression of mycwas assessed over a time frame of
24 hr. Within 4 hr, cmyc mRNA levels were reduced to
approximately 40% of their initial value. By 24 hr, expres-
sion was reduced to 10% of the initial value (Fig. 2). This
sustained repression ofrayc mRNA is thus distinct from
the rapid reversal of the ewc suppression observed after
acute exposure to VM-26 [18], and is consistent with the
concept that the effects of VM-26 onmyc expression
reflect the sustained induction of DNA damage.

3.2. Reduction in ¢4yc protein levels by chronic
exposure to VM-26

The pronounced suppression ofrc MRNA levels by
VM-26 was reflected by a corresponding reduction in levels
of the c-Myc oncoprotein (Fig. 3A). c-Myc protein levels
were profoundly reduced by continuous exposure to VM-
26; after 4 and 8 hr, c-Myc protein levels were approxi-
mately 30% of their initial value and by 24 hr, c-Myc

protein levels had been reduced by greater than 90%. This

suppression of c-Myc protein levels was sustained for at
least an additional 24 hr (Fig. 3A). To rule out nonspecific
effects of VM-26 on the suppression of protein synthesis
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Fig. 3. Suppression of c-Myc protein levels by VM-26 in MCF-7 and
SaOs-2 cells. Cells were exposed continuously tqubd VM-26. Total
cellular protein was isolated, and (A) c-Myc or (B) E2F4 protein levels
were determined in MCF-7 cells by western blotting. Data in (A) are
presented as percent of c-Myc protein at time 0 and represent the means
SEM from three independent experiments. Inset: representative western
blots. (B) Representative western blots showing E2F4 protein. (C) Effect of
VM-26 on c-Myc protein levels in SaOs-2 cells.

We have reported previously that in MCF-7 cells,
VM-26 (through induction of p53) activates transcription of
the general cyclin-dependent kinase inhibitory protein
p21afl/eiPl \which, in turn, leads to the accumulation of

and/or the blockade of protein degradation, we assessed théwypophosphorylated retinoblastoma protein (Rb) [24]. Both

influence of VM-26 on the levels of E2F4, a protein asso-
ciated with cell-cycle regulation [39]. The levels of E2F4
were not reduced by VM-26 treatment (Fig. 3B).

p53 [40,41] and pRb [25-28] have been shown to repress
c-myctranscription. To determine whether p53 and/or Rb
function were required for the suppression ahgeexpres-
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Fig. 5. Influence of VM-26 on the number of viable MCF-7 cells. MCF-7
cells were exposed continuously to 401 VM-26. At the intervals indi-
cated, the number of viable cells was determined by exclusion of Trypan
Blue dye. Data are shown as a percent of the starting cell number and
represent the means SEM from three independent experiments.

Fig. 4. Suppression of ODC activity by VM-26 in MCF-7 cells. MCF-7
cells were exposed continuously to M VM-26; cells were isolated at

the intervals indicated, and ODC activity was determined. Each value was
normalized for protein content and represents the mea8&M from four
independent experiments. The initial baseline ODC value was 22787

pmol CG/hr/mg protein.

3.4. Cell death and promotion of apoptosis by VM-26

sion by VM-26, similar studies were also performed inthe  Ahough MCF-7 breast tumor cells are relatively refrac-

p53-_mutated, Rb-null SaOs-2 cell line. As shown in Fl_g. 3C, tory to the induction of apoptosis, at least by agents that
continuous exposure to VM-26 reduced c-Myc protein lev- ;- q.ca damage to DNA [17,19,29-31,33,42—44], it was
els in the SaOs-2 cells; however, the decline was somewhat,csiple that the continuous. ex'posure, to VM-26 and the

slower than in MCF-07 cells in that c-Myc protein Irgve_ls sustained induction of DNA strand breaks might be suffi-
were reduced by- 20% after 4 hr (compared with 70% in  jant 1o produce cell killing. The primary decline in cell

MCF-7 cells), 50% after 8 hr (compared with 75% in  n mper (of~35%) was evident within the first 24 hr fol-
MCF-7 cells), and 70% after 2448 hr (compared With  |5ved by a more gradual decline over the succeeding 48 hr,
95% in MCF-7 cells). In contrast, levels Bfactin were not such that by 72 hr cell number was reduced to approxi-
affected by VM-26 (not shown). mately 50% of the initial value (Fig. 5). Continuous expo-
sure to VM-26 also resulted in a 76% reduction in clono-
3.3. Inhibition of ODC, the c-Myc-specific transcription genic survival (data not shown).
target, by VM-26 Cell cycle analysis of MCF-7 cells exposed to VM-26
demonstrated a time-dependent increase in the S afMd G
To determine whether the profound suppression of c- phase populations and a corresponding decline in the pro-
Myc protein levels by VM-26 in MCF-7 cells was also portion of cells in G/G, (Fig. 6). The accumulation of cells
reflected by a corresponding reduction in c-Myc function, in S phase was substantiated by studies performed in the
we assessed the effects of VM-26 on the activity of ODC, a presence of nocodazole, to prevent leakage frgfiviGdata
well-characterized transcription target induced bynye not shown). Starting at 24 hr, there was evidence of a small
overexpression [11,12]. VM-26 produced a pronounced, sub-G,; population in drug-treated cells, which increased
time-dependent reduction in ODC activity in MCF-7 cells, slightly at 48 hr and quite dramatically at 72 hr, consistent
such that by 9 hr, activity was reduced to 25% of the with the promotion of apoptosis. Cells treated with DMSO
corresponding control levels (Fig. 4); this reduction corre- demonstrated no evidence of a sup @opulation (data not
sponded closely with the reduction inntyc message and  shown).
protein levels observed at this interval. Reductions in ODC  The capacity of VM-26 to induce apoptosis in MCF-7
activity followed parallel reductions in ODC transcripts cells was substantiated by an analysis of cell morphology
(data not shown). Therefore, the induction of DNA damage and by the use of the TUNEL end-labeling assay. TUNEL
by VM-26 results in the suppression ofntyc mRNA and analysis indicated that there was a significant increase in
protein levels and concomitantly decreases the expressiorfluorescent (apoptotic) cells at 72 hr of exposure to VM-26
of the c-Myc target, ODC. (Fig. 7). Morphological examination also demonstrated un-
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Control VM26 24h VM26 48h VM26 72h ing of the initial lesions or the collision of the replication fork
[ with trapped cleavable complexes [45].
.ﬁ ﬂ . \ i ' As would be expected, the suppression ohygeexpres-
\ 1 f\ ! W/\ k sion was accompanied by a corresponding reduction in
N A T W U S SN
25

c-Myc protein levels. The profound reduction in ODC ex-
pression and activity is consistent with the concept that

%G0/G1 64 29 26
ZZW o - ph - c-Myc protein function is also compromised. These findings
A therefore support the concept ohtycas a target of DNA
damage signal transduction pathways. This concept is fur-
Control VM26 24 VM26 48 VM26 72 ther supported by a similar suppression of c-Myc-levels by
VM-26 in the SaOs-2 cells.

It is important to emphasize that c-Myc is not the sole
factor that regulates ODC activity. Utilizing inducible ex-
pression of a dominant negative form ofrgrec, Packham
and Cleveland [12] identified both c-Myc-dependent and

% G0/G1 486 54.3 456 411 c-Myc-independent pathways for modulation of ODC. Bush
% S 31.0 26.4 37.3 414 et al. [46] reported that ODC (as well as other putative
% G2M - 20.3 19.4 171 175 c-Myc targets) was not misregulated innmyc null cells,

B which indicates that maintenance of ODC function is not

Fig. 6. Influence of VM-26 on cell cycle distribution. MCF-7 (A) or SaOs-2  dependent upon c-Myc. Therefore, the concurrent suppres-
(B) gell; were exposeq continuoysly to uM .VM-26, and ceII' cy_cle sion of cmyc expression, c-Myc protein levels and ODC
df;;f:tzolﬁ?i:ﬁ;ﬁ;méged ‘gt t;? d'”é‘?'ol’ a'f]g:gated‘ Numbers indicate the , +tjyity by VM-26 in this report does not provide proof that
P g v P ' the influence of VM-26 on ODC is directly mediated
through c-Myc.
equivocal evidence for apoptotic cell death, again primarily ~ The suppression of mycexpression by VM-26 could be
after 72 hr of exposure to VM-26 (Fig. 8). a consequence of: (a) preferential induction of damage
In Sa0s-2 cells, continuous exposure to VM-26 led to a within regions of the anycgene [36]; (b) the increase in
decline in the @G, population coupled with an increase in  p53 protein levels, as p53 can suppresayetranscription
cells primarily in the S phase fraction (Fig. 6B). In addition, [40,41]; and/or (c) repression ofrayctranscription by the
a significant fraction of sub-g cells was evident within 24  Rb:E2F complex [25-28], which forms as a consequence of
hr of drug exposure and continued to increase thereafterthe increase in levels of p53 and its target ¥¥°% which
(Fig. 6B). Concomitantly, we observed a decline in the leads to pRb dephosphorylation. The observation that levels
number of viable cells, with a 40% reduction after 48 hr and of the c-Myc protein were also reduced by continuous
an 80% decline by 72 hr (data not shown). exposure to VM-26 in the p53 mutant, Rb null SaOs-2 cell
line rules out a role for either p53 or Rb—E2F complex
formation at least in these cells. Thus, VM-26 must suppress
c-myc expression through other signaling pathways in
Sa0s-2 cells.

4. Discussion

4.1. c-Myc and ODC as targets suppressed by the DNA

damage response pathwa
g P P Y 4.2. Apoptotic response to DNA damage in MCF-7 breast

We utilized the strategy of inducing sustained (topoisom- tumor cells

erase Il mediated) DNA strand breaks to investigate the influ-

ence of DNA damage on mmycexpression, c-Myc function, We and others have reported that MCF-7 cells are rela-
growth arrest, and cell death in MCF-7 breast tumor cells. A tively refractive to apoptosis in response to DNA damage
continuous decline in myc expression accompanied the in- [17,19,29-31,42—44]. Here, VM-26 produced a slow but
duction of sustained DNA strand breaks; this finding is con- sustained cell killing; yet, even with continuous drug expo-

sistent with the hypothesis that the suppression wiyc-ex- sure, more than 50% of the cell population remained viable
pression is related to the induction of DNA damage. In after 72 hr. Furthermore, there was minimal evidence for
particular, cmyc expression is at least partially restored in apoptosis during the first 24 hr after exposure of the cells to
association with the reversal of strand breaks in cells acutelyVM-26, when the greatest reduction in cell number was
exposed to VM-26 [18]; in contrast, sustained suppression of evident. In contrast, greater than 80% of the SaOs-2 cell
c-mycis observed with continuous exposure to VM-26 where population was eliminated by a similar drug exposure and
DNA damage is sustained. These sustained strand breaks ardied through apoptosis in response to VM-26. Conse-
presumably being reversed and reformed as a consequence afuently, as described previously in the case of adriamycin
the induction of DNA—topoisomerase Il cleavable complexes, [17,42], the initial response of MCF-7 cells even to pro-

as well as secondary breaks that result from either the processtonged exposure to VM-26 is non-apoptotic cell death; this
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Fig. 7.1n situ analysis of DNA fragmentation by fluorescent DNA end-labeling. Cells were exposeditIM-26 or solvent alone (DMSO). After the
indicated intervals, cells were collected on glass microscope slides and labeled according to the TUNEL assay. Fluorescent cells contaieeldfN@men

is succeeded by a prolonged growth arrest accompanied bya complex process, and it is likely that other factors, such as

a small degree of apoptotic cell death. the high levels of Bcl-2 and Bclyxreported in MCF-7 cells
The impaired apoptotic response of MCF-7 cells may be [57,58] or the activation of anti-apoptotic pathways such as

due, at least in part, to the fact that MCF-7 cells fail to NF-«B [59,60], may influence susceptibility of MCF-7 cells

express a functional form of caspase 3 [32,47]. Neverthe-to apoptotic cell death in response to DNA damage.

less, others have demonstrated unequivocal apoptotic re-

sponses to a variety of non-DNA damaging agents in these4.3. Defective regulation of th&, checkpoint in response

breast tumor cells [48-51]. Sokolow al. [52] described to DNA damage in breast tumor cells

substantive DNA fragmentation in MCF-7 cells after con-

tinuous prolonged exposure of MCF-7 cells to VP-16 (an  An additional observation worthy of note is that MCF-7

analog of VM-26)—similar to our findings that apoptosis is cells (like SaOs-2 cells) also fail to undergo, @rrest,

evident after continuous exposure to VM-26. despite the fact that VM-26 also up-regulates levels of p53
Overexpression of either c-Myc or ODC is associated and p21@"/¢P1 and pRb is dephosphorylated in the breast

with the induction of apoptotic cell death [15,53-56]. The tumor cell line [24]. Here, we have demonstrated that

pronounced suppression ofntyc expression and c-Myc  VM-26 also suppresses myc expression, c-Myc protein

protein function would be expected to block any c-Myc- levels and c-Myc function, yet cells still fail to arrest in,G

dependent apoptosis. However, the induction of apoptosis isas normal cells would in the absence of c-Myc [53]. We
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Fig. 8. Morphological analysis of MCF-7 cells after continuous exposure to VM-26. Cells were exposegb\I®I-26 or solvent alone (DMSO) for the

intervals indicated, and then were collected, and counterstained as described in “Materials and methods.” The small, densely stained cetlseacd indi
apoptotic cells.

have hypothesized that the lack of @&rest may be related  both c-Myc protein and ODC activity and the dephosphor-
to the failure of VM-26 to suppress E2F activity [24]. ylation of Rb, attests to defects in checkpoint function at a
Shapiroet al. [61] have demonstrated that the capacity of point downstream of p53. The delayed and limited promo-
Calu-1 non-small cell lung cancer cells to undergoa@est tion of apoptosis is indicative of an additional defect in
can be restored by the induction of P16 expression. cellular signaling (e.g. caspase-3 inactivation) that may be
Since many breast tumor cells, including MCF-7 cells, are exacerbated by reduced c-Myc protein function. It is possi-
defective in p16 expression or function [62], a permissive ble that complementary defects in the regulation of the G
role for p16 may be required for promotion of, Grrest checkpoint and apoptosis may provide a mechanism for
through the suppression of E2F activity in p53 wild-type breast tumor cells to evade both chemotherapy and radio-
cells. therapy.

The accumulation of MCF-7 cells exposed to VM-26 in
G, (and the absence of jGarrest in the SaOs-2 cells)
suggests that p53 status may influence this response. That isAcknowledgments
the arrest in G may be related to the reported capacity of
p53 to maintain growth arrest in,§63,64]. The absence of The authors thank Joyce Randolph for expert technical
G, arrest in MCF-7 cells, despite the profound reduction in assistance. This work was supported by NIH Research
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