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Abstract The induction of cell death along with cell- 
cycle arrest is one of the foremost mechanisms regula- 
ting cell growth. In the human breast carcinoma cell 
line MCF-7 we investigated two chemotherapeutic 
agents, the antiestrogen tamoxifen and the DNA- 
damaging drug cisplatin, for the relative contribution 
of these mechanisms to growth inhibition in culture. 
Growth kinetics and flow cytometry confirmed that 
tamoxifen at 1 btM acts mainly by arresting cells in the 
G0/G1 phase of the cell cycle. Compared to untreated 
controls, only a few more cells were detached from the 
monolayer and dead after a 5-day incubation. On the 
other hand, cisplatin at 1 btM did not induce the well- 
defined G2/M-arrest reported for other cell types, but 
resulted in a marked increase in the rate of cell death. 
A morphological feature observed, especially with cis- 
platin-treated MCF-7 cells, was the formation of nu- 
merous micronuclei (in up to 30% of the cells) and an 
increase in the number of binucleate cells (up to 20%). 
In both tamoxifen- and cisplatin- treated cultures, cell 
death appeared to occur by apoptosis, as indicated 
morphologically by cellular and nuclear shrinkage 
accompanied by DNA-condensation and ultimately 
the formation of DNA containing apoptotic bodies. 
However, no internucleosomal DNA degradation or 
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endogenous endonuclease activity could be detected in 
the cells of the monolayer or in the mainly dead and 
detached cells of the culture supernatant. DNA frag- 
mentation was only observed when isolated MCF-7 
nuclei were incubated with exogenous endonucleases. 
However, as determined by reverse transcriptase/poly- 
merase chain reaction amplification, MCF-7 cells do 
express the mRNA for DNase I, an endonuclease 
known to be involved in apoptosis. Thus, apoptosis is 
part of the growth-inhibitory process and occurs with- 
out apparent internucleosomal DNA fragmentation in 
MCF-7 cell cultures. 

Key words Cell-cycle arrest �9 Cell death . 
Micronuclei .  MCF-7 cells.  Tamoxifen �9 
Cisplatin - DNA fragmentation.  Endonuclease 
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Introduction 

The aim of chemotherapy in cancer treatment is the 
induction of tumor regression, i.e. to arrest cell prolifer- 
ation and induce cell death. With the growing appreci- 
ation of the role of programmed cell death (apoptosis) 
in the normal homeostasis of tissue and organ size, 
more attention has been given to the specific induction 
of cell death by tumor therapy (Hickman 1992). 

Apoptotic cell death in tissues and in cultured cells 
can be morphologically recognized by cellular round- 
ing and a characteristic condensation of the chromatin 
along the inner nuclear membrane. In later stages, the 
cytoplasm and the nucleus disintgrate into small apo- 
ptotic bodies. In many cases chromatin condensation is 
accompanied by internucleosomal DNA degradation, 
which can be visualized by electrophoresis of extracted 
DNA on agarose gels (DNA-ladder formation) (Wyllie 
et al. 1980). This specific DNA degradation is catalyzed 
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by a Ca 2+/Mf+-dependent  endonuclease (Wyllie et 
al. 1984). Recently, it was shown for rat thymocytes and 
lymphocytes that this endonuclease has properties in- 
distinguishable from those of DNase I secreted by the 
pancreas (Peitsch et al. 1993). This enzyme is endogen- 
ous in many cell types (Polzar et al. 1994). However, 
a number of other candidate endonucleases have been 
proposed for particular cell systems such as DNase II 
(Barry and Eastman 1993) or Nuc 18 (Gaido and Cid- 
lowski 1991) (for a review see Peitsch et al. 1994). 

In most cases neither the mechanisms of drug-in- 
duced growth arrest and cell death nor the reasons for 
initial and acquired drug resistance in tumor therapy 
are fully understood (Kelland 1994). For example, cis- 
platin is effective in the treatment of certain epithelial 
tumors, especially those of testicular and ovarian ori- 
gin, but carcinomas of the bladder, head and neck are 
also responsive (Eastman 1990; Kelland 1994). One of 
the proposed mechanisms of action is the platination of 
DNA, which is thought to lead to G2 arrest and ulti- 
mately to the induction of apoptotic cell death (Soren- 
son and Eastman 1988b). In spite of its simple chemical 
structure and the universal target, cisplatin is minimal- 
ly effective against many other tumors. Its therapeutic 
value for the treatment of mammary cancers has been 
questionable, but it has received renewed interest in the 
last few years (Sledge 1992). Nevertheless, cisplatin has 
a growth-inhibitory effect on breast-cancer-derived cell 
lines in culture (Otto et al. 1991). Unravelling the rea- 
sons for the selectivity of cisplatin as well as for tumor 
resistance has, therefore, been the aim of numerous 
investigations. 

Most estrogen-receptor-positive mammary tumors 
respond well to the antiestrogen tamoxifen (Taylor et 
al. 1984). The cellular action of this drug has been 
studied intensively in the estrogen-receptor-positive 
human breast cancer cell line MCF-7 in culture. Its 
growth-inhibitory effect is attributed to an arrest in 
G1/G0 phase of the cell cycle (Sutherland et al. 1984; 
Osborne et al. 1983; Taylor et al. 1983). Recently, a num- 
ber of contradictory reports have been published con- 
cerning the induction of apoptosis in MCF-7 cells by 
antiestrogens. There have been claims that tamoxifen 
induces the appearance of low-molecular-mass DNA 
and changes in the cellular and nuclear morphology 
reminiscent of ongoing apoptosis (Bardon et al. 1987). 
Other authors, however, did not detect internuc- 
leosomal DNA degradation in MCF-7 cells accom- 
panying the morphological changes after treatment 
with the antiestrogen toremifene (Wfirri et al. 1993). 

It was the aim of this study to compare the inhibitory 
effects of these two completely different chemothera- 
peutic agents, cisplatin and tamoxifen, on the prolifer- 
ation of MCF-7 cells with particular emphasis on the 
analysis of cell-cycle arrest and induction of cell death. 
The MCF-7 cell line has multiple characteristics includ- 
ing hormone sensitivity as well as chromosomal and 
morphological heterogeneity which make it a suitable 

model system for studying the effectiveness of antiestro- 
gens and other chemotherapeutic agents on carcinoma 
cells in vitro. To clarify whether these drugs induce 
apoptotic cell death, we also analyzed typical para- 
meters such as the nuclear morphology, internuc- 
leosomal DNA fragmentation of the extracted DNA, 
and endogenous nuclease activity. Our results indicate 
that tamoxifen inhibited MCF-7 cell growth mainly by 
G1 arrest, while cisplatin did not cause the pronounced 
cell-cycle arrest reported for other cellular systems. In a 
large fraction of cells treated with cisplatin numerous 
micronuclei were detectable. What the drugs had in 
common was that they induce the nuclear morphology 
typical of apoptosis, but neither internucleosomal DNA 
degradation nor Ca 2 +/Mg 2 § endonuclease 
activity was observed. 

Material and methods 

Materials 

cis-Diamminedichloroplatinum(lI) (cisplatin) was a gift from De- 
gussa. A stock solution was made at 1 mM in 0.15 M NaC1. 
Tamoxifen was dissolved at 1 mM in 70% ethanol and diluted in 
phosphate-buffered saline (PBS), pH 6.6. 

Cell culture 

For cell-culture experiments the methods were essentially those pre- 
viously described (Otto et al. 1991). Briefly, the human breast cancer 
cell line MCF-7 (from G. Leclercq, Institute Jules Bordet, Bruxelles) 
was maintained in Richter's Improved Minimal Essential Medium 
without phenol red (Biochrom), supplemented with 10% fetal calf 
serum (FCS). Trypsinized cells were plated at a titer of 4 x 10~/ml. 
Test compounds were added to cultures 1 day after plating and 
incubated for 5 days or the times indicated. We verified that cells were 
free ofmycoplasm contamination by using the Boehringer detection kit. 

Determination of cell number 

The procedure was as described before (Butler 1984; Otto et al. 
1991). Cell monolayers were washed and allowed to swell in a 
hypotonic buffer containing 20 mM 4-(2-hydroxyethyl)-l- 
piperazineethanesulfonic acid (HEPES), pH 7.4, 1 mM MgC12, 
0.5 mM CaC12. Cells were lysed by adding 5% benzalkonium chlo- 
ride in 3 % acetic acid. The resulting suspension of nuclei was diluted 
and counted in a Coulter counter. 

Trypan blue staining 

The proportion of dead cells in the monolayers and in the cell pellets 
of the supernatants was determined by adding a 0.4% trypan blue 
solution and counting stained and unstained cells in the light micro- 
scope. 

Nuclear staining 

The DNA-binding fluorescent dye Hoechst 33342 was added to the 
culture medium of MCF-7 cells at a final concentration of 0.5 ~tg/ml. 



Cells were incubated for 20 rain at 37~ and subsequently fixed with 
4% formaldehyde before embedding in Mowiol (Hoechst, Frank- 
furt). 

Flow cytometry of DNA fluorescence 

MCF-7 cultures were harvested by trypsinizing and suspending the 
cells in PBS before fixing with 70% ethanol. After the cells had been 
taken up in PBS, cellular DNA was labelled with propidium iodide 
while the RNA was digested with RNase. DNA fluorescence was 
measured with a FACScan flow cytometer (Becton-Dickinson) and 
evaluated with a software program (CellFit). 

Autoradiography of [3H]thymidine-labelled cells 

Cells growing in 35-ram dishes were incubated with 2 ~tC 
(16.7 pmol) [3H]thymidine for 2 h. After washing with 0.9% NaC1, 
monolayers were overlayed twice with 10% trichloroacetic acid and 
then washed with absolute ethanol. Dishes received a layer of 
a chrom alum solution, which was allowed to dry before strips of 
film (Feinkorn Autoradiographie Stripping Platte AR10, Kodak) 
were layered on the cells and exposed in the dark for 10 days. After 
development of the attached film, dishes were stained with Giemsa 
staining solution. The unlabelled and labelled nuclei were counted 
in at least six random fields from duplicate dishes in the light 
microscope. 

DNA extraction 

DNA was extracted separately from adherent and detached cells. 
Detached cells were collected by centrifugation. Both cell popula- 
tions were washed with PBS and then lysed in DNA extraction 
buffer (100 mM TRIS HC1 pH 8.0, 200 mM NaC1, 5 mM EDTA, 
0.2% sodium dodecyl sulfate (SDS), 0.2 mg/ml proteinase K) for 3 h 
at 56~ The DNA was pelleted with isopropanol, washed with 
ethanol, dried and separated in 1% agarose gels in TRIS borate 
EDTA buffer. 

Plasmid digestion assay 

A 1-~tg aliquot of DNA from the plasmid pSG5 was diluted in 20 ~tl 
20 mM TRIS acetate buffer, pH 7.4, 1 mM CaC12, 0.1 mM MgC12, 
mixed with 3 ~tl sample and incubated at 37~ for 2 h. Reactions 
were stopped by the addition of 5 gl 5 x standard sample buffer and 
the plasmid was electrophoresed in 1% agarose gels in TRIS borate 
EDTA buffer. 

Zymogram 

The detection of nucleases by the zymogram technique described by 
Yasuda et al. (1989) was modified as follows. After the proteins had 
been separated by SDS/polyacrylamide gel etectrophoresis (PAGE) 
in 12% gels containing 50 pg/ml calf thymus DNA, nucleases were 
activated by soaking the gels in 40 mM TRIS HC1, pH 7.8, 5 mM 
CaCla, 5 mM MgC12, 3 % Blotto (delipidated milk powder) for 20 h. 
DNA was stained with ethidium bromide (0.5 pg/ml) and visualized 
under UV light. 

Isolation of nuclei 

Isolation of nuclei was performed as described by Almendral et al. 
(1988). After lysis of the cells in 10 mM TRIS HC1, pH 7.6, 10 mM 
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NaC1, 3 mM MgC12, 0.5% NP-40 cell debris and nuclei were sepa- 
rated by density centrifugation using 0.7 M sucrose in 15 mM TRIS 
HC1, pH 7.6, 60 mM KC1, 15 mM NaC1, 2 mM EDTA, 0.5 mM 
EGTA, 0.65 mM dithioerythritol, 0.1% Triton X-100, 0.5 mM sper- 
midine, 0.15 mM spermine. The nuclei fractions obtained were 
stored for 1-2 weeks in 50 mM TRIS HC1, pH 7.6, 5 mM KC1, 
0.1 mM EDTA either on ice or mixed with one volume of glycerin at 

_ 20~ 

DNA degradation in isolated nuclei 

Isolated nuclei of MCF-7 cells were pelleted by centrifugation 
(10 min, 2000 g) and resuspended in 200 pl 40 mM TRIS HC1, 
pH 7.8, containing either 5 mM EDTA or 1 mM CaC12, 1 mM 
MgCI 2. After addition of the probes, the samples were incubated for 
2-3 h at room temperature. Then the proteins were digested by the 
addition of 400 gl DNA extraction buffer (100 mM TRIS HC1, 
pH 8.0, 200 mM NaC1, 5 mM EDTA, 0.2% SDS, 0.2 mg/ml pro- 
teinase K) for 1 h at 56~ The following steps were the same as 
described for DNA extraction. 

Polymerase chain reaction and DNA sequencing 

The presence of DNase I mRNA in MCF-7 cells was analyzed by 
polymerase-chain-reaction (PCR)-mediated amplification of re- 
verse-transcribed mRNA using primers derived from the human 
DNase I sequence (Shak et al. 1990). The sense primers ('5-CTT 
CAA CAT CCA GAC ATT TG-3') match to position 240-259, the 
antisense primers (5'-ACC TCT GTG AAC CGG GAG AA-3') to 
position 580 599 of the DNase I sequence. Amplification was per- 
formed by the use of 1 unit Super Taq polymerase (P. H. Stehelin 
& Cie AG, Basel, Switzerland) in 10 mM TRIS HC1 pH 9.0, 50 mM 
KC1, 0.01% (w/v) gelatin, 1.5 mM MgC12, 0.1% Triton X-100 during 
45 cycles consisting of incubations of 1 rain at 95~ 1 rain at 55~ 
and 1.5 rain at 72~ After the last cycle the incubation at 72~ was 
prolonged to 10 rain. The PCR products were analyzed by agarose 
gel electrophoresis (1% agarose in TRIS borate EDTA buffer). The 
DNA bands obtained were extracted from the agarose gels (Jetsorb 
kit, Genomed GmbH, Bad Oeynhausen, Germany) and sub- 
sequently sequenced by the PCR-based CircumVent Thermal Cycle 
Sequencing Kit (BioLabs, USA) using the sense primers of the PCR 
reaction. 

Results 

G r o w t h  k ine t ics  

T o  de tec t  changes  in the  g r o w t h  k ine t ics  effected 
b y  t a m o x i f e n  a n d  c i sp la t in ,  M C F - 7  cells were  c o u n t e d  
over  a p e r i o d  of  6 days .  F o r  b o t h  d rugs  a concen -  
t r a t i o n  of  1 / a M  was  chosen ,  s ince it gave  m a x i m a l  
g r o w t h  i n h i b i t i o n  ( O t t o  et al. 1991). F i g u r e  1 shows  
t h a t  the  c o n t r o l  cells g rew e x p o n e n t i a l l y  wi th  a d o u b l -  
ing  t ime  of  a b o u t  24 h. Cel ls  t r e a t e d  wi th  1 g M  
t a m o x i f e n  s h o w e d  no  c h a n g e  in g r o w t h  d u r i n g  the 
first  2 -3  days ,  b u t  t he rea f t e r  were  r e d u c e d  in the i r  
ra te  of  p ro l i f e r a t ion .  In  con t r a s t ,  the  g r o w t h  of  cells 
t r e a t e d  wi th  1 g M  c i sp l a t i n  was  r e t a r d e d  f rom the  
beg inn ing ,  a n d  af ter  3 days  the  cell n u m b e r  r e m a i n e d  
cons t an t .  
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Fig. 1 Effect of tamoxifen and cisplatin on the kinetics of MCF-7 
cell proliferation. ( , )  Tamoxifen (1 ~tM) and (11) cisplatin (1 ~tM) 
were added to control cultures (O) 1 day after plating 
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Fig. 2 Cell-cycle distribution of cells that had been treated with 
tamoxifen and cisplatin for 5 days as in Fig. i. The relative DNA 
contents corresponding to different cell-cycle phases were deter- 
mined by flow cytometry. Open bars G1 phase, hatched bars S phase, 
cross-hatched bars G2/M phase. Results are means and standard 
deviations of four experiments 

Cell-cycle analysis 

Is the reduction in the rate of cell growth due to 
cell-cycle arrest or cell death? To determine first the 
cell-cycle distribution of control and treated MCF-7 
cells, the DNA content was analyzed by flow 
cytometry. Six days after plating, untreated cells had 
the typical profile of proliferating cells with 63% of the 
cells in G1, 28% in S, and 9% in G2/M phase (Fig. 2). 
Treatment with 1 gM tamoxifen for 5 days resulted in 
a reduction in cell number to 20% of the control. 
Under these conditions 86% of the cells were in G1, 
and only 8% and 6% in S and G2/M phase, respective- 
ly. This cell-cycle distribution is in concordance with 
the reported G1 arrest by tamoxifen (Taylor et al. 
1983). In contrast, in cultures treated with 1 ~tM cis- 
platin, where the cell number was only 10% of the 
control, 62% of these cells were in G1, 21% in S, and 
17% had a DNA content corresponding to the G2/M 
phase. Therefore, the fraction of cells with a G2/M 
DNA content is about twice as high as in the control 
culture. However, this apparent accumulation of cells 
in G2/M phase is not as pronounced as described for 
other cell systems and seems not to be sufficient to 
account for the observed growth arrest (Sorenson and 
Eastman, 1988b; K6pf-Maier et al. 1983). 

To test whether the population of cells defined as 
being in S phase by their DNA content was actually 
synthesizing DNA, we determined the fraction of cells 
incorporating [3H]thymidine during a 2-h pulse and 
compared it with the DNA profile obtained by flow 
cytometry (Table 1). In untreated cells, the labelling 
index was significanctly higher than the fraction of cells 
with S-phase DNA content. This difference is expected, 
since flow cytometry is the measurement of a single 
assay time in contrast to the radioactive labelling. After 
a 5-day treatment with 1 ~tM tamoxifen, the fraction of 
labelled nuclei was only about half of the fraction of 
S-phase cells measured by flow cytometry. Moreover, 

Table 1 Determination of S-phase cells: comparison of flow 
cytometry and fraction of I-3H]thymidine-labelled nuclei. The frac- 
tion of cells in S phase after a 5-day incubation with the drugs was 
determined by incorporation of [3H]thymidine for 2 h and by 
flow-cytometric assay of cellular DNA content. Data for the DNA 
content are taken from Fig. 2. Results are the averages of three to 
five experiments 

Treatment 

Percentage of cells with 

[3H]thymidine-labelled S-phase DNA content 
nuclei (flow cytometry) 
(%) (%) 

Control 34.3 +_ 6.3 27.8 _+ 3.1 
Tamoxifen lgM 5.6 _+ 1.3 8.2 _+ 0.6 
Cisplatin 1 gM 12.9 _+ 6.3 21.2 __ 4.6 

compared to untreated controls, the radioactively 
labelled nuclei of treated cells had a smaller number of 
grains. This indicates a reduced rate of [3H]thymidine 
incorporation which could be due to reduced 
thymidine kinase activity and/or a reduced rate of 
DNA synthesis. It may account for the fact that 
a smaller fraction of labelled nuclei was detectable in 
treated cultures than expected from the fraction of 
S-phase cells determined by flow cytometry. 

A marked reduction in the labelling index compared 
to the fraction of cells with S-phase DNA content was 
likewise observed when cells were treated with 1 BM 
cisplatin (Table 1). Here, too, the number of grains over 
the labelled nuclei was markedly reduced. When these 
cells were allowed to continue incorporating 
[3H]thymidine up to 24 h, the fraction of labelled 
nuclei increased (data not shown), which means that 
cells continued to progress into S phase and that the 
low level [3H]thymidine incorporation cannot simply 
be ascribed to DNA repair. In a few rare cases binu- 
cleate cells were observed that had both nuclei labelled 
with [-3H]thymidine, suggesting synchronous DNA 
replication. The appearance of binucleate cells is in line 
with a defect in cell division as first reported with 



cisplatin-treated cells by Rosenberg (1973) and more 
recently for Chinese hamster ovary cells by Rodilla et 
al. (1990). Nevertheless, apparently normal telophase 
figures were observed in the cisplatin-treated cultures. 
This was confirmed by immunostaining with mono- 
clonal anti-tubulin antibody (not shown). 

Nuclear morphology of drug-treated MCF-7 cells 

In order to investigate the nuclear morphology and to 
detect changes in DNA distribution, MCF-7 cells were 
stained with the DNA-binding fluorochrome Hoechst 
33342. Control as well as tamoxifen-treated cells had 
a single nucleus, oval or round in shape, with almost 
homogeneous staining (Fig. 3A, B). Upon cisplatin 
treatment the size of the nucleus increased, but was 
otherwise morphologically without remarkable fea- 
tures. However, about 20% of the cells contained two 
or more nuclei. 

Solitary and small micronuclei were ocasionally 
found in about 3%-6% of untreated cells (Table 2). In 
tamoxifen-treated cultures, micronuclei were also ob- 
served with a similar or slightly greater frequency 
(Fig. 3B). Most prominent, however, was the appear- 
ance micronuclei in MCF-7 cells upon treatment with 
cisplatin (Fig. 3C). Not only was there a marked in- 
crease in the fraction of cells with micronuclei (Table 2), 
but these were also larger and more numerous per cell. 
Micronuclei have been observed in other cellular sys- 
tems after treatment with tamoxifen (Styles et al. 1994) 
and with cisplatin (Rodilla et al. 1990), but have not 
been described for MCF-7 cells before. 

In the cells of the monolayer, nuclei containing con- 
densed DNA indicative of apoptosis were also ob- 
served (Fig. 3, Table 2). Such condensed staining was 
observed in cells that appeared to round-up, had 
a shrinking morphology and detached from the neigh- 
boring cells. These apoptotic nuclei were smaller than 
the normal nuclei and distinct from micronuclei, since 
the latter were not detectable with phase-contrast 
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optics and were only faintly stained within the cell 
boundary. After a 5-day incubation, the fraction of 
adherent cells with apoptotic nuclei was low (in the 
range of 5%) even in cultures treated with tamoxifen or 
cisplatin. 

The cultures stained with Hoechst 33342 were also 
used to evaluate the percentage of mitotic cells. Table 
2 shows that the percentage of cells in mitosis is much 
lower than the total fraction of cells containing double 
the DNA content, depicted as G2/M phase. It can be 
calculated that about 25% of the cells with the G2/M 
DNA content were in mitosis in control cultures. In 
cultures treated with tamoxifen for 5 days, only about 
11% of the cells in G2/M phase were in mitosis. Simi- 
larly, in cisplatin-treated cultures, the mitotic fraction 
of cells with G2/M DNA content was reduced to about 
12%. This suggests that a few of the treated cells were 
still progressing through G2 into mitosis. 

Kinetics of cell death 

The inhibition of cell growth in cultures treated with 
cisplatin is not sufficiently explained either by a cell- 
cycle arrest or by a reduced rate in cell-cycle progres- 
sion. We, therefore, also studied the contribution of cell 
death. In culture supernatants of growing MCF-7 cell 
monolayers there was always a considerable number of 
detached cells. These cells were stained with trypan 
blue in order to distinguish whether they were damaged 
and dead, or still viable. The kinetic analysis shows 
(Fig. 4) that there was a slight but steady increase in the 
number of detached cells even in untreated cultures, 
beginning about 3 days after plating, and after about 
4 days 80%-95% of these detached cells were stained 
with trypan blue. Concomitant with the increase in 
detached and dead cells, there was an increase in the 
fraction of ceils with apoptotic nuclear morphology in 
the monolayer (data not shown). Cells treated with 
tamoxifen showed no difference in this parameter, in- 
dicating that the reduced growth rate effected by 

Fig. 3 A-C DNA staining with 
Hoechst 33342 of MCF-7 cells 
without treatment (A) and 
treated with 1 tam tamoxifen (B) 
or 1 ~tM cisplatin (C) for 5 days. 
Insert apoptotic cell. Bar 10 gm 
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Table 2 Comparison of the percentage of cells with G2/M-phase 
DNA content, with mitotic figures, micronuclei, and apoptotic mor- 
phology. Data for the G2/M phase are from Fig. 1. For the deter- 
mination of cells in mitosis, with micronuclei and with apoptotic 
morphology, cultures were stained with Hoechst 33342 and the 
number of the different nuclear figures was counted. These results 
are the averages of one to three experiments. The number of cells 
with micronuclei was determined by counting 600-1100 cells each in 
duplicate cultures. All data were obtained after a 5-day incubation 
with the indicated drug 

Treatment G2/M-phase 
DNA content 

Percentage of cells with 

Mitotic Micronuclei Apoptosis 
figures (%) (%) 
(%) 

Control 9.0 _+ 1.9 2.1 + 0.6 4.7 , ,  1.2 0.88 
Tamoxifen lgM 6.0 -- 2.9 0.7 Jr 0.3 6.4 + 1.6 6.12 
Cisplatin 1 gM 17.4 _+ 2.3 1.4 _+ 0.4 23.5 + 6.5 4.50 
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Fig. 4 A Kinetics of the increase in the number of detached cells in 
MCF-7 cultures B Fraction of trypan-blue-positive cells in the 
culture (monolayer and detached cells). (A) Tamoxifen (1 gM) and 
(B) cisplatin (1 ~tM) were added to control cultures (�9 1 day after 
plating as in Fig. 1. Data from a representative experiment 

tamoxifen is mainly due to cell-cycle arrest. About 10% 
of the total (adherent and detached) cell population in 
tamoxifen-treated cultures was dead on day 6, com- 
pared to 5% in control cultures. In contrast, after 
treatment with cisplatin there was a much greater in- 
crease in the number of cells released into the super- 
natant (Fig. 4A) and accordingly in the fraction of dead 
cells in the culture (Fig. 4B) compared to untreated 

cultures. Since after 3 days the cell number in the 
monolayer of cisplatin-treated cultures remains con- 
stant (Fig. 1), one has to conclude that the rate of cell 
proliferation equals the rate of cell death. 

Biochemical parameters of apoptosis 

Since we observed morphological evidence for apopto- 
sis in MCF-7 cells, we looked for internucleosomal 
DNA fragmentation and endonuclease activity as bio- 
chemical parameters accompanying apoptosis. Gel 
electrophoresis of DNA extracted from adherent and 
detached cells of control and drug-treated cultures 
showed no evidence for an internucleosomal degrada- 
tion pattern (Fig. 5). Furthermore, homogenates pre- 
pared from control and drug-treated cells revealed no 
nuclease activity in either the plasmid digestion assay 
(non-denaturing conditions) or zymogram analysis (de- 
naturing conditions) (data not shown). 

In isolated nuclei of the murine leukemia cell line 
L1210, an endogenous endonuclease can be activated 
by adding Ca 2 + and Mg 2+, and this results in internu- 
cleosomal DNA cleavage, observed after gel elec- 
trophoresis as the typical ladder pattern (Segal-Bendir- 
djian and Jacquemin-Sablon 1995). To test whether the 
nuclei of MCF-7 cells also exhibit this endogenous 
nuclease activity, nuclei of control and drug-treated 
cultures were isolated and incubated in buffers contain- 
ing either EDTA or Ca 2 +/Mg 2 +. The extracted DNA 
showed only bands of high-molecular-mass DNA; 
a DNA ladder indicative of the activation of endogen- 
ous nucleases was not detectable (Fig. 6, lanes 1 and 2). 

To test whether the chromatin of MCF-7 cells is in 
principle degradable into internucleosomal fragments, 
nuclei isolated from untreated and drug-treated cells 
were incubated with exogenous Ca 2+/Mg 2 +-depen- 
dent nucleases (45 to 54-kDa nucleases ofmycoplasmal 
origin). As Fig. 6 (lanes 4) shows, the chromatin of 
MCF-7 cells is indeed susceptible to internucleosomal 
DNA cleavage and this susceptibility is not impaired in 
the nuclei of cells treated with the DNA-binding drug 
cisplatin. 

Since no internucleosomal DNA fragmentation and 
no Ca 2 +/Mg 2 +-dependent nuclease were detectable in 
MCF-7 cells, the possibility that these cells lacked the 
genetic expression for such a nuclease was considered. 
One of the apoptotic Ca 2 +/Mg 2 +-dependent nucleases 
presumed to be involved in internucleosomal DNA 
degradation of various cell types is DNase I (Peitsch et 
al. 1993). To test whether MCF-7 cells express the 
mRNA for this enzyme, reverse-transcribed RNA was 
analyzed by PCR-mediated amplification using 
primers derived from the known sequence of the hu- 
man DNase I (Shak et al. 1990). Analysis of the PCR 
products by agarose gel electrophoresis revealed two 
amplification products: one of about 360 bp as was 
expected on the basis of the matching sites of the 
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Fig. 7 Polymerase-chain- 
reaction (PCR)-mediated 
amplification of reverse- 
transcribed (RT) mRNA using 
specific primers derived from the 
human DNase I sequence. RT- 
PCR amplification products of 
total RNA from MCF-7 cells 
resulted in two products. 
Sequence analysis indicated that 
the band marked by the arrow 
contains a stretch of 89 base 
pairs identical to the DNase 
I cDNA. Molecular mass 
markers are in kbp (103 base 
pairs) 
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Fig. 5 Gel electrophoresis of MCF-7 cell DNA isolated separately 
from adherent (adh.) and detached (det.) cells of cultures incubated 
either without addition of drugs (C) or in presence of 1 ItM 
tamoxifen (T) or 1 ~tM cisplatin (CP) for 5 days. M base-pair 
markers 
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Fig. 6 DNA degradation in nuclei isolated from control, cisplatin- 
and tamoxifen-treated cells. Isolated nuclei were incubated in buffer 
containing either EDTA (7, 3) or Ca 2 +/Mg 2+ (2, 4), without (1, 2) or 
in the presence of (3, 4) mycoplasmal endonucleases before DNA 
extraction 

primers (position 240-259 and position 580 599) and 
a somewhat larger product. Sequence analysis of 89 
nucleotides of the 360-bp PCR product showed 100% 
identity to the DNase-I-specific cDNA. (The larger 
amplification product was not related to the DNase I 
cDNA, judging by the sequence analysis of 121 base 
pairs.) MCF-7 cells, therefore, transcribe a DNase-I- 
like gene, but apparently the resulting product is not 
active. 

Discussion 

The breast carcinoma cell line MCF-7 is a model sys- 
tem distinct from leukemic and other cell systems 
commonly used in studying apoptosis and the growth- 
inhibitory effects of chemotherapeutic drugs in vitro. 
Characteristics of this epithelial-like cell line are the 
high level of estrogen receptors, its sensitivity to steroid 
hormones (e.g. for the induction of estrogenic re- 
sponses) and the morphological as well as chromo- 
somal heterogeneity, which may thus mimic to some 
extent the tumor situation in vivo. This heterogeneity 
may also explain the selection of various sublines in 
different laboratories. It should be mentioned, though, 
that our MCF-7 cells have had a relative constant 
estrogen receptor level and reproducible growth behav- 
ior for the last 5 years. 

It is well established that tamoxifen inhibits the 
growth of MCF-7 cells in culture and arrests cells in the 
G1 phase of the cell cycle (Taylor et al. 1984; Suther- 
land et al. 1984; Osborne et al. 1983). In line with these 
reports, we likewise observed that about 86% of the 
cells had arrested in the G1 phase after 5 days of 
tamoxifen treatment. The growth kinetics show a delay 
of 2-3 days before the proliferation rate was reduced 
(Otto et al. 1991). This is congruent with an earlier 
report of experiments using synchronized MCF-7 cells, 
which concluded that tamoxifen is effective only at 
a precise period in mid G1 (Taylor et al. 1983) and thus 
requires passage through the cell cycle. Why this early 
delay in the kinetics was not observed in the previous 
studies by others (Sutherland et al. 1983; Taylor et al. 
1984; Osborne et al. 1983) can not be discerned from 
the available data. We observed this delay also when 
cells were grown in medium containing charcoal- 
treated serum as in the studies cited. 

Our results verified earlier, indirect conclusions that 
growth inhibition by tamoxifen is due to cell-cycle 
arrest rather than to an increase in the rate of cell death 
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(Sutherland et al. 1983). However, after longer incuba- 
tion times (5-6 days), DNA condensation indicative of 
apoptosis was seen in the tamoxifen-treated cells after 
staining with Hoechst 33342. Bardon et al. (1987) re- 
ported similar observations using electron microscopy, 
but cell death was detected in a higher precentage 
(about 20%-30%) of the attached MCF-7 cells after 
treatment with 100 nM-1 gM 4-hydroxytamoxifen 
(the active metabolite of tamoxifen). Besides cell shrink- 
age and chromatin condensation in the detatched cells, 
they also reported the appearance of low-molecular- 
mass DNA as a parameter of apoptosis, although these 
authors did not directly demonstrate DNA-ladder 
formation. However, W/irri et al. (1993) did not detect 
apoptotic internucleosomal DNA degradation in 
MCF-7 cells incubated with another antiestrogen, tor- 
emifene, even though they too reported apoptotic cell 
death as identified by time-lapse microscopy. When 
MCF-7 cells are inoculated into nude mice, they retain 
their estrogen-dependent growth. Interestingly, under 
these conditions estrogen withdrawal leads to DNA- 
ladder formation (Kyprianou et al. 1991). This result 
suggests some unknown interactions or signalling 
mechanisms between MCF-7 cells and the neighboring 
tissues, which cannot be conveyed in a simple cell- 
culture system. There is evidence that tamoxifen- 
treated MCF-7 cells in culture may not be able to 
accomplish all the processes typical of apoptosis, since 
certain cytoplasmic and nuclear changes differed from 
those of a typical apoptosis (Zakeri et al. 1995). Owing 
to the absence of "professional" phagocytotic cells to 
remove apoptotic bodies, detached MCF-7 ultimately 
undergo necrosis. 

The mechanism of action for the growth-inhibitory 
effect of cisplatin has been studied in several cell types, 
including Hela cells (Roberts and Fraval 1978), the 
leukemic cell line L1210 (Sorenson and Eastman 1988b; 
Sorenson et al. 1990), Ehrlich ascites cells (K6pf-Maier 
et al. 1983), Chinese hamster ovary cells (Sorenson and 
Eastman 1988a), and JB1 rat hepatoma cells (Evans 
and Dive 1993). In these cells cisplatin was found to 
arrest the cell cycle in the G2 phase and to induce 
apoptosis, as indicated by internucleosomal DNA 
degradation. In contrast, our results show that in 
MCF-7 cells, growth inhibition by cisplatin was not 
accompanied by a pronounced G2 arrest. While there 
was an increase in the fraction of cells in G2, the 
majority of cells were in the G1 and S phases. The cells 
apparently continue to progress slowly through the cell 
cycle as indicated by a low F3H]thymidine-labelling 
index and the presence of mitotic cells. There was an 
increase in the fraction of binucleate cells, which sug- 
gests that these cells were able to complete nuclear 
division, but were blocked in cytokinesis. These binu- 
cleate cells can contribute to the fraction of cells with 
G2/M-phase DNA content in flow cytometry. The 
growth kinetics of MCF-7 cells incubated with cisplatin 
show that after 2 days the culture sustained a constant 

number of adherent cells, while there was an exponen- 
tial increase in the number of detached cells in the 
supernatant, 95% of which were dead. This means that 
growth inhibition was manifested by a balance between 
cell proliferation and cell death. 

Cisplatin and, to a lesser extent, tamoxifen induced 
the formation of small DNA-containing vesicles. Even 
in untreated, exponentially growing MCF-7 cultures, 
a few rare cells may have a small micronucleus asso- 
ciated to the nucleus, suggesting that these cells may be 
prone to micronucleus formation. A possible explana- 
tion could be their high aneuploid DNA content. The 
formation of such micronuclei has been used by others 
as a toxicological assay for genotoxicity and mutagene- 
sis of drugs, even though the formation and fate of the 
micronuclei remains obscure (Stopper et al. 1994). 
Tamoxifen has been reported to have genotoxic effects 
as shown by the formation of micronuclei in human 
lymphoblastoid cell lines with a frequency of about 
2%-5% within 24 h (Styles et al. 1994). In Chinese 
hamster ovary cells cisplatin induced both micronuclei 
and binucleate cells (Rodilla et al. 1990; Ren et al. 1993; 
Rodilla et al. 1993). In double-labelling experiments 
with Hoechst 33342 and a monoclonal anti-tubulin 
antibody (data not shown), we found centrally organ- 
ized microtubules with a bipolar arrangement and two 
distinctly separated nuclei in telophases of MCF-7 cells 
treated with tamoxifen or cisplatin. It can, therefore, be 
postulated that in MCF-7 cells the micronuclei arise 
from fragmentation of the nuclei by a disorganized 
rearrangement of the nuclear envelope after mitosis 
rather than by acentric chromosome segregation. How- 
ever, the appearance of cells with two or more nuclei 
after cisplatin treatment also suggests a defect in the 
final phase of anaphase. A defect in the separation of 
nuclei has been observed in Physarum poIycephalum 
upon treatment with cisplatin, which leads to polyploid 
nuclei (Wright et al. 1984). It has been reported that 
cisplatin, albeit at high concentrations, impairs micro- 
tubule assembly in vitro (Peyrot et al. 1986), and micro- 
tubule-disrupting drugs can induce the formation of 
micronuclei and polyploid cells (Ren et al. 1993; 
Majone et al. 1992; Pacchierotti et al. 1991). 

The question remains: what are the underlying bio- 
chemical mechanisms involved in the death of MCF-7 
cells? In cell-culture conditions, our study agrees with 
that of W~rri et al. (1993) showing that MCF-7 cells can 
display the morphological characteristics of apoptosis 
without internucelosomal DNA degradation following 
antiestrogen treatment. Moreover, upon serum re- 
moval, MCF-7 did not degrade chromatin to the larger 
DNA fragments of 300 kbp or to 50 kbp (Oberhammer 
et al. 1993). In contrast to these results, internu- 
cleosomal DNA degradation has been reported by 
other authors (Geier et al. 1995) for MCF-7 cells in 
culture treated with cycloheximide in serum-free me- 
dium. The reason for the discrepancy is not immediately 
apparent, but it could be explained by the selection of 
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a clone of MCF-7 cells different from the one used in 
this study. Another explanation, however, may be the 
recent observation that DNA fragmentation can be 
detected under various conditions of stress (i.e cyclo- 
heximide treatment) imposed on MCF-7 cells infected 
with mycoplasms (Paddenberg et al. 1996). Also, the 
fact that exogenous apoptotic endonuclease from 
another cell line can induce internucleosomal DNA 
degradation in MCF-7 nuclei suggests that an essential 
co-factor of apoptosis, which regulates DNA degrada- 
tion, may be missing or inactive under normal cell- 
culture conditions. On the other hand, even though 
MCF-7 cells transcribe a mRNA which appears to be 
homologous to DNase I, they lack the active protein. 
Whether this is due to a mutation in the gene or a defect 
in translation is presently under investigation. Appar- 
ently, lack of endonuclease activity does not prevent 
cells from initiating the morphological alterations 
involved in apoptosis. 
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