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Background: Apoptosis ("programmed cell death") is an active process characterized by 
prominent nuclear changes and DNA cleavage, which distinguishes it from cellular necro- 
sis. In this study we investigated whether tamoxifen (TAM) treatment of estrogen receptor 
ER(+) MCF-7 and E R ( - )  MDA-231 human breast cancer cells resulted in cytotoxicity and 
cellular changes typical of apoptosis. 

Methods: Cytotoxicity was measured using a tetrazolium assay. Cellular morphologic 
changes were observed using transmission electron microscopy. DNA cleavage was as- 
sessed using 1.6% agarose gel electrophoresis and was also quantitated biochemically. 

Results: Exposure of cells to TAM for 24 h resulted in dose- dependent cytotoxicity, and 
MCF-7 cells were somewhat more sensitive to TAM. TAM induced chromatin condensa- 
tion around the nuclear periphery in both cell lines, changes typical of apoptosis. TAM- 
induced cytotoxicity correlated with dose-dependent DNA cleavage, which showed the 
characteristic '°internucleosomal ladder." DNA cleavage occurred at a slightly lower TAM 
dose and occurred somewhat sooner in MCF-7 cells. TAM-induced DNA cleavage in 
MCF-7 cells was inhibited by the protein synthesis inhibitor cycloheximide, the RNA 
synthesis inhibitor actinomycin D, and by 17[3-estradiol. However, in MDA-231 cells, 
DNA cleavage was inhibited by cycloheximide, partially but not significantly inhibited by 
actinomycin D, and not inhibited by 17~3-estradiol. 

Conclusions: TAM induces typical apoptosis in ER(+) or ER( - )  human breast cancer 
cells. TAM induction of apoptosis in MCF-7 cells involves the estrogen receptor, and 
requires the synthesis of new protein and mRNA. TAM induction of apoptosis in MDA-231 
cells depends primarily on protein synthesis. TAM-induced cytotoxicity and DNA damage 
appear to be explained in part by the induction of apoptosis. 
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The antiestrogen drug tamoxifen (TAM) is widely 
used for the treatment of breast cancer. Various 
studies suggest that TAM is useful for the treatment 
of women with early-stage breast cancer, regardless 
of whether or not their tumors express the estrogen 
receptor (ER) (1). TAM also has significant cytoxic 
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and cytostatic effects (2,3), and cell cycle kinetic 
effects (4,5) toward both ER( + ) and ER( -  ) breast 
cancer cell lines in vitro. The effects of TAM appear 
to be ER dependent at lower doses and ER inde- 
pendent at higher doses (5). Thus, TAM may have 
both ER-mediated and non-ER-mediated activity. 
The mechanism(s) of action of TAM, including its 
apparent activity against cells that lack ER, is 
poorly understood. 

Apoptosis (programmed cell death) is a process 
that regulates cell number or eliminates damaged 
cells, and that differs morphologically and biochem- 
icatty from cellular necrosis (6). Apoptosis occurs in 
both normal and neoplastic tissues and is an active 
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process characterized by condensation of nuclear 
chromatin, compaction of cytoplasmic organelles, 
reduction of cell volume, and internucleosomal 
DNA fragmentation, with eventual splitting of the 
cell into a series of membrane fragments that then 
undergo phagocytosis (7). Apoptosis may occur un- 
der normal physiologic circumstances including 
during development, in response to hormonal stim- 
ulation, during metamorphosis, and in the targets of 
T- and natural killer-cells (7). 

The precise mechanism(s) whereby apoptosis is 
induced remains unknown. In most cases, apopto- 
sis appears to be linked to the synthesis of new 
protein and the activation of specific genes (8). Ev- 
idence suggests that apoptosis is involved in cell 
death induced by a variety of chemotherapeutic 
drugs including doxorubicin (9), cisplatinum (I0), 
nitrogen mustard (11), topoisomerase I inhibitors 
including camptothecin (12), topoisomerase II in- 
hibitors including etoposide (12), cytokines includ- 
ing transforming growth factor-j31 (TGF-[31) (t3), 
and tumor necrosis factor (TNF-et) and interferon 
gamma (IFN-~) (14), glucocorticoids (15), andro- 
gens (16), and gonadotropin-releasing hormone an- 
alogues and somatostatin (17). 

This report describes the cytotoxic effects of 
TAM toward ER(+)  MCF-7 and E R ( - )  MDA-231 
human breast cancer cells, and provides evidence 
that TAM-induced cytotoxicity correlates with 
morphologic changes and internucleosomal DNA 
cleavage typical of apoptosis. The effects of an 
RNA synthesis inhibitor, a protein synthesis inhib- 
itor, and estrogen on TAM-induced DNA cleavage 
are also presented, and demonstrate that TAM- 
induced DNA cleavage is an active process. The 
results of this study suggest that TAM cytotoxicity 
appears to be explained, at least in part, by the 
induction of apoptosis. 

MATERIALS AND METHODS 

Cell lines 
The MCF-7 cell line was originally obtained from 

the Michigan Cancer Foundation, and the MDA-231 
cell line was obtained from American Type Culture 
Collection (Rockville, MD, USA). These cell lines 
have been extensively studied and characterized. 
MCF-7 cells are ER(+)  (18) and MDA-231 cells are 
E R ( - )  (19). Cells were maintained in a-minimal es- 
sential medium (c~-MEM) supplemented with 5% fe- 
tal calf serum, glutamine, penicillin, and streptomy- 
cin. The cells were incubated at 37°C in a 95% air/ 

5% CO2 environment. Forty-eight hours before 
each experiment, the cells were transferred to phe- 
nol-red free medium with charcoal dextran stripped 
fetal calf serum to remove exogenous estrogens 
(20). 

Drugs 
Tamoxifen (trans 1-[4-[3-dimethylaminoethox- 

yphenyl]-l,2-diphenylbut-l-ene, TAM) was pro- 
vided by Zeneca Pharmaceuticals Group (Wilming- 
ton, DE, USA). A stock solution was prepared in 
2% ethanol and was stored at -20°C. All other 
chemicals used were reagent grade and were ob- 
tained commercially. 

Cytotoxicity assay 
Cytotoxicity was measured by using a microcul- 

ture tetrazolium assay as described by Carmichael 
et al. (21) with modifications (22). Briefly, 2 × l 0  3 

cells were incubated in each well of 96-well plates 
(Coming 25860, Coming, NY, USA) for 24 h before 
drug addition. Cells were then treated with various 
doses of TAM for up to 48 h. Controls consisted of 
untreated cells. After treatment, the cells were 
grown in drug-free medium for 48 h and then 100 lzg 
of MTT (3-[4,5 dimethylthiazol-2-yl]-2,5-diphenyl 
tetrazolium bromide) was added to each well for 4 
h. The medium was removed by aspiration, and 150 
txL of mineral oil was added to each well to solubilize 
the MTT formazan crystals. The spectrophotomet- 
ric absorbance at 570 nm was determined using a 
scanning multiwell spectrophotometer (EL340, Bio- 
Tek Instruments, Inc., Winooski, VT,), and cell 
surviving fraction and IC5o values were calculated. 

Electron microscopy 
Breast cancer cells treated with TAM and un- 

treated control cells were recovered from cultures 
and fixed in 2% paraformaldehyde and 2.5% glutar- 
aldehyde. The fixed cells were embedded in po- 
lybed 812 and sectioned, stained with uranyl acetate 
and lead citrate, and observed in a JEOL 1200 II 
transmission electron microscope (Japan Electronic 
Optical Ltd., Tokyo, Japan), operating at an accel- 
erating voltage of 60 KV. 

DNA isolation and gel electrophoresis 
Breast cancer cells (4 × 106) were seeded into 

75-cm 2 flasks (Falcon, Becton Dickinson). After 24 
h the cells were treated at 37°C with different doses 
of TAM for varying periods of time. In some exper- 
iments, different inhibitors were added. Cellular 
DNA from each treatment group was isolated from 
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FIG. 1. Tamoxifen (TAM) cytotoxicity in ER(+ ) MCF-7 and E R ( - )  MDA-231 cells. A: Cells treated with different doses of TAM for 
24h. B: Cells treated with 10 ~M TAM for up to 48 h. Cell survival was measured using the MTT assay. Each bar is plotted as the mean 
+ SE of four independent experiments. (*p < 0.05 compared with MCF-7 cells.) 

5 × 10 6 cells. The cells were washed in phosphate- 
buffered saline, and the cell pellet was resuspended 
in 1.0 ml of 0.15 M sodium chloride, 0.015 M so- 
dium citrate, 10 mM EDTA (pH 7.0), containing 1% 
(wt/vol) sodium lauryl sarkosinate, and 0.5 mg/ml 
proteinase K. Proteolytic digestion was allowed to 
proceed at 50°C for 2 h. The DNA was precipitated 
with 2 vol of absolute ethanol, resuspended in 10 
mM Tris-HC1, 1 mM EDTA buffer (pH 8.0), heated 
to 70°C, and loaded onto a 1.6% agarose gel. Pulse 
field electrophoresis was carried out in 40 mM Tris- 
acetate, 1 mM EDTA (pH 8.0), until the marker 
dye had migrated 4-5 cm. The gels were stained 
with ethidium bromide and DNA was visualized un- 
der UV light. 

Measurement of DNA cleavage 
DNA cleavage was measured as described by 

McConkey (23), with minor modifications. Briefly, 
breast cancer cells treated with TAM or untreated 
control cells were gently scraped from cultures and 
centrifuged at 500 g. The pellet was lysed with cold 
lysis buffer (20 mM EDTA, 0.5% Triton X-100, and 
5 mM Tris-HCI, pH 8.3). After 30 min, the cell 
samples were centrifuged at 27,000 g to separate 
intact high-molecular-weight chromatin (pellet) 
from cleaved DNA fragments (supernatant). Diphe- 
nylamine reagent was added to the pellets and su- 
pernatants, and DNA content was determined by 
measuring the absorbance at 260 and 280 nm using 
a Hitachi U-2000 spectrophotometer (Hitachi Inc., 
Danbury, CT, USA). The results are expressed as 
the percentage of cleaved DNA, determined from 
the ratio of the DNA contents of the supernatants 
and pellets. 

Statistics 
All results are expressed as the mean --- SE. Dif- 

ferences between the means of different groups 
were determined using the Wilcoxon rank-sum test. 

RESULTS 

Cytotoxicity of TAM towards MCF-7 and 
MDA-231 cells 

Cell survival curves were determined after treat- 
ment of MCF-7 and MDA-231 cells with different 
concentrations of TAM for 24 h (Fig. 1A). TAM 
induced dose-dependent cytotoxicity in both cell 
lines. The TAM ICs0 values were 8.0 -+ 0.7 ~M in 
MCF-7 cells and 15.2 -- 2.3 txMin MDA-231 cells (p 
< 0.05). MCF-7 cells were somewhat more sensi- 
tive to stimulation at low TAM dose (1 IxM), and 
cytotoxicity at higher TAM doses (/>5 ~M) com- 
pared with MDA-231 cells (Fig. 1A). TAM also in- 
duced time-dependent cytotoxicity in both cell 
lines, and MCF-7 cells were slightly more sensitive 
to TAM (Fig. 1B). 

Morphologic changes Induced by TAM 
Cells were treated with TAM for 24 h and then 

studied using electron microscopy to see if the ob- 
served morphologic changes were typical of apop- 
tosis. Compared with untreated cells, MCF-7 and 
MDA-231 cells treated with TAM exhibited chro- 
matin condensation at the nuclear periphery, and 
reduction in nuclear size (Fig. 2). Other changes 
noted included shrinkage of total cell volume, com- 
paction of cytoplasmic organelles, and dilatation 
and vacuolization of the endoplasmic reticulum. 
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FIG. 2. Morphologic changes in MCF-7 and MDA-231 cells induced by tamoxifen (TAM) for 24 h. The electron micrographs shown 
are representative of the changes observed in four independent experiments. A" MCF-7 cells, control. B: MCF-7 cells treated with 10 FxM 
TAM for 24 h. C: MDA-231 cells, control. D: MDA-231 cells treated with 10 jxM TAM for 24 h. (Sections stained with uranyl acetate 
and lead citrate, x6,000.) 

These morphologic changes are consistent with ap- 
optosis. 

Effects of TAM on DNA cleavage 
DNA was isolated from TAM-treated cells and 

subjected to agarose gel electrophoresis to deter- 
mine whether DNA cleavage typical of apoptosis 
was observed. TAM induced dose-dependent DNA 
cleavage in both cell lines (Fig. 3). This cleavage 
exhibited the characteristic "internucleosomal lad- 
der." Densitometry measurements of the gels (data 
not shown) and quantitative measurement of DNA 
cleavage (Table 1) demonstrated that cleavage oc- 
curred at a lower TAM dose in MCF-7 cells (5 ~M) 
compared with MDA-231 cells (I0 p~M). The dose 
dependence of the TAM-induced DNA cleavage ap- 
peared to correlate with the observed cytotoxicity 
(Fig. 1A). Time course studies also demonstrated 
that TAM-induced DNA cleavage was time depen- 

dent (Fig. 4). Densitometry measurements of the 
gels (data not shown) and quantitative measurement 
of DNA cleavage (Table 2) demonstrated that 10 
txM of TAM induced small but significant amounts 
of DNA cleavage sooner in MCF-7 cells (12 h) com- 
pared with MDA-231 cells (24 h). There was no in- 
crease in DNA cleavage in control cells in culture 
for up to 48 h. 

Effects of inhibition of protein synthesis, inhibition 
of RNA synthesis, and of estrogen on 
DNA cleavage 

In most instances, apoptosis is an active process, 
requiring synthesis of proteins and/or new RNA (8). 
Therefore, the ability of 10 txM TAM to induce 
DNA cleavage was assessed after the addition of 
the protein synthesis inhibitor cycloheximide (0.35 
ixM) or the RNA synthesis inhibitor actinomycin D 
(0.2 IxM). The ability of TAM to induce DNA cleav- 
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FIG. 3. Dose dependence of  tamoxifen (TAM)-induced DNA 
cleavage. MCF-7 and MDA-231 cells were treated with various 
doses of  TAM for 24 h. DNA was isolated and cleavage was 
determined using agarose gel electrophoresis. The results shown 
are typical of the four independent experiments performed. 

age was also assessed after the addition of 1713- 
estradiol (10 txM). These experiments demonstrated 
that TAM-induced DNA cleavage in MCF-7 cells 
was inhibited by cycloheximide, actinomycin D, 
and 17[3-estradiol (Fig. 5, Table 3). However, in 
MDA-231 cells, TAM-induced DNA cleavage was 
inhibited by cycloheximide, and was partially, but 
not significantly, inhibited by actinomycin D. DNA 
cleavage in MDA-231 cells was not inhibited by 
17[3-estradiol. 

DISCUSSION 

TAM induces typical apoptosis in breast cancer 
cells, regardless of the cells' ER status. TAM- 
induced apoptosis is both time and dose dependent, 
occurring earlier and at lower doses in ER(+ ) cells. 
The results of inhibition experiments show that the 
mechanism is somewhat different in ER(+)  cells 
compared with E R ( - )  cells. TAM induction of ap- 
optosis in ER(+)  cells occurs via an ER-mediated 

MCF-7 MDA-231 
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FIG. 4. Time dependence of  TAM-induced DNA cleavage. 
Cells were exposed to 10 ixM TAM for 6-48 h. DNA was isolated 
and cleavage was determined using agarose gel electrophoresis. 
The results shown are typical of the four independent experi- 
ments performed. 

TABLE 1. Dose dependence of  tamoxifen 
(TAM)-induced DNA cleavage (%) in MCF-7 and 

MDA-231 cells a 

TAM (gM) MCF-7 MDA-231 

0 4.8 +-- 0.7 b 4.5 --- 0.5 
1 5 .4  ± 0.6 4.4 --- 0.6 
5 10.5 -+ 1.3 c 5.6 ± 1.3 

10 21.6 ± 1.6 ~ 18.6 +- 1.8 c 
50 26.8 ± 2.3 ¢ 20.6 --- 2.2 ¢ 

a Cells exposed to TAM for 24 h. 
b 2 + SE of six independent experiments. 
c p < 0.01 as compared with control. 

process and requires the synthesis of new protein 
and mRNA. On the other hand, TAM induction of 
apoptosis in ER( - ) cells appears to depend primar- 
ily on protein synthesis. Apoptosis may not be the 
only mechanism of TAM- induced cytotoxicity, be- 
cause 5 txM of TAM caused some cytotoxicity in 
MDA-231 cells (Fig. 1A), yet DNA fragmentation 
was not observed. 

Chemotherapeutic drugs and hormones with 
widely diverse mechanisms of action are capable of 
inducing apoptosis (9-12,15-17). Growth factors 
and cytokines including TGF-[31 (13), and TNF-a 
and IFN-~/(14) have also been shown to trigger ap- 
optosis. Other cytokines  including epidermal 
growth factor, transforming growth factor-a (TGF- 
a), and basic fibroblast growth factor apparently 
inhibit apoptosis (24). The variety of substances 
with differing mechanisms of action that can trigger 
or inhibit morphologic and biochemical changes 
characteristic of apoptosis suggests the presence of 
a final common apoptoic pathway (25). Cells appear 
to possess a damage assessment mechanism, a cell 
cycle progression regulatory mechanism, and a trig- 
ger of apoptosis (26). However, it is unclear pre- 
cisely how drug-tumor interactions result in cell 
death, nor is it known precisely how cells "sense" 
damage (27). 

TABLE 2. Time dependence of  tamoxifen 
(TAM)-induced DNA cleavage (%) in MCF-7 and 

MDA-231 cells ~ 

Time (h) MCF-7 MDA-231 

0 4.8 -+ 0.7 b 4.5 -+ 0.5 
6 5.1 -+ 0.7 5.5 -+ 0.8 

12 8.6 --- 1.1 c 4.8 ± 0.9 
24 21.6 -+ 1.6 a 18.6 ± 1.8 d 
48 36.9 +- 2.2 a 30.6 ± 2.0 d 

a Cells exposed to 10 txM TAM. 
b 2 + SE of  six independent experiments. 
c p < 0.05 as compared with control. 
d p < 0.01 as compared with control. 
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Several genetic changes have been associated 
with apoptosis. Cells with increased expression of 
c-myc are more prone to undergo apoptosis when 
cell cycle progression is blocked (28). Cells with 
increased expression of wild type p53 are also prone 
to undergo apoptosis (29). On the other hand, cells 
with increased expression of bcl-2 appear to be re- 
sistant to undergoing apoptosis (30,31). However, 
in no instance has an essential role for any gene in 
apoptosis in mammals been identified (25). 

Cells that are inhibited from undergoing apopto- 
sis are less sensitive to chemotherapeutic drugs, 
suggesting that prevention of apoptosis may be an 
important drug-resistance mechanism (31). Cells 
that are multidrug resistant (MDR) appear to main- 
tain their sensitivity to TAM (32), and TAM may be 
useful in reversing MDR (22, 32). Whether TAM 
induces apoptosis in MDR cells is currently being 
studied by our laboratory. 

The mechanism of action of TAM is poorly un- 
derstood, but it appears TAM has both ER- and 
non-ER-mediated activity (1-5). Based on this 
study, TAM cytotoxicity in ER(+)  and ER( - ) cells 
is mediated, at least in part, via the induction of 
apoptosis. Type II estrogen binding sites have been 
identified, and may be a pathway through which 
some of the effects of TAM are exerted in E R ( - )  
cells (33). However, in our study the addition of 
estrogen did not inhibit TAM-induced apoptosis in 
E R ( -  ) cells, suggesting that apoptosis in these cells 
is triggered by another mechanism. 

There are little data in the literature on the apo- 

MCF-7 MDA-231 

1 2 3 4 5 1 2 3 4 5  

FIG. 5. Effect of inhibitors on tamoxifen (TAM)-induced DNA 
cleavage. The ability of 10 ~xM TAM to induce DNA cleavage 
was assessed after the addition of various inhibitors. DNA was 
isolated and cleavage was determined using agarose gel electro- 
phoresis. The results shown are typical of the four independent 
experiments performed. (Lane 1: saline control, Lane 2 : t 0  IxM 
TAM, Lane 3: TAM plus 1713-estradiol (10 ~xM), Lane 4: TAM 
plus the RNA synthesis inhibitor actinomycin D (0.2 txM), and 
Lane 5: TAM plus the protein synthesis inhibitor cycloheximide 
(o.35 ~M)). 

TABLE 3. Effect o f  inhibitors on tamoxifen 
(TAM)-induced DNA cleavage (%) 

Treatment group s MCF-7 MDA-231 

Control 4.6 ~ 0.5 b 4,2 +- 0.5 
TAM (10 o~M) 20.3 -+ 1.4 17.3 +- 0.9 
TAM + estradiol (I0 p J r )  6.2 + 0,4 c 19.4 +- 1.3 
TAM + actinomycin D (0.2 ~M) 6.4 --+- 0.6 c 14.9 + 1.2 
TAM + cycloheximide (0.35 ~M) 6.5 - 0.7 c 7.4 -+ 0.U 

a All groups treated for 24 h. 
b ~ + SE of six independent experiments. 
c p < 0.01 as compared with TAM alone. 

ptotic effects of antiestrogens. One study examined 
the effects of 4-hydroxytamoxifen, a TAM metabo- 
lite, on apoptosis in breast cancer cells (34). At the 
dosage used, cytotoxicity and morphologic changes 
characteristic of apoptosis were observed in ER( + ) 
cells, but neither cytotoxicity nor apoptosis oc- 
curred in E R ( - )  cells. We observed cytotoxicity 
and apoptosis with TAM treatment in E R ( -  ) cells, 
but slightly higher dose and/or longer treatment du- 
ration were required compared with ER( + ) cells. A 
recent study showed the antiestrogen drug tore- 
mifene also induced cytotoxicity and the morpho- 
logic changes of apoptosis in ER(+)  cells, but a 
DNA ladder was not observed (35). Using some- 
what different methodology, we observed a typical 
DNA ladder in cells treated with TAM. 

It remains unclear precisely how TAM triggers 
apoptosis in the breast cancer cell lines examined in 
this study. However, because TAM causes a G1/G o 
block (4,5,22), it may be that these cells already 
contain genetic alterations, such as abnormal ex- 
pression of c-myc, which make them prone to un- 
dergo apoptosis in the presence of a cell cycle block 
(28). Alternatively, TAM may cause the release of 
growth factors such as TGF-t31 (36,37), which may 
trigger apoptosis by activation of signal transduc- 
tion pathways and/or by effects on c-myc expres- 
sion (13,38). These are areas that are currently be- 
ing investigated by our laboratory. 

The levels of TAM used in this study are gener- 
ally higher than those measured in the serum of 
patients receiving standard-dose TAM therapy. Pa- 
tients taking 20-80 mg of TAM daily have mean 
serum levels of 0.2- 0.3 ~M (39). Patients treated 
with higher doses of TAM, up to 720 mg per day, 
have serum levels of up to 3.5 ixM (40). However, 
antiestrogen drugs accumulate in tissues at levels 
16-30 times higher than in serum. For example, lev- 
els up to 6.6 ixM have been measured in brain me- 
tastases in patients taking 20-80 mg of TAM per day 
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(39). Thus ,  the c o n c e n t r a t i o n s  of  T A M  used  in  this 

in vi t ro  s tudy  m a y  occur  in cl inical  t umors  t rea ted  
with T A M .  

Apop tos i s  may  r ep re sen t  a c o m m o n  m e c h a n i s m  
w h e r e b y  a var ie ty  of  a n t i t u m o r  t r ea tmen t s  resul t  in 

cell death .  The  par t icu la r  ce l lu lar  target  may  not  be  

so impor t an t ,  bu t  r a the r  ac t iva t ion  of  the apopto t ic  
p a t h w a y  via di rect  i nduc t ion ,  re lease  of inhib i t ion ,  
or  by  signal  t r a n s d u c t i o n  (25) may  be cri t ical  for  

cy to toxic i ty  to occur .  St ra tegies  and  subs t ances  di- 
rec ted  toward  t r iggering apoptos is  may  thus  repre-  
sen t  a nove l  and  p o t e n t i a l l y  usefu l  a p p r o a c h  to 

t rea t ing  cancer .  
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