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ABSTRACT

Programmed Cell Death (PCD) is a highly regulated but not yet fully understood process by which
selective gene expression leads to cell demise. The term apoptosis refers to the typical morphological
changes observed with PCD. In the present study, we investigated the potential role of apoptosis as a
mechanism by which anti-estrogens mediate tumor regression. Estrogen receptor-positive MCF-7
human mammary adenocarcinoma cells were treated with three different estrogen antagonists: RU
58668, ICI 182,780, and 4OH-Tam, in order of increasing potency. At selected time intervals, for up to
seven days of culture, the degree of apoptosis induced by the anti-estrogens was assessed. Apoptotic
cells were scored on the basis of specific morphological criteria disernable by fluorescence microscopy.
It was hypothesised that the more potent the anti-estrogen, the greater the number of apoptotic cells we
would observe. However, only minimal apoptosis was noted even at the highest concentration of anti-
estrogen assayed (10-5 M). This is in contrast to some, but not all, previous reports. Possible
confounding factors are discussed and include the presence of exogenous estrogen in the culture media,
as well as a genetic drift in the clonal lineage of MCF-7 cells such that a resistance to induced apoptosis
had been acquired.

INTRODUCTION

Programmed Cell Death (PCD) is a highly regulated but not yet fully understood process by which selective
gene expression leads to cell demise. Originally, PCD referred only to death occurring during development;
however, this term is now used to designate any genetically mediated, or "programmed," death (1). The term
apoptosis is derived from the Greek language and loosely translates as "the falling of leaves from trees" (2).
The term refers to the typical morphological changes that one observes with PCD; however, these two terms
are used interchangeably in the current literature.

PCD is the means of cell death in a wide variety of physiologic functions. These include remodelling in
embryonic and post-embryonic development, normal tissue turnover, deletion of B and T cell lineages during
negative selection, regression of endocrine-induced growth after the stimulus has ceased (e.g., reversion of



lactating breast), and antibody dependent cell-mediated cytotoxicity (2,3). Apoptosis is seen in all untreated
tumor cells and is inducible by a wide variety of stimuli, including radiation, chemotherapy, heating, and
hormone ablation (3).

Although the mechanism through which PCD acts seems to vary depending on both tissue and provoking
stimulus, the morphological pattern observed follows a classic pattern, which characteristically involves
scattered single cells. Histologically, there is evidence of a loss of cell-to-cell interaction as desmosomal
contacts are broken down and the cell is released from the basement membrane. The cell condenses, the
cytoskeleton is reorganized, and the plasma membrane becomes ruffled, forming blebs (4). At the same time,
the nucleus shrinks and condenses, and the chromatin disperses into patches which tightly adhere to the
nuclear envelope, forming a crescent-like pattern (5). The cell finally fragments into small membrane-bound
condensed cytoplasmic fragments, called apoptotic bodies. Some apoptotic bodies contain DNA while others
do not. These fragments are quickly recognized by neighboring cells and are phagocytosed (6).

It is still not clearly understood how apoptotic cells die, since all the organelles remain intact, except the
endoplasmic reticulum (which dilates and fuses with the plasma membrane) and the nucleus (which
fragments in a typical manner) (7). The DNA is cleaved by an intracellular endonuclease at linker regions
between nucleosomes, leading to segments which are multiples of 180-200 base pairs (8). However, the DNA
fragmentation is unlikely to be the cause of death. There are many cells which survive despite the lack of a
nucleus; for example, both erythrocytes and lens cells are functionally enucleated. Also, bcl-2, a gene which
protects cells from apoptosis, can prevent death even if the cell has progressed to enucleation (9). Perhaps the
reason that the DNA is degraded is not to mediate death, but rather to protect the neighboring cells from
engulfing potentially active genetic material (3).

Another issue which has not yet been fully explored is how the apoptotic bodies, which are encased in an
intact membrane, are recognized for phagocytosis. The rapid phagocytosis which occurs suggests a highly
specific mechanism. Oligosaccharide changes on the surface of the apoptotic bodies have been explored as
the site of specific recognition and it has been suggested that macrophage vitronectin receptor may mediate
this process (10,11). Whatever the mechanism, rapid phagocytosis is critical in preventing inflammation,
which would disrupt and damage the surrounding tissue (7).

The genetic control of PCD is quite complex and by no means fully understood. The genes which are
involved and their protein products seem to vary in different tissues and even in the same tissue when death is
induced by different stimuli. Some genes are essential for PCD and blocking their expression blocks death.
Induction of PCD through expression of these genes is called the "induction mechanism" (5). Both p53 tumor
suppressor gene and c-myc proto-oncogene have been recognized to induce apoptosis through this
mechanism (12-16). Other genes, for example the proto-oncogene bcl-2 and the nematode Caenorbabditis
elegans gene ced-9, protect the cell from death, and blocking their expression provokes death (17-23). This is
called the "release mechanism," since the cell must be primed for death and only needs to be released from
protection (5). Still other genes are up-regulated in PCD, but blockage of their expression does not
necessarily lead to an absence of death; both TRPM-2 and the polyubiquitin gene are such examples (24-26).
However, Delic et al. have shown that antisense blockade of ubiquitin expression inhibits irradiation-induced
apoptosis in T cells; therefore, ubiquitin may also be involved in direct induction of apoptosis (27). A better
understanding of the genetic encoding may lead to breakthroughs in cancer therapy with direct enlistment of
apoptosis and specific tumor cell death. One exciting finding, which has tremendous therapeutic potential, is
the recognition that Apo-1/Fas encodes a cell surface antigen, which when bound with its antibody, induces
apoptosis (28,29). When mice carrying a human B-cell tumor expressing this antigen were treated with a
single injection of anti-Apo-1 antibodies, the tumor was seen to regress in a few days (29).

One-third of all women with metastatic carcinoma of the breast show at least some regression of their tumor
after anti-estrogen therapy. Tumor regression results from either a decrease in proliferation or an increase in



cell death (30). Anti-estrogen therapy is widely believed to be cytostatic, locking the cells in G1 and
effectively reducing proliferation (31,32). Recently, there have been conflicting reports; some suggest that
anti-estrogens exert part of their action by inducing cell death, while others deny any such relation (33).

The present study was designed to further elucidate a potential role for apoptosis in mediating anti-estrogen-
induced breast carcinoma tumor regression. To do so, we treated estrogen receptor positive human mammary
adenocarcinoma (MCF-7) cells with one of the following anti-estrogens: 4OH-Tam, ICI 182,780, or RU
58668. 4OH-Tam is the active metabolite of Tamoxifen, and ICI 182,780 and RU 58668 are more recently
developed anti-estrogens with high specificity toward the estrogen receptor. ICI 182,780 is a more potent
anti-estrogen than 4OH-Tam (34-36), while RU 58668 is even more potent than ICI 182,780 (37,38). The
cells were examined under fluorescent microscopy for the morphological characteristics of apoptosis; the
amount of apoptosis seen was compared to a control group which had not been treated with an anti-estrogen.
We hypothesized that the stronger and more specific the anti-estrogen, the greater the number of apoptotic
cells we would see.

MATERIALS AND METHODS

Tissue Culture

Estrogen receptor-positive MCF-7 cells were obtained from American Type Culture Collection ( Rockville,
MD, USA, Cat-no. HTB22) (39). 4OH-Tam and ICI 182,780 were gifts from Zeneca Pharmaceuticals (UK),
and RU 58668 was a gift from Roussel-Uclaf (France). MCF-7 cells were cultured as monolayers in T-75
plastic tissue culture flask. Cells were routinely maintained in Dulbecco's minimally essential media
(DMEM) without phenol red, supplemented with 10% fetal calf serum, 1% L-glutamine, 3.5 g/l glucose, and
1% penicillin and streptomycin, and incubated at 37 oC in humidified air with 5% CO2. Anti-estrogens, 4OH-
Tam, ICI 182,780, and RU 58668 were dissolved in ethanol and then stored in stock solutions of 10-2 M and
10-5 M at -20 oC.

Five separate trials were conducted. In each trial, MCF-7 cells plated in 35 cm2 dishes one day prior to
experimentation were incubated in 5 ml of media containing one of the three anti-estrogens at concentrations
of 10-10 M, 10-9 M, 10-8 M, 10-7 M and 10-5 M. Also, in each trial, one plate was incubated without the
addition of anti-estrogens, which served as controls. In the subsequent days, the cells were examined under
fluorescence microscopy for the presence of apoptosis. The media were changed every second or third day
and the anti-estrogens were re-administered with every change.

In the first trial, the effects of ICI 182,780 and RU 58668 at concentrations of 10-8 M, 10-9 M, and 10-10 M,
and the effects of 4OH-Tam at concentrations of 10-7 M, 10-8 M, and 10-9 M were investigated for the four
days following the addition of anti-estrogens to the media. In the second trial, the same concentrations of
anti-estrogens were used. However, the duration of this trial, as well as the third and fourth trials, was
extended to seven days. The third and fourth trials investigated the effect of a higher dose of anti-estrogen;
10-5 M of each was used. The third trial also included a plate that had been treated with RU 58668 at a
concentration of 10-8 M. The fifth trial was a double trial as two plates of MCF-7 cells were treated with
either ICI 182,780 or RU 58668, each at a concentration of 10-5 M. This trial lasted five days. Trial design is
summarized in Table 1.

Fluorescence Microscopy

Cells were prepared for microscopy by the addition of 5 µl of a 0.1 mg/ml solution of HOECHST 33342 stain
to each dish. The dishes were then examined under a fluorescent light microscope for the typical nuclear



changes seen with apoptosis. These changes include nuclear condensation, a crescent-like pattern of
chromatin adherent to the nuclear envelope, and the presence of apoptotic bodies (Figs. 1-3). Seven hundred
cells were examined and the percentage of cells which were apoptotic was calculated. When less than one
apoptotic cell was seen per two high powered fields (there were approximately 50 cells per high powered
field), apoptosis was assumed to be less than 2%. Fluorescence microscopy was also used to examine for
mycoplasm infection.

RESULTS

The MCF-7 cells were treated with 4OH-Tam, ICI 182,780, or with RU 58668. The cells which were treated
with ICI 182,780 or with RU 58668 were, at first, treated at concentrations of 10-8 M, 10-9 M, or 10-10 M.
The effect of 4OH-Tam was examined at concentrations of 10-7 M, 10-8 M, and 10-9 M ( Table 1). In the first
four days following treatment, the amount of apoptosis seen was always less than 2%, and this was so at all
anti-estrogen concentrations tested. Although in previous studies apoptosis has been observed within four
days of anti-estrogen treatment (30,40,41), we postulated that apoptosis might be induced to detectable levels
in our system should the anti-estrogens be given more time to exert their action. The study was therefore
extended to seven days, and on the sixth and seventh day following treatment slightly more apoptosis was
seen; however, apoptosis did not exceed 13%, even at the highest concentration of the most potent drug used
(10-7 M, RU 58668). The fact that this finding did not reach statistical significance contrasts markedly with
the reports of Wärri et al., Bardon et al., and Kyprianou et al., where up to 60%, 62%, and 55.9% apoptosis
was recorded, respectively (30,40,41).

The above concentrations should have sufficed, since they have all been shown to be effective at
concentrations lower than those used (34,35,38,41). Nonetheless, a higher dose of 10-5 M was then examined.
Even with this high load of anti-estrogens, the amount of apoptosis induced was still not impressive. In fact,
each of the three anti-estrogens were seen, at some point, to induce even slightly less apoptosis than the
controls. Also, the percentage of apoptotic cells seen at this concentration never surpassed 10%.

Only a modest percentage of estrogen-responsive MCF-7 human mammary adenocarcinoma cells exhibited
apoptosis when treated with 4OH-Tam at concentrations of 10-5 M, 10-7 M, 10-8 M, or 10-9 M, or when
treated with ICI 182,780 or RU 58668 at concentrations of 10-5 M, 10-8 M, 10-9 M, or 10-10 M. No
significant trend was seen for the more potent anti-estrogens to induce a greater amount of apoptosis.

DISCUSSION

The ability of anti-estrogen therapy to generate apoptosis in mammary carcinoma remains somewhat of a
mystery. Some studies have shown that apoptosis may play an important role in tumor regression, while other
studies have been unable to record significant increases in apoptosis after anti-estrogen treatment. In this
study, MCF-7 cells treated with anti-estrogens were cultured in media supplemented with fetal calf serum
which is known to contain variable amounts of estrogens (42). Whether our inability to detect apoptosis in the
MCF-7 cells relates to the inability of the anti-estrogens (even at concentrations as high as 10-5 M) to
overcome the protective effects of exogenous estrogen, or relates to the finding that anti-estrogens do not
induce apoptosis in the cells tested, demands further investigation. In studies where apoptosis was seen
following estrogen deprivation or estrogen antagonist therapy, including the investigations conducted by
Bardon et al. (41), Kyprianou et al. (30), and Wärri et al. (40), complete estrogen withdrawal was
accomplished either by ovariectomy in vivo or by dextran-charcoal treatment in vitro. When estrogens were
not removed from the culture medium or tumor-bearing animal prior to anti-estrogen treatment, as in the
experiments conducted by Huovinen et al.(43), only minimal amounts of apoptosis were seen. In contrast to
this, Wärri et al. observed, in the presence of 10-9 M estradiol, approximately 30% apoptosis after treatment



with the anti-estrogen Toremifene. However, this was still a large reduction from the 60% apoptosis they
observed if Toremifene was administered in the absence of estrogens (40). Also, a recent study by Wilson et
al. failed to induce significant apoptosis when MCF-7 cells were treated with anti-estrogen ICI 182,780 in an
estrogen-depleted culture medium (33); however, these cells were grown for 48 hours in a medium which
contained fetal calf serum (FCS), and therefore estrogens (42), prior to being switched to an estrogen-free
medium. This may have conferred resistance to apoptosis as MCF-7 cells, when pre-treated with 17ß-
estradiol, have been seen to develop resistance to apoptosis (44,45). It has even been proposed that the reason
Osborne et al. (31) and Sutherland et al. (32) observed only a cytostatic effect, without any cytotoxicity, after
estrogen withdrawal was because these studies were conducted in the presence of phenol red (30), which has
been reported to have weak estrogenic properties (46).

Why would estrogens reduce the amount of apoptosis induced by anti-estrogen therapy? The obvious answer
is that they simply compete for the estrogen receptors (ER). However, even when anti-estrogens have been
effective in reducing proliferation, the number of apoptotic cells seen has not always been significant
(33,43,47). The presence of estrogen has also been shown to confer resistance to apoptosis when treated with
doxorubicin (45), an agent which does not exert its action through the ER. Therefore, the mechanism must be
more complex. Two recent studies have established that estrogens increase the expression of bcl-2 (44,45),
which, as mentioned earlier, blocks apoptosis. This may contribute to PCD resistance, but other mechanisms
are probably also at play since the increased expression of bcl-2 may, in fact, be ER mediated and blocked by
anti-estrogen treatment (44,45).

The presence of estrogen cannot be found in all studies that fail to observe apoptosis. In an experiment by
Kristensen et al., ZR75-1 human breast cancer xenografts did not demonstrate significant apoptosis after
complete estrogen withdrawal in ovariectomized mice (47). Another possible explanation is that some cells
lines may be inherently resistant. However, in the experiment by Wärri et al., which succeeded in inducing
apoptosis, ZR75-1 xenografts were also used (40). Also, the induction of apoptosis has been inconsistent in
studies utilizing the MCF-7 cell line (30,33,40,41). As previously suggested (33), this may be because, even
within the same cell line, clonal resistance may exist. Osborne et al. studied four MCF-7 cell clones obtained
from four different laboratories. They found that not only did the different clones have different biological
properties, including varying amounts of estrogen receptors, but the proliferation of one cell clone was
unaffected by either estrogen or anti-estrogen treatment (48).

It remains unclear why the ability of anti-estrogen therapy to cause apoptosis has been extremely variable. It
also remains unclear whether anti-estrogen-dependent tumor regression is mediated by apoptosis in women
treated for breast cancer. Currently, estrogen antagonists are used as an alternative to ovariectomy, and not in
conjunction with ovariectomy. Therefore, patients who are being treated with estrogen antagonists are not
being treated in the absence of estrogen. Does this preclude the enlistment of apoptosis, and if so, are there
measures which can be instituted that might oppose this estrogen dependent protection? The study of anti-
estrogen induced apoptosis is young and further investigation is necessary before these, as well and many
other questions, can be resolved.
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