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Abstract

Tamoxifen citrate (TAM) has been used to treat breast cancer in women for many years. The com-
parative effects of TAM in inducing apoptosis were evaluated in estrogen receptor-positive (ER-
positive MCF-7) and estrogen receptor-negative (ER-negative MDA-MB-231) human breast cancer
cell lines in vitro in order to determine if these two cell lines differ in their sensitivity to TAM. Mi-
tochondrial membrane permeability potential disruption was assessed in both cell lines by a li-
pophilic cationic dye (DePsipher assay, Trevigen, Inc.) utilizing fluorescence microscopy. Using
this specific fluorochrome, we were able to associate mitochondrial membrane disruption to early,
mid-, and late apoptotic cells. TAM induced cell death via apoptosis in both ER-positive and ER-
negative cells, however, apoptosis induction was more pronounced in ER-positive MCF-7 com-
pared to ER-negative MDA-MB-231 breast cancer cells. These findings may have some therapeutic
use in the treatment of estrogen dependent and estrogen independent breast cancer.
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1. Introduction

Breast cancer is one of the leading causes of cancer-related deaths in human females, claiming 40,000 lives in
2013 alone [1]. In order to treat breast cancer, researchers have approached the disease from many different an-
gles, including surgery, radiation, hormone therapy and chemotherapy. Tamoxifen (TAM) is one of these anti-
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estrogen hormones approved by the Food and Drug Administration (FDA) in 1977 to treat advanced and early
stages of breast cancer [2]-[4]. TAM functions as an antagonist of the estrogen receptors of ER-positive (ERa+)
breast cancer cells, leading to cell death via apoptosis, and thus lowering the risk of abnormal cell proliferation
in the breast [5] [6]. TAM is a Selective Estrogen Receptor Modulator, also known as a SERM [7] [8]. SERMs
function by binding to Estrogen Receptor-alpha (ERa+), resulting in conformational changes in the receptor’s
structure [5] [6]. By competitively inhibiting the estrogen binding site, the cell is deprived of needed estrogen
and does not proliferate as quickly [9]. Apoptosis occurs as a result of decreased proliferation in which cells ac-
cumulate in the Gy and G; phases of cell division [10] [11]. TAM, however, is more effective in inducing apop-
tosis in ERa+ breast cancer cells compared to ERa-cells [12] [13]. In vitro studies have found that TAM acts as
both a cytostatic and cytotoxic inhibitor of cell proliferation in breast and non-breast cancer cells [14] [15]. The
ATR-ATM-TP53 pathway, in which the proteins ATR and ATM function, however, was not found to play a
significant role in the Tamoxifen-induced apoptosis of ERa+ cells [16].

While TAM acts as an estrogen inhibitor in breast cancer cells, it functions as estrogen in other parts of the
body such as the uterus and bones, increasing the risk of developing cancer in these and other organs. When first
released, Tamoxifen was a risk-classified drug, meaning the Food and Drug Administration (FDA) had deter-
mined it to be used only as a therapy for patients with advanced breast cancer [2]. Raloxifene, another SERM
which has less side effects and works as well as TAM, was approved by the FDA for women who have an in-
creased risk of developing breast cancer to mitigate TAM’s toxic effects [17]-[19]. Studies involving TAM and
Raloxifene alone and in combination in mice and in human females found anti-breast cancer effects in both
drugs, although TAM was found to reduce the breast cancer risk more [20] [21]. Despite its associated risks, in-
cluding uterine cancer and blood clotting, Tamoxifen remains the most widely used anti-estrogen chemothera-
peutic drug for treating human breast cancer [3].

In this investigation, we studied two widely used human breast cancer cell lines, namely estrogen-positive
MCF-7 and estrogen-negative MDA-MB-231, to evaluate if these two cell lines differ in their sensitivity to
TAM in vitro. Both cell lines are invasive breast ductal carcinoma and grow as adherent cells. The generation
time for MCF-7 is longer than that of MDA-MB-231 and MCF-7 grows in clustered clumps (luminal epithelium
phenotype) compared to MDA-MB-231, which grows as flattened epithelial layers. While MCF-7 is an estrogen
receptor-positive cell line, MDA-MB-231 lacks both estrogen and progesterone receptors, and contains a mu-
tated form of the P53 tumor suppressor gene [22]. Earlier studies involving these two human breast cancer cell
lines have shown enhanced sensitivity of estrogen receptor-positive MCF-7 cancer cells to TAM compared to
the estrogen receptor-negative MDA-MB-231 cells [12] [13]. However, the difference in their cytotoxic sensi-
tivity measured through TAM-induced programmed cell death, or apoptosis, is not firmly established. The pur-
pose of this study was to investigate the cytotoxic sensitivity of ER-positive MCF-7 and ER-negative MDA-
MB-231 breast cancer cells exposed to different concentrations of TAM using a fluorescence-based assay to de-
termine the functional status of mitochondria. Since mitochondria are generally known to be associated with
early stages of apoptosis, in the present investigation we used a cationic dye purchased from Trevigen, Inc.
(Gaithersburg, MD) to evaluate the status of mitochondrial membrane potential in healthy and apoptotic cells
under a fluorescence microscope [23]. Our results revealed that ERa+ MCF-7 cells were statistically more sen-
sitive to TAM treatment compared to ERa-MDA-MB-231 cells as evidenced from collated data obtained by
enumerating early, mid- and late apoptotic cells. This difference, however, was more pronounced at the lower
concentration (2.5 pg/mL). Although TAM-induced programmed cell death pointed towards a dose and time
dependence, the differences, however, were not uniformly significant in this mitochondrial based assay.

2. Materials and Methods

2.1. Cells and Cell Culture

ER-positive MCF-7 and ER-negative MDA-MB-231 cells were provided by Dr. Robert Kurt, Department of Bi-
ology, Lafayette College (Easton, PA., USA). Cells were cultured in 25 cm? tissue culture flasks (VWR Scien-
tific, Bridgeport, NJ) in 4 mL Dulbecco’s Modified Eagle’s (DME) medium supplemented with 10% Fetal Bo-
vine Serum (DME-10) and 0.8% penicillin and streptomycin (Gibco, Grand Island, NY) in a 37°C humidified
incubator with 7.5% CO, in air.

2.2. Cell Culture Preparation for Epiflourescence Microscopy
Tamoxifen citrate (TAM) was purchased from Sigma Chemical Co. (St. Louis, MO., USA). The stock solution
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was prepared by dissolving 10 mg of TAM in 0.1 mL of dimethyl sulfoxide (DMSO; Sigma Chemical Co; St.
Louis, MO) then suspended in 10 mL of deionized water to a concentration of 1 mg/mL. Approximately
100,000 cells/mL were seeded on sterile cover slips and placed in 35 mm petri plates containing 2 mL of
DME-10 medium and 2.5 or 5 pg/mL TAM. Cells were counted using a hemacytometer and trypan blue exclu-
sion assay. The control groups received a similar amount of sterilized deionized water containing the appropriate
amount of DMSO without the TAM. The petri plates were placed in a humidified incubator of 7.5% CO, in air.
Both stocks (TAM and control) were stored at —20 degrees C. The experiment was repeated three to four times
for each control and treatment group.

2.3. Mitochondrial Transmembrane Potential Disruption Detection

Mitochondrial membrane potential breakdown was detected using a DePsipher assay kit containing a lipophilic
cationic stain (Trevigen, Inc., Gaithersburg, MD, USA). Slides were prepared following Trevigen’s protocol. In
healthy cells where mitochondrial membrane potential is active, the dye readily enters and aggregates in the
transmembrane and fluoresces red/orange. In dying and dead cells, where mitochondrial membrane potential has
collapsed, the DePsipher dye cannot accumulate within the mitochondria. The stain retains its green monomeric
form and cells fluoresce green [24]. Both apoptotic and healthy cells in treated and untreated samples were clas-
sified on the basis of fluorescing color under a Nikon Eclipse E800 confocal/epifluorescence microscope using
DAPI-FITC-TRITC wide band-pass filter. Cells were designated live, dying, or dead based on their fluorescence
color. The latter two cell types were scored as being apoptotic. At least 1500 cells were counted randomly for
each treatment and duration.

2.4. Data Analysis

Data were analyzed using a two-tailed unequal variance Student’s T-Test and F-Test [25]. All statistics and
graphs were calculated and constructed using Microsoft Excel 2007.

3. Results

Mitochondrial membrane potential disruption assay detected significantly more TAM-induced apoptosis in both
MCEF-7 estrogen receptor-positive and MDA-MB-231 estrogen receptor-negative breast cancer cells relative to
untreated cells in both 2.5 and 5 pg/mL concentrations at all three treatment durations (Table 1). Cell death via
apoptosis was identified using a lipophilic cationic dye present in the DePsipher assay kit purchased from Tre-
vigen, Inc. The apoptotic cells were distinguished on the basis of color emitted both from cells and mitochondria
under an epifluorescence microscope. For example, in cells where mitochondrial membrane potential is active,
the mitochondria fluoresced an orange-red color (Figures 1(A)-(F)), and cells where mitochondrial potential is
disrupted the cells and mitochondria appeared green (Figure 1(B), Figure 1(C), Figure 1(E), Figure 1(F)). At
mid-apoptotic stage, the cells and mitochondria emitted both green and red-orange (Figure 1(B)). Untreated
cells for both breast cancer cell lines, irrespective of time, remained more or less similar in viability, ranging
from 92% to 97%. TAM significantly increased programmed cell death in MCF-7 compared to MDA-MB-231
(Table 1). This difference was found to be consistently significant in Student’s T-test (p < 0.05) at 2.5 png/mL at
all treatment durations (Figure 2). At 5 ug/mL, the difference was significant at the 48 and 72 hours treatment
periods (Table 1).

Although the mitochondrial membrane potential breakdown in response to TAM showed an increasing trend
in a concentration and time dependant manner, the differences were not significant at all points (Table 1). The
results obtained at each interval are also summarized in graphical form in Figure 2.

4. Discussion

Tamoxifen (TAM), a Selective Estrogen Receptor Modulator (SERM) is the most widely used anti-breast cancer
drug in humans [26]. It was first used as an anti-estrogenic drug to treat estrogen receptor-positive breast cancer
[5] [7]. By blocking estrogen receptors, TAM arrests cells in the G; phase and induces cell death via apoptotic
pathways [5] [7] [27]. Subsequent studies have revealed that TAM can also inhibit cell proliferation and induce
apoptosis in certain estrogen receptor-negative breast cancer cells through inhibition of protein kinase C and via
the caspase-3 and JNK1 pathways [10] [26]. Since information on TAM-induced apoptosis in ER-negative
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Figure 1. Epifluorescence photomicrographs of MDA-MB-231 (A-C) and MCF-7 (D-F) breast cancer cells treated with
TAM. Micrographs show scale bar in microns. (A) and (D) are untreated MDA-MB-231 and MCF-7 showing orange/red
mitochondria and cells. (B) (2.5 pg/mL) and (C) (5 ng/mL) TAM treated MDA-MB-231 cells showing a few green patches
or apoptotic cells (arrows). (B) shows two giant cells at mid-apoptotic stage (red/orange/green mitochondria). Late apoptotic
stages are visible in treated MCF-7 cells: (E) 2.5 pg/mL and (F) 5 pg/mL.

Table 1. Apoptosis induction in MCF-7 and MDA-MB-231 cells exposed to two Tamoxifen concentrations.

MCF-7 MDA-MB-231
% Apoptotic Cells % Apoptotic Cells
Control 5 pug/mL Control 2.5 pg/mL Hours Control 5 pg/mL Control 2.5 pg/mL

298+13 1953+1.95A 7.84+119 23.54 +3.99 24 795+151 1542+1270 454+267 856+1.03®
599+149 3943+3.35  376+053 32.01+4.14 48 481+0.93 19.04+3.91 1+0.03 9.72+2.96"
7.91+089 4541+7.64'® 435+107 2522+167°® 72 7.02+220 20.67+9.45 1124025 11.31+1.86

Apoptotic percentages were calculated by counting both dead (green) and dying cells (orange/red/green) together. Estrogen receptor-positive MCF-7
cells were more sensitive to TAM compared to estrogen receptor-negative MDA-MB-231 at each concentration and time point. Apoptotic percentages
that were significantly different between the two cell lines were identified with the star symbol (). Significant difference in programmed cell death
resulted from the higher and lower concentration treatments were denoted with phi (@) symbol. Time dependence was indicated by the delta (A)
symbol for significance between 24 and 48 hours and between 24 and 72 hours. Time dependence was only observed in MCF-7 cells at 5T concentra-
tion. Symbol + represents standard error of the mean.
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Figure 2. Comparison of apoptosis induction between MCF-7 and MDA-MB-231 (M231) breast cancer cells at different
TAM concentrations. At each concentration and time point MCF-7 cells showed more apoptosis induction than MDA-
MB-231 cells. Apoptotic cell percentages that are significantly different are identified with the symbol”. Significant treat-
ment differences between 5T and 2.5T concentrations are noted with the ¢. Time dependence is indicated by A for signific-
ance between 24 and 48 hours and between 24 and 72 hours + represents standard error of the mean.

breast cancer cells via different pathways is limited, further studies on the mechanisms of apoptosis induction in
ER+ and ER— breast cancer cells are warranted. Mitochondrial function determination was one of the pathways
used in this investigation for detection of apoptosis induction. Mitochondrial membrane potential disruption is
considered an early event in the apoptotic pathway in many cell systems, although it may not be universal [23]
[28].

In this study, we explored the existence of a possible sensitivity difference between estrogen dependent
(MCF-7+) and estrogen independent (MDA-MB-231-) human breast cancer cell lines to Tamoxifen citrate
(TAM) in vitro utilizing a mitochondrial membrane potential disruption assay. We used an epifluorescence mi-
croscope to identify apoptotically-induced dying and dead cells. It is known that apoptosis induction in response
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to many toxic chemicals is mediated via the formation of mitochondrial membrane pores, resulting in the dis-
ruption of the mitochondrial membrane potential [23]. The lipophilic stain (DePsipher) used in this study was
sensitive to membrane disruption detection allowing visual distinction of dying, dead, and live cells.

Cell death via apoptosis occurred irrespective of the presence or absence of estrogen receptors in these two
breast cancer cell lines. TAM induced significantly more programmed cell death at both 2.5 and 5 pg/mL con-
centrations at all three treatment durations compared to their respective untreated controls. Between the two cell
lines, however, ER+ MCF-7 cells exhibited more sensitivity to TAM’s cytotoxic effects when compared to es-
trogen-independent MDA-MB-231 cells, and this difference was statistically significant at most data points.
McFadden and Majumdar reported similar sensitivity difference in these two cell lines exposed to different con-
centrations of TAM on cell proliferation, viability and clonability [13]. Our findings are also in agreement with
an earlier study where TAM elicited more apoptosis in estrogen receptor-positive MCF-7 breast cancer cells
compared to estrogen independent MDA-MB-231 cells [29].

TAM induces apoptosis via the release of the mitochondrial cytochrome c, a decrease of mitochondrial mem-
brane potential, and an increase in production of reactive oxygen species (ROS) [30]-[32]. An increase in ROS
can cause caspase activation. This involves the release of cytochrome ¢ from the mitochondria, which forms an
apoptosome complex activating procaspase 9 leading to mitochondrial apoptosis [6]. Release of cytochrome ¢ is
facilitated by mitochondrial permeability transition, which occurs when the electrochemical gradient across the
mitochondrial membrane collapses. This collapse takes place through the formation of channels or pores in the
mitochondrial membrane. Acute TAM toxicity was weakened when MCF-7 cells were treated with bongkrekic
acid, an inhibitor of mitochondrial membrane permeability transition process [33].

In this study, programmed cell death differences as a result of TAM exposure might be due to genetic differ-
ences between the two cell lines. The MCF-7 breast cancer cells are ER-positive with low expression of HER2
receptors, while MDA-MB-231 breast cancer cells are triple negative, lacking receptors for both estrogen and
progesterone and containing a mutated form of the P53 tumor suppressor gene [22] [33]-[36]. Table 1 shows
that a smaller dose of TAM was sufficient to induce apoptosis in ER-positive MCF-7 cells to a greater number
compared to ER-negative MDA-MB-231 which would have required a substantially increased dose of the drug
to reach a smilar value. It is known that TAM-induced apoptosis in certain ER-negative breast cancer is ER-in-
dependent, and it is accomplished through the activation of certain caspase proteases and inhibition of protein
kinase C [10] [11] [26]. Kallio et al. have shown that MCF-7 and MDA-MB-231cells undergo apoptosis as a
non-specific, non-genomic response to TAM [33].

The present study has shown that breast cancer cells are sensitive to TAM; however, previous studies have
noted that TAM cytotoxicity can occur in normal cells and that the drug can cause cellular transformation lead-
ing to cancer initiation [37] [38]. TAM’s specific apoptotic pathway raises questions about its effects on the me-
tabolic profile of breast cancer cell lines. A recent study has shown that untreated triple-negative breast cancer
cells already exhibited a compromised mitochondrial electron transport chain pathway and were more dependent
on glycolysis than other breast cancer cells such as MCF-7. Additionally, untreated MDA-MB-231 cells main-
tain a higher mitochondrial transmembrane potential than MCF-7 cells [39]. Therefore, any detailed comparison
of mitochondrial activities affected by treatment of TAM is a subject of future investigation.

Even though apoptosis increased in both a time and concentration dependent manner in each cell line, the dif-
ferences were not uniformly significant in this mitochondrial assay system. Additional studies are required to
resolve this issue. In conclusion, this investigation, utilizing a mitochondrial membrane potential disruption as-
say, demonstrated that TAM induced apoptosis in both estrogen receptor-positive MCF-7 and estrogen recep-
tor-negative MDA-MB-231 breast cancer cells. Apoptosis induction, however, was more pronounced in the es-
trogen dependant MCF-7cell line, which was found to be statistically different from the estrogen independent
MDA-MB-231 cell line.
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