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Tamoxifen, an antiestrogen used to battle breast cancers that express estrogen 

receptors and progesterone receptors, induces growth arrest and active cell 
·' 

death in breast cancer cells. However, the clinical benefit of tamoxifen is limited 

by the emergence of tamoxifen resistance, increased risk of endometrial cancer, 

and cardiovascular complications. Therapies that. target the progesterone 

receptor in combination with tamoxifen may provide an alternative approach for 

breast cancer treatment. Studies show that the antiprogestin mifepristone (MIF) 

enhances tamoxifen's efficacy in in vitro and in vivo models of breast cancer; 

however, the biochemical regulation of cell death in response to these hormonal 

therapies is not well characterized. The purpose of this research is to· define the 

death-inducing actions of MIF, used as a monotherapy and in combination with 

tamoxifen, with a specific focus on the role of Bcl-2 and caspase activation in the 

death. process. The data suggest -(a) MIF effectively inhibits the growth of 

antiestrogen-resistant breast cancer cells, (b) MIF and tamoxifen elicit 

independent, caspase-mediated pathways of cell death, and (c) Bcl-2 appears to 

play a prominent role ·in regulating the growth inhibitory effects of MIF. 
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INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

. Breast 9aricer is the most prevalen~ -~on-skin cancer in females, affecting 

1 in 8 women, and the second leading cause of cancer deaths in women. A 

common treatment for breast cancer is the daily, oral administration of tamoxifen, 

an antiestrogen with cytostatic_ and pro~apoptotic action.- · However, tamoxifen 

resistance, the increased risk of endometrial cancer, and cardiovascular 

complications limit the clinical benefit of this antiestrogen. Therapies that target 

the progesterone receptor with antiprogestins such as mifepristone (MIF) may 

provide an alternative approach for breast cancer treatment. These studies 

analyze the role of Bcl-2 and caspase proteins in active cell death induced by 4-

hydroxytamoxifen (4-0HT) and/or MIF in estrogen receptor (ER)-expressing and 

progesterone receptor (PR)-expressing breast cancer epithelial cells. 

B. REVIEW OF RELATED LITERATURE 

Development of the breast 

The breast is a complex organ composed of many cell types, including 

epithelium, myoepithelium, fibroblasts, and adipocytes. Its development begins 

1 
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during the sixth week after fertilization when mammary buds invaginate from the 

epidermis of. the mammary ridges into the underlying mesenchymal tissue. At 

the twelfth week of development, secondary buds form. Subsequently, placental 

sex hormones induce the canalization of the mammary buds, thus forming the 

lactiferous ducts and some secondary branches. At birth, male and female 

breasts are identical. Postnatal development is under the direct control of 

hormones (see below). Therefore, the rise in the levels of circulating estrogen in 

females at puberty induces additional proliferation and development of the ductile 

system and the deposition of fat. In addition, the cyclic fluctuation in hormone 

·levels during the female menstrual cycle induces periods of proliferation and 

. regression of the ductal system from menarche to menopause. However, the 

mammary gland does not reach full maturity until secretory lobuloalveoli develop 

under the influence of hormones during pregnancy. During this final phase of 

development, the epithelium in the alveolar component differentiates to produce 

and secrete a lipid-rich proteinaceous fluid (milk) via an apocrine process. When 

lactation ceases, the acini involute and are replaced primarily with adipose tissue 

(Moore and Persaud, 1998). 

Histology of the mature female breast · 

Both structurally and functionally, the post-pubertal breast can be divided 

into two distinct compartments: the stroma and the parenchyma. The stroma is 

the connective tissue component of the breast that is composed of adipocytes, 
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fibroblasts, collagen fibers, and elastin fibers. The parenchyma is embedded 

within the stroma and comprises the secretory component of the breast, i.e., the 

mammary gland. The mammary gland consists of 12-25 lobes, each having a 

main ·lactiferous duct that opens to the nipple. Repeated branching of the ducts 

from the lactiferous duct and eventual. termination in alveoli gives rise to 

numerous lobules. The lobule is surrounded by an intralobular stroma that is 

highly vascularized and consists of a looser fibrocollagenous connective tissue. 

Several lobules arising from the same major branch of the lactiferous duct 

comprise a lobe, which is separated from other lobes by a stroma containing 

more dense, less vascularized fibrocollagenous septa. The ductal system is 

lined with a continuous. layer of epithelium and a deeper discontinuous layer of 

contractile myoepithelium. 

Estrogens, progestins, and cell growth 

The growth and development of breast and uterine tissues are greatly 

influenced by female sex steroid hormones; and therefore a discussion of their 

synthesis, cycling levels, and effects on cellular physiology is warranted. The 

first step in the synthesis of steroid hormones is the enzymatic cleavage of the 

side chain of cholesterol by the enzyme cytochrome . P450 side chain cleavage . 

enzyme to produce pregnenolone. This reaction occurs on the matrix side of the 

inner mitochondrial membrane. Pregnenolone may then be converted to 

. progesterone by mitochondrial or microsomal forms of the enzyme 3~ 
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hydroxysteroid dehydrogenase in the mitochondria or cytosol, respectively. 

Alternatively, pregnenolone· is metabolized by microsomal cytochrome P450 

17a/17,· 20 lyase. This enzyme, derived from a single gene, carries out two 

reactions first converting pregnenolone to 17 -hydroxypregnenolone and then to 

dehydroepiandrosterone, a precursor of androgens. According to the "two cell 

theory of estrogen synthesis", androgens produced in thecal cells diffuse into 

nearby granulosa cells where they are aromatized by cytochrome P450 

aromatase into estrogens. As discussed below, inhibiting aromatase activity is 

one approach currently being investigated for breast cancer therapy. Three 

estrogens are present in the circulation of ·women: 17~-estradiol (often 

abbreviated E2), estrone, and estriol. Estradiol is the most estrogenic, being 

approximately 12-fold more potent than estrone and approximately 80-fold more 

potent than estriol. Extraovarian production of estrogens occurs by aromatization 
'• 

of androgens in muscle (Matsumine, et al., 1986), adipose (Mil,ler, 1991 ), and 

nervous tissue (Naftolin et al., 1975), as well as Leydig cells (Brodie and Inkster, 

1993) in men. Two progestins, progesterone and 17~-hydroxyprogesterone, are 

present in the female circulation.· Because it has much higher circulating levels, 

progesterone is the major progestin. 

The plasma levels of sex steroid hormones fluctuate during the menstrual 

cycle. In humans this cycle lasts an average of 28 days. The first five days are 

the menstrual phase (shedding and discharge of the endometrial lining), days six 

through 13 are the follicular/proliferative phase (development of the ovum within 
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a follicle and regeneration of the endometrial lining), day. 14 is the ovulatory 

phase (release of a matured ovum), and days 15-28 are the luteal/secretory 

phase (secretion of estrogens and progestins by the corpus luteum, which in the 

absence of implantation will degenerate). During.this cycle estrogen levels peak 

twice-once during the follicular phase and again during the luteal phase. For 

most of the pre-ovulatory phases (menstrual and follicular/proliferative) of the 

ovarian cycle, a large majority of the progesterone produced in the ovaries is 

converted into estrogens by granulosa cells; and therefore only negligible levels 

are detected within the peripheral circulation during this phase. However, during 

the luteal phase of the ovarian cycle progesterone synthesis increases; and a 

significant amount of progesterone escapes the ovaries before being converted 

into estrogens. Both estrogens and progestins are transported in the blood 

loosely associated to hormone-binding globulins until they reach their target 

tissues (Guyton, 2000.) 

Because estrogen and progesterone freely circulate to all tissues via the 

vascular supply but only a few tissues respond, it was proposed that target 

tissues expressed receptors for these hormones. Experimental evidence 

supporting the existence of receptors for estrogen was first provided by Jansen 

and Jacobson (1962) who injected radioactive estradiol into immature female rats 

and observed that the radioactive ligand was sequestered in specific tissues 

within 24 hours. In addition, radiolabeled ligands localized in the nucleus 
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suggesting a link between transcriptional control and cellular physiology (Jensen 

et al., 1966). 

Studies such as those described above and s~bsequent work in the 

steroid hormone receptor field has led to the identification, isolation, and cloning 

of many steroid hormone receptors. This receptor family belongs to the broader 

nuclear receptor superfamily, and includes the glucocorticoid (cortisone) 

receptor, mineralocorticoid (aldosterone) receptor, androgen (testosterone) 

receptor, two estrogen receptors (ER), and two isoforms (A and B) of the 

progesterone receptor (PR). All receptors belonging to this family share similar 

structural homology, which can be represented as 6 structural domains (Figure 

1 ). The N-terminal region (AlB) is highly variable ranging in length from less than 

50 to over 500 amino acids. The most conserved region is the DNA binding 

domain (C). This domain contains a P-box motif that is important for hetero- and 

homodimerization, and two zinc-finger domains that are necessary for tethering 

the receptor to DNA. The next domain is a flexible hinge region (D). The D 

region contains the nuclear localization signal which may overlap the DNA 

binding domain. The ligand-binding domain (E) has a conserved secondary 

structure consisting of 12 a-helices. As the name suggests, this domain is 

responsible for· binding of ligand and also provides a strong dimerization 

interface. The ligand binding domain of some receptors may contain a secondary 

nuclear localization signal and sometimes has a repressive function. The C-



Figure 1: Structure of ER alpha, a representative of the steroid 
receptor family. _Other members of the steroid receptor family include 
glucocorticoid (cortisone) . receptor, mineralocorticoid (aldosterone) 
receptor, androgen (testosterone) receptor, two estrogen receptors (a 
and {3), and two isoforms (A and B) of the progesterone receptor. The 
steroid receptor family is part of a broader class- of receptors all 
belonging to the nuclear receptor family. AF, active function domain; 
DBD, DNA-binding domain; and HBD, hormone-bi'!ding domain. 
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terminal domain (F)· is highly variable. To date, no conserved structure or 

function of this domain has been identified (Robinson-Rechavi et al., 2003). 

The recepto.rs for estrogen and progesterone have particular significance 

in breast cancer. Two receptors for estrogen, ERa and ER~, have been 

identified (Green et al., 1986; Greene et al., 1986; Kuiper et al., 1996; 

Mosselman et al., 1996). Only one gene for the PR has been identified; 

however, two isoforms of the receptor, PR-A (94 kDa) and PR-B (114 kDa), have 

been described (Lessey et al., 1983.) Due to an alternative start site, PR-A lacks 

164 N-terminal amino acids that are present in the PR-B isoform (Kastner et al., 

1990; Gronemeyer, 1991 ). Studies show that in most cellular contexts ·PR-8 is 

the major activator of progesterone-response genes and that PR-A is 

predominantly a repressor of PR-B activity. In addition, PR-A also inhibits the 

transcriptional activity of ERa, although the precise mechani~m of this inhibition is 

unknown. 

Both steroid hormone receptors are activated upon the binding of their 

cognate ligands. In the absence of ligand, both ER and PR are inactive and 

bound to heat shock proteins either in the cytoplasmic or nuclear compartment. 

Upon agonist binding, the hormone receptor dissociates from heat shock 

proteins, undergoes. dimerization, and binds to response elements adjacent to 

target genes. Dimerized estrogen receptors are also capable of interacting with 

TAT A-binding protein, co-activator or co-repressor proteins, and other proteins of 

the general transcription machinery (Wakeling 1995, Osborne et al., 1996). 
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Several regulatory mechanisms control the transcriptional activity of ERa. 

Conformation of the ER in the absence of E2 sterically hinders the DNA binding 

domain (in AF-2) of the receptor. However, in response to estradiol binding, helix 

12 in the ligand binding domain .packs against helices 3, 5, 6, and 11 thus 

exposing the AF-2 domain (Brzozowski et al., 1997) and promotes the initiation 

of transcription· of estrogen responsive genes. Binding of 4-0HT induces a 

conformation in which helix 12 occludes the AF-2 surface, which blocks 

transcriptional activation (Shiau et al., 1998). The transcriptional activity of E.Ra 

is also modulated .. by post-translational modifications. For. example, estradiol

dependent phosphorylation of serine 118 causes an increase in its association 

with coactivator proteins. In addition, phosphorylation of serine residues 104, 

106, 167, 236, and possibly tyrosine 537 may also affect the transcriptional 

activity of ER. The specific kinases responsible for the phosphorylation· of these 

residues are controversial but may include Cyclin A/CDK2, TFIIH cyclin

dependent kinase, and kinases in the mitogen-activated protein kinase, PI3K, 

and protein kinase A pathways (Le Goff et al., 1994; Chen et al., 1999; Chen et 

al., 2000; Rogatsky et al., 1999). 

Malignancies of the breast 

Malignancies originating in the breast are broadly classified based on the 

tissue or cell type from whi~h they arise; lymphomas (periductal or perilobular 

lymphoid tissue and intramammary lymph nodes), sarcomas (blood vessels, 
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adipocytes, fibrocytes), and adenocarcinomas (epithelium) have been described. 

Over 98o/o of breast malignancies are adenocarcinomas. Adenocarcinomas that 

have not broken through ~he basement membrane and penetrated into the 

underlying stroma are referred to as noninvasive. Two types of noninvasive 

adenocarcinomas have. been described, ductal' carcinoma in situ (DCIS) and 

lobular carcinoma in situ (LCIS). The names are indicative of the site where the 

tumor develops. DCIS is most often diagnosed after observation of clustered 

microcalcifications on a marTJmograph. LCIS lacks clinical or mammographic 

signs and is diagnosed primarily as an incidental finding in breast tissue being 

biopsied for another abnormality. 

Invasive mammary carcinoma is a collection of many different malignant 

diseases involving the breast that differ in their clinical features, gross and 

microscopic pathology, prognosis, and treatment. The most common form, 

which accounts for approximately 65 to 80°/o of all invasive carcinomas, is 

invasive ductal· carcinoma. · The World Health . Organization defines invasive 

ductal car~inoma as "the most frequently encountered malignant carcinoma of 

the breast, not falling into any of the other categories of invasive mammary 

carcinoma" (World. Health Organization, 1981 ). This definition includes tumors 
. . 

that histologically express one or more. features of other .·types of invasive breast 
' " ' "' : 

carcinomas. but are not pure examples; and of the tumors categorized as 

invasive ductal carcinomas, about one-third have mixed histological features 

(Fisher et al., 1975). 



11 

The MCF-7 cell model of ER+IPR+ breast adenocarcinoma 

Several cell lines isolated from breast tumors have been established as 

models for breast cancer. Among these, the MCF-7 cell line is the best 

characterized and most commonly used breast cancer cell line to study 

endocrine dependent breast cancer in vitro. Originally isolated from the pleural 

effusion of a postmenopausal breast cancer patient (Soule et al., 1973), the 

MCF-7 cell line has been shown· . t.o express receptors .for estrogens and 

progestins (Horwitz et al., 1975). In addition, the stimulatory effects of estradiol 

as well as Jhe · growth inhibitory effects of anti estrogens were initially· described 

using this cell line (Lippman and Bolan, 1. 975; Lippman et al., 1976). 

While the MCF-7 cell line has been used extensively to study growth 

arrest mechanisms, relatively few studies have used this cell line for studying the 

terminal events of active cell death in response to antiestrogen treatment. This 

observation is explained, at least in part, by the fact that MCF-7 cells lack 

caspase-3 due to a 47 bp deletion in exon 3 of the gene. Therefore, many of the 

morphological and biochemical processes, i.e., membrane blabbing, DNA 

laddering, etc., that typically occur during active cell death are often absent in 
. . 

MCF-7 cells. However, reintroducing caspase-3 expression restored these 

classical' features in response to TN Fa (Janicke et al.,, 1998). Kidd et al. (2000) 

have shown that caspase-3 activation shortens time-to-death in staurosporine

treated MCF-7/Ca.sp3 cells. Several additional studies have used MCF-7 cells 

transfected with caspase-3 · eDNA to study active cell death in. response to 
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various chemotherapeutic agents. Blanc et al. (2000) have shown that caspase-

3 restores cytochrome c release, ·nuclear fragmentation, fragmentation of 

genomic DNA, and caspase-9 activation in response to cisplatin. Caspase-3 

transfected MCF-7 cells also showed enhanced caspase activation ( caspases-3, 

-6, and -7), improved cleavage of death substrates (poly A.DP ribose polymerase, 

lamin B, and DNA fragmentation factor), and restored nuclear fragmentation in 

response to doxorubicin and etoposide (Yang et aL, 2001). 

Hormonal therapy for breast cancer 

The treatment for a given breast cancer varies depending upon the 

clinical, pathological, and molecular characteristics of the tumor. Treatment 

options include surgery, radiation, and systemic chemo- and hormonal therapy. 

Of these options, hormonal therapy offers the least invasive and most specific 

(i.e., targets a differentially expressed cellular protein) approach for antagonizing 

breast cancer growth. Dunnwald and colleagues (2007) recently analyzed data 

from the National Cancer Institute's surveillance, epidemiology, and end results 

program to analyze the receptor status of 155, 175 breast tumors. Of these 

tumors 98,463 were ER-positive/PR-positive, 19,886 were ER-positive/PR

negative, 4,896 were ER-negative/PR-positive, and 31 ,930 were ER-

negative/PR-negative. Furthermore, patients with ER-positive/PR-positive 

tumors experience a more favorable prognosis. Improved survivorship may, at 

least in part, be due to the increased sensitivity to hormonal therapies. 
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Selective Estrogen Receptor Modulators 

In 1896, Beatson first observed a decrease in .breast tumor size in some 

women who underwent ovariectomy (Beatson, 1896). For six decades surgical 

ablation was the only means by which estrogen action in pre-menopausal women 

could be reduced. However, in the 1950's several compounds with 

antiestrogenic activity (originally synthesized as antifertility agents) offered the 

potenti'al of blocking estrogen action pharmacologically. The term selective 

estrogen ·receptor modulator (SERM) was introduced to define nonsteroidal 

ligands that are estrogenic in some tissues and antiestrogenic in others. 

Ethamoxytriphetol and clomiphene were among the first SEAMs to be evaluated 

as therapies for breast cancer. Although these compounds had anti-tumor 

activity in women with breast cancer, they also caused significant toxicity (Kistner 

and Smith, 1960; Herbst et al., 1964). In 1971, the first study evaluating the use 

of the antiestrogen ICI. 46, 474, now called tamoxifen, as therapy for breast 

cancer was published (Cole et al., 1971 ). In its active form, tamoxifen binds the 

ER receptor and exerts antiestrogenic effects in ER-positive breast cancer 

tissues (Figure 2). Subsequent studies showed thkt tamoxifen is well-tolerated 

(Love, 1989), increases 5-year survival in the adjuvant setting (EBCTCG, 1998), 

and is an effective chemopreventive agent in high-risk women (Radmacher and 

Simon, 2000). 

The anti-tumor activity of tamoxifen has been studied extensively in ER-

expressing breas~ cancer. Studies show tamoxifen induces both cytostatic and, 



Figure 2. Molecular targets and the physiological effects of 4-
0HT, MIF, and ICI. 4-0HT and MIF are mixed agonistslantagonists 
of the estrogen receptor and progesterone receptor, respectively. ICI, 
which is also so called fulvestrant or Faslodex®, is a pure antiestrogen 
with a different mode of inhibiting ER-mediated transcription. Upon 
binding to the estrogen receptor, ICI targets the estrogen receptor for 
ubiquitylation and subsequent degradation by the proteasome. OHT, 
4-hydroxytamoxifen; MIF, mifepristone; ICI, ICI 182, 780; E2, estradiol; 
ER, estrogen receptor; Pg, progestin; PR, progestin receptor; Green 
unlabelled ovals, co-activators; Red unlabelled ovals, co-repressors. 
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at concentrations of .1 J,JM and higher, cytotoxic responses (Cameron et al., 2000; 

Keen et al., 1997). In the absence of estrogen, hormonally responsive breast 

cancer cells enter a state of growth arrest, predominantly at the G 1 checkpoint of 

the cell cycle. This condition is mimicked by treatment of cultu.red cells with 4-

OHT, an active metabolite of tamoxifen. 4-0HT mediates growth arrest by 

altering proteins that regulate the cell cycle, i.e., cyclins, cyclin-dependent 

kinases {cdk), and cyclin-dependent kinase inhibitors such as p21 cip1 and p27KiP1
• 

Prior to the G1 to S phase transition, cyclin E1, cdk-2, and p27 form a 

heterotrimeric complex. p27, which is directly bound to cyclin E1, inhibits the 

kinase activity of cdk2. As the cell progresses toward the restriction point (G1-to-

S phase transition), p27 is phosphorylated by upstream kinases; and its inhibitory 

action on cdk2 is decreased. With the kinase activity of the cyclin E1/cdk2 

activity restored, cdk2 phosphorylates the retinoblastoma protein (Rb). In the 

hypophosphorylated state, Rb is a repressor of the E2F transcription factor. With 

the hyperphosphorylation of Rb, E2F mediated transcription is increased and 

additional genes required for progression through the restriction point are 

transcribed. Thus, the cell is able to enter S-phase and begin DNA replication 

(Figure 3). Since the concentration of tamoxifen and its active metabolites 4-

OHT and N-desmethyltamoxifen reach 1.0 J,JM in the serum and several fold 

higher in ER-positive tissues in breast cancer patients undergoing tamoxifen 

·therapy, active cell death mechanisms likely contribute to antiestrogen-induced 

tumor responses (MacCallum et al., 2000). In in vivo models of hormone-, 



Figure 3: Retinoblastoma protein (Rb) mediated regulation of the 
G1/S phase restriction point. The kinase activity of the eye/in E1/CDK2 
complex is inhibited by p27 in phase · G 1. As cells reach the · G 1 IS 
transition, p27 is phosphorylated by upstream kinases and its inhibitory 
action is relinquished. Active .Cycin/E1 then. phosphorylates pRb, which 
then dissociates from the E2F transcription factor. E2F initiates the 
transcription of genes required for cell cycle progression. 
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sensitive breast cancer, daily administration of 1 mg/kg of tamoxifen causes the 

regression of breast tumors induced by the mammary carcinogen N-nitroso-N

methylurea (Bodwin et al., 1981; Martin et al., 1996). Using this 

mammocarcinogen, Mandlekar et al. (2000a) have shown that the apoptotic 

index increases 1 0-fold in regressing mammary tumors in tamoxifen-treated rats. 

They further show that the activity of several cell suicide proteases, specifically 

caspase-8, caspase-9, and caspase-3, significantly increases suggesting that 

programmed cell death (see below) may be responsible for reducing tumor 

volume. In similar fashion, nude mice bearing MCF-7 xenographs also benefit 

from tamoxifen therapy. Osborne et al. (1985) have shown a cessation of tumor 

growth acco~panied by a reduction in the mitotic index of MCF-7 xenografts in 

estrogen-supplemented athymic (nude) BALB/c mice. Using this same in vivo 

model of breast cancer, Hawkin et al. (2000) observed a cessation of net tumor 

growth in response to tamoxifen. However, significant changes in mitosis or in 

the proliferation marker Ki67 were not observed. Although non-apoptotic 

mechanisms of active cell death were not ruled out, these authors attributed the 

relative reduced growth to an increase in apoptosis rather than a decrease in 

proliferation. In addition to modulating tumor responses via engagement of the 

ER, tamoxifen also has . ER-independent mechanisms of inducing active cell 

death. In ER-negative BT-20 and MDA-MB-231 breast cancer cell lines, 5.0 ~M 

of tamoxifen and its active metabolites 4-0HT and N-desmethyltamoxifen induce 

a time-dependent activation of caspase-8, caspase-9, and caspase-3. The 
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apoptotic response was blocked by the caspase-3-specific inhibitor Ac-DEVD

CHO and by the pan-caspase inhibitor z-VAD-fmk, suggesting the cell death was 

dependent on caspase activation (Mandlekar et al., 2000b). 

Despite much effort, the molecular basis of tamoxifen's death-promoting 

activity remains poorly understood. However, several signaling intermediates 

have been implicated in governing the active cell death response following 

tamoxifen therapy. For example, blocking TGFJ3 signaling with blocking 

antibodies reduces cell death in response to tamoxifen (Perry et al., 1995; El 

Etreby et al., 1998b). Likewise, MCF-7 cells treated with the p38 MAPK-specific 

inhibitor SB203580 are partially protected from tamoxifen-induced cell death 

(Zhang and Shapiro, 2000). In addition, numerous studies have implicated 

certain PKC isoforms as being key mediators of cell death in response to 

tamoxifen (Soh et al., 2003). The generation of ceramide in response to 

antiestrogen treatment has also been shown to initiate cell death responses in 

ER positive breast cancer cells (Lavie eta/., 1997). Ultimately, the activation of 

these pathways likely contributes to the downregulation of the antiapoptotic 

protein Bcl-2 (Zhang et al., 1 ~99) and activation of caspases (Mandlekar et al., 

2000) (see below). 

Although tamoxifen has proven clinical benefit, tamoxifen resistance 

remains a major clinical limitation . for the successful management of breast 

cancer (Schafer et al., 2003; Clarke et al., 2001; Geisler and Lanning 2001; 

Fisher et al., 1996). Studies show tamoxifen's antagonistic activity often shifts to 
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one of agonistic character in breast cancer cells upon prolonged exposure to the 

antiestrogen. Several MCF-7 sublines have been established by culturing MCF-

7 cells for prolonged periods in the presence of tamoxifen (or 4-0HT), and 

antiestrogen-resistant tumors emerge when analogous ~xperiments are 

performed in vivo. Gottardis and Jordan ( 1988) showed that MCF-7 xenograft 

tumors begin to grow in response to tamoxifen after 8 months of exposure. The 

mechanisms underlying the transformation into a tamoxifen-resistant phenotype · 

are still largely unresolved. Several studies, however, suggest. that changes in 
. ~ . 

the expression l.evels of proteins belonging. to the Bcl-2 family may participate in 

protecting breast tumors from the growth-inhibiting effects of tamoxifen (see 

below). For example, E2-independent,· tamoxifen-resistant MCF-7/LCC2 cells 

express high protein ·levels of prosurvival Bcl-2 and low· expression levels of the 

proapoptotic protein Bax (Lilling et al., 2000). Furthermore, MCF-7 cells that 

overexpress HER2 also upregulate Bcl-2 and Bci-XL (another anti-apoptotic Bcl-2 

family member) expression· and have suppressed tamoxifen responses (Kumar 

et al., 1996). While these data are correlative, they do support a potential role for 

Bcl-2 family members in modulating tamoxifen efficacy. 

Toremifene is a second SEAM that has been approved for the treatment 

of advanced-staged breast cancer · in post-menopausal women. This 

antiestrogen has similar efficacy as tamoxifen when used in the first-line setting. 

A large phase Ill clinical trial showed that 20 mg/day of tamoxifen produced 

partial or complete responses in 44o/o of patients while toremifene-treated 
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patients showed 50°/o and 48o/o combined resp9nse rates at doses of 60 and 200 

mg/day, respectively (Hayes et al., 1995). A second phase Ill study using 

different doses of tamoxifen (40 mg/day) and toremifene (60 and 240 mg/day) 

showed no significant differences in response rates and showed that adverse 

effects to each antiestrogen are similar (Gershanovich et al., 1997). 

Raloxifene, a SEAM currently approved for the treatment of osteoporosis, 

has also been considered as a potential treatment of breast cancer. Initial 

findings from the study of tamoxifen and raloxifene (STAR) clinical trial suggest 

that raloxifene is as effective as tamoxifen for preventing breast cancer in high

risk, post-menopausal women; both hormonal·.therapies reduced the incidence of 

breast cancer by approximately 50o/o. Furthermore, fewer side effects were 

observed in women using raloxifene for chemoprevention. Women in this group 

were 36°/o less likely to develop uterine cancer and 29°/o less likely to suffer from 

blood clots (Vogel et al., 2006). 

Estrogen Receptor Downregulators ('Pure' antiestrogens) 

Another class of antiestrogens is named the estrogen receptor 

down regulators. These steroidal antagonists of estrogen receptor action bind and 

target estrogen receptors for ubiquitylation and proteosomal degradation (Figure 

2). Importantly, these antiestrogens differ from SEAMS in that they have no 

agonist activity. A leading drug in this class of antiestrogens is ICI 182, 780 (ICI, 

also called fulvestrant and Faslodex®). Promising results in early trials analyzing 



21 

the efficacy of fulvestrant in advanced-stage breast cancer has led to several 

large scale· trials comparing fulvestrant to other antiestrogens. Phase I and 

phase II clinical trials established that fulvestrant is well-tolerated without th~ 

adverse events commonly observed with tamoxife~ therapy (DeFriend et al., 

1994; Howell et al., 1996). A large phase Ill clinical trial recently compared 250 

mg fulvestrant (5 ml injection, once monthly) to 20 mg of tamoxifen (taken orally, 

once daily) . in postmenopausal women with advanced disease that had not 

received prior endocrine or chemotherapy. Although other ·endpoints favored 

tamoxifen, there was no significant difference in efficacy, as measured by time to 

progression (Robertson et al., 2002). Two ~other ·phase Ill trials were 

prospectively designed so that the data could· be combined. These trials 

compared fulvestrant (5 ml injection, once monthly) to anastrozole, an aromatase 

inhibitor (see below), in postmenopausal women with hormone-sensitive, 

advanced breast cancer, (Howell et al., 2002; Osborne et al., 2002). These 

studies confirmed 'the tolerability of. fulvestrant, and showed the duration of 

response was 30%. greater for patients receiving fulvestrant when compared to 

anastrozole. 

Aromatase inhibitors 

Aromatase inhibitors have· been developed to' overcome tamoxifen 

resistance and to· avoid the partial agonistic properties of SEAMs .. Aromatase 

inhibitors are divided into two classes: type 1 steroidal aromatase inhibitors and 
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type 2 non~steroidal aromatase inhibitors ... ·· Type 1 aromatase inhibitors act as 

natural substrates of the aromatase ·enzyme (see above). After binding 

aromatase they are converted to intermediates that bind to the enzyme 

covalently, thus permanently inactivating all. estrogen~generating activity. The 

second class, nonsteroidal aromatase inhibitors, block estrogen synthesis by 

binding the iron atom in the heme group of cytochrome P450 and inhibiting its 

catalytic activity. 

Aminoglutethimide; a first-generation non-steroidal aromatase inhibitor, 

and formestane (4-hydroxyandrostenedione), a second-generation steroidal 

aromatase inhibitor, were among the first to show that inhibition of breast tumor 

growth could be successfully managed using aromatase inhibitors (Santen et al., 

1978; Jones et al., 1992). Several additional aromatase inhibitors represent the 

third generation of this antiestrogen type.· Currently in clinical use are 

anastrozole (non-steroidal), letrozole (non-steroidal), and exemestane (steroi_dal). 

Phase Ill studies have shown that both anastrozole and letrozole are superior to 

tamoxifen for the treatment of postmenopausal women with advanced disease 

(Bonneterre et al., 2001; Mouridsen et al., 2001 ). Large randomized trials are 

now unde·rway to assess the efficacy of these aromatase inhibitors in the first-line 

setting for early disease and will be available soon. Although not complete, early 

analysis of the data from the ATAC study (anastrozole, tamoxifen ·and 

combination) indicates that anastrozole significantly improves 3-year survival and 

reduces the: incidence of contralateral invasive ductal carcinoma when compared 
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to tamoxifen for postmenopausal women V¥ith early breast cancer (Baum et al., 

2002). Letrozole has also been compared to tamoxifen for pre-surgical treatment 

of large, primary estrogen receptor-expressing breast tumors in postmenopausal 

women. This study showed a significant increase in tumor response rate in 

tumors treated for 4 months with letrozole (55%) versus tamoxifen (36o/o) 

(Eirmann et al., 2001 ). The steroid exemestane is the least studied aromatase 

inhibitor. Studies comparing exemestane to tamoxifen in the first-line setting for 

advanced breast cancer have not yet been published. However, phase II trials 

have shown that exemestane is an effective third-line therapy in postmenopausal 

women with metastatic disease (Jones et al., 1999). In addition a phase Ill· study 

showed that exemestane is superior to the progestin megestrol acetate for 

advanced breast cancer after tamoxifen failure in postmenopausal women. In a 

recent meta-analysis of 25 comparisons, third-generation aromatase inhibitors 

were superior to tamoxifen in a first-line setting and better than other standard 

hormone treatments in· second-line and subsequent settings for the treatment of 

metastatic breast cancer (Mauri et al., 2006). 

High-Dose Proqestins and Antiprogestins 

Tamoxifen therapy is only beneficial to approximately 50o/o of patients due 

to inherent mechanisms of tamoxifen resistance and because many breast 

cancers that initially respond eventually acquire tamoxifen resistance with 

prolonged treatment (Howell et al., 1993; Osborne and Fuqua, 1994). Although 
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the introduction of estrogen r~c.eptor downregulators and aromatase inhibitors 

represent a huge leap forward in available thera.pies for· breast cancer, initial 

reports suggest that. breast tumors eventually circumvent th~ growth inhibitory 

activity of these alternative antiestrogens~· Therefore, additional targeted 

approaches for the management of breast.· ,cance·r should be identified and 

investigated. One .molecular target .that m.ay have. therapeutic value is the 
:_, ' . 

progesterone receptor. ·Progesterone receptors are expressed in approximately 

95°/o of tumors that express the estrogen receptor. Initially described in relation 

to reproductive processes in the uterus, progesterone receptors have traditionally 

been viewed as having a role in the differentiation of tissues rather than 

promoting proliferation. However, several lines of evidence strongly indicate that 

progesterone, like estrogen, is mitogenic in ·normal breast tissues. The most 

relevant are studies in which the effects of progesterone have been directly 

measured in consenting human volunteers. Studies measuring the proliferation 

of breast tissue during normal menstrual cycles reveal that the thymidine labeling 

index is most increased during the secretory phase, a phase of the menstrual 

cycle that is char~cterized by elevated progesterone levels and diminished 

estrogen levels ·(Going et al., 1988). Furthermore, these studies have shown 

that progesterone-only formulations of oral contraceptives caused increased 

thymidine-labeling of breast tissue (Anderson et al., 1989). Aside from these 

human studies, Poole et al. .(2006) have demonstra:ted chemopreventive 

properties of an antiprogestin (MIF) in BRCA1/p53 double knock-out mice, a 
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genetic background that predisposes mice to developing spontaneous tumors in 

mammary tissues. 

Although it is clear that progesterone is mitogenic in normal breast 

epithelium, the effect of progestins on breast cancer epithelium appears to be bi

modal. At physiological levels, . progestins appear to be stimulatory while high

dose progestin is growth-inhibitory. Clinical studies have supported the inhibitory 

nature of high-dose synthetic progestins, such as megestrol acetate, for the 

treatment of advanced, metastatic breast cancer (Lundgren et al., 1989; Parnes 

et al., 1991 ). 

If physiological levels of endogenous progesterone are proliferative, then 

blocking the progesterone receptor with an antagonist should induce a state of 

growth inhibition in breast· cancer cells. Among the first progesterone receptor 

antagonists to be clinically evaluated for its use as a treatment of breast cancer 

was onapristone. In a study consisting of 19 patients with advanced stage breast 

cancer, where onapristone was prescribed as a first-line therapy, 1 0 patients 

showed a partial response and two patients demonstrated static disease for more 

than six months. Although this study provided proof of principle, recruitment to 

the trial was stopped in 1995 because some patients taking onapristone 

developed liver function test abnormalities (Robertson et al., 1999). 

Another antiprogestih currently· being investigated as a potential therapy 

for breast cancer is MIF (Figure 2). MIF was initially developed as an 

antiprogestational agent in reproductive processes (Beier and Spitz, 1994). 
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However, in vitro and animal model studies have demonstrated an antitumor 

activity of MIF in several PR positive tissues. In cervical carcinoma, treatment of 

radioresistant cells with MIF re-establishes radiation-induced apoptosis (Kamradt 

et al., 2000). Sirnilarly, MIF restores the apoptotic response to tumor necrosis 

factor a-related apoptosis-inducing ligand (TRAIL) in TRAIL-resistant prostate 

cancer cells (Sridhar et al., 2001; Eid et al., 2002). An antitumor effect of MIF 

has also been observed in animal models of breast cancer (Schneider et al., 

1989; Schneider et al., 1990; Michna et al., 1990). Furthermore, MIF enhances 

the cytotoxicity of 7-hydroxystau.rosporine in MCF-7 Gells (Yokoyama et al., 

2000). In regard to antiestrogen therapy, studies have shown that tamoxifen is 

more effective when used in combination with MIF when compared t9 each 

monotherapy in both in vitro and in animal models of breast cancer (Thomas and 

Monet, 1990; El Etreby et al., 1998a; El Etreby et al, 1998b). These studies 

suggest that MIF may work as a chemosensitizer when used in combination with 

other therapies to enhance drug sensitivity. 

Ml F has also been evaluated for the treatment of breast cancer in three 

small, independent clinical trials. The results of these studies are summarized in 

Table 1. Two of the trials analyzing the effect of MIF as a second or third-line 

therapy showed a combined tumor remission rate of 54°/o (Romieux et al., 1987; 

Klijn et al., 1990). Similarly, the tumor remission rate measured when MIF was 

used as a first-line therapy was 50o/o (Perrault et al., 1996). While none of those 

treated with MIF experienced a complete response, there are several points one 
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Table 1: Clinical trials evaluating mifepristone as a hormonal therapy for breast cancer 

Trial n CR PR NC PD 

Romieux et al., 1987 22 0 3 9 10 

Klijn et al., 1990 11 0 1 6 4 

Perrault et al., 1996 28 0 3 11 14 
n, number of participants; CR, complete response; PR, partial response; NC, no change; PD, 
progressive disease. Adapted from Klijn et al., Progesterone antagonists and progesterone 
receptor modultors in the treatment of breast cancer, Steroids, 65, 825-830, 2000, with 
permission from Elsevier. 

should consider before discarding antiprogestins as a potential breast cancer 

therapy. First, all patients included in these studies suffered from advanced

stage and often metastatic breast cancer; and genetic instability and resistance 

mechanisms inherent in advanced tumors may mask antiprogestin sensitivity that 

may be displayed in early tumors. Second, none of these trials used the 

antiprogestin in combination with other commonly prescribed therapies, such as 

tamoxifen treatment. Often combinatorial therapy will generate a more 

efficacious response when used in place of monotherapies. Third, MIF is a 

prototypical antiprogestin. The pharmaceutical industry is currently attempting to 

identify antiprogestins that bind the progesterone receptor with higher selectivity. 

When these new antiprogestins are ·available, studies investigating the efficacy of 

MIF will serve as a baseline for comparing the biological effects of new 

progesterone antagonists. 
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Apoptosis as a mechanism of programmed cell death 

The term apoptosis describes a "non-necrotic", genetically programmed 

process of cell death (Kerr et al., 1972). At the ultrastructural level, apoptosis 

was initially defined by a distinct set of morphological characteristics that were 

observed in hepatocytes dying in response to tissue ischemia. These 

characteristics were cytoplasmic and nuclear condensation with compaction of 

the chromatin at the nuclear periphery, blabbing of the plasma membrane, and 

the subsequent formation of discrete apoptotic bodies .(i.e., plasmalemma

enclosed fragments of the cell containing preserved organelles and nuclear 

envelope-bound portions of compacted chromatin). These packaged cellular 

components were then removed via phagocytosis by resident macrophages and 

epithelial cells in a manner that circumvented inflammation in- the affected tissue. 

Subsequent studies found that this process was universal and occurred in normal 

tissues during development and in hormone-responsive tissues after hormone 

deprivation. In addition, apoptosis occurred in tumor cells; and the process was 

enhanced by certain therapies such as radiation. 

The molecular basis of apoptosis was unclear until Horvitz and coworkers 

published seminal work describing a process of programmed cell death in 

Caenorhabditis elegans. In this organism 131 of the 1090 cells that are 

generated during development undergo programmed cell death. Genetic 

analyses of mutant worms displaying abnormal apoptotic phenotypes led to the 

identification of at least 15 genes that participate in the apoptotic program. 
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Molecular, biochemical, and cellular biology studies have revealed that the core 

apoptotic machinery in the worm consists of 4 genes: CED-3, CED-4, CED-9, 

and EGL-1. CED-9 has anti-apoptotic properties, whereas EGL-1, CED-4, and 

CED-3 demonstrate death-promoting activity. In C. elegans CED-9 is present on 

the mitochondria where it binds to CED-4. In response to a death-inducing 

signal, cells produce EGL-1 which binds to CED-9 and initiates the dissociation 

of CED-4. CED-4 is released from the mitochondria and is free to bind and 

activate the protease CED-3 (Conradt and Horvitz, 1998). This core apoptotic 

machinery is evolutionarily conserved and mammalian homologs. for each of 

these genes have been identified: EGL-1 corresponds to BH-3 domain-only 
. . 

members of the Bcl-2 ('8-cell lymphoma-2') family, CED-9 corresponds to pro-

survival Bcl-2 family members, CED-4 corresponds to the adapter protein Apaf-1 

('apoptotic protease activating factor-1 '),and CED-3 corresponds to caspase-like 

proteins (Table 2). 

Table 2: Comparison of the core apoptotic machinery in nematode and mammalian cells. 

Mammals 
Role in Apoptosis C. elegans 
Proapoptotic Regulator EGL-1 Bid 

! ! ( 
Antiapoptotic Regulator CED-9 Bcl-2, Bci-XL, Bcl-w, Mcl-1, A1/Bfl-1 

! ! 
Proapoptotic Amplifier CED-4 Apaf-1 

! ! 
Proapoptotic Protease CED-3 Caspases-1 , -3 
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Bcl-2 family proteins as regulators of active cell death 

One family of proteins that directly regulates apoptosis in mammalian cells 

is the 8cl-2 family. 8cl-2 was initially identified in a human 8-cell follicular 

lymphoma (Tsujimoto et al., 1984), and is the first tumor suppressor shown to 

promote· cancer by protecting the · cell from death rather than promoting 

proliferation (Vaux et al., 1988). The Bcl-2 -family consists of at least 24 

members that were mostly identified as Bcl-2 binding proteins. Functional 

studies indicate that these related proteins serve antiapoptotic or proapoptotic 

roles in the cell during apoptosis. 

Antiapoptotic Bcl-2 fa·mfly members 
' ' . -

The antiapoptotic proteins inclu~e 8cl~2, 8cl-xL, Bcl-w, · 8cl-8, . Boo/Diva, 

Mcl-1, and A1/8fl-1. These- proteins have three or four highly conserved 

hydrophobic domains commonly referred to as 8cl-2 homology (8H) domains. 

With the exception of A1/Bfl-1, these proteins also have a helical domain 

consisting of 16 to 19 hydrophobic amino acids near the carboxyl terminus that 

may target the protein to various organelles and govern their association with 

membranes. While studies indicate 8cl:-2 is an integral protein of the 

endoplasmic reticular, nuclear, arid mitochondrial membranes, other 

antiapoptotic proteins in this family may only be peripherally associated with 

organelle membranes. For example, Bcl-w is peripherally associated with the 

mitochondria in healthy cells. In response to an apoptotic signal, however, the 
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hydrophobic. c-terminus of . Bcl-w integrally inserts. into the mitochondrial 

membrane after associating with proapoptotic Bcl-2 family members. The 

interaction among anti- and proapoptotic Bcl-2 family members and the tethering 

of antiapoptotic proteins to various membrane compartments may be one 

mechanism by which these proteins carry out their protective function {Wilson

Annan et al., 2003). 

Proapoptotic Bax sub-family members 

The proapoptotic Bcl-2 family members are divided into two subfamilies

the Bax sub-family and the Bcl-2 homology 3 domain (BH3) sub-family-based 

on the number of BH domains present in the protein. Members of the Bax sub

family (Bax, Bak, and Bok!Mtd) have three BH domains corresponding to BH1, 

BH2, and BH3 of Bcl-2. Although all members of this sub-family have a 

hydrophobic transmembrane-like domain, their subcellular distribution in healthy 

cells can vary. For example,· Bax is primarily a cytosolic protein while Bak is 

mostly associated with membranes of the endoplasmic reticulum and 

mitochondria (Wolter et al., 1997). Cytosolic proteins, however, are often 

targeted to the mitochondria during apoptosis. For example, the 14-3-36 protein 

which is thought to sequester Bax in the cytosol is cleaved by activated caspases 

and other proteases, thus allowing Bax to redistribute to the mitochondria 

(Nomura· et al., 2002). Like other Bcl-2 family members, the hydrophobic c

terminus of Bax has a regulatory function in determining its subcellular locality~ 
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Structural studies suggest that in unstressed cells the hydrophobic tail of Bax is 

associated with a hydrophobic groove comprised of BH domains 1 , 2, and 3. It 

has been proposed that during the course of apoptosis, the oligomerization of 

Bax via BH domains physically displaces the tails from the hydrophobic grooves. 

The exposed tails promote the association of Bax with mitochondrial membranes. 

Like Bax, Bak also oligomerizes in response to apoptotic stimuli. 

Although the mechanism is poorly understood, Bax and Bak, once 

oligomerized, assist in regulating the formation of 'proteinaceous' or 'lipidic' pores 

in both the inner and outer membranes of mitochondria. An increase in the 

leakiness of the inner membrane is referred to as the mitochondrial permeability 

transition and is controlled by the mitochondrial permeability transition pore 

complex. The full biochemi~al composition of this complex is unknown; however, 

several constituents including the ·mitochondrial voltage-dependent anion 

channel, adenine nucleotide translocase, and cyclophyllin D have been identified. 

The molecular components regulating outer membrane permeability are also not 

completely understood. One hypothesis proposes that Bak and Bax homo- or 

heterooligomers form pores that insert into the outer mitochondrial membrane. 

Alternatively, insertion of Bak may destabilize the outer mitochondrial membrane 

resulting in its rupture. Regardless of the mechanism, the increased permeability 

of the outer membrane results in the release of cytochrome c and other 

apoptogenic factors, including Smac/Diablo and Omi/HtrA2, from the 

intermembrane space. Once in the cytosol, cytochrome· c associates with the 
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proapoptotic cofactor Apaf-1 and procaspase-9. In the presence of nucleotide 

triphosphates, this complex activates. caspase-9 (see below) and is called the 

apoptosome (Li et al., 1991). Smac/Diablo (Duet al., 2001; Verhagen et al., 

2000) and Omi/HtrA2 (Suzuki et al., 2001; Martins et al., 2002; Verhagen et al., 

2002; Hedge et al., 2002) block lAPs (inhibitor of apoptosis proteins), a family of 

proteins that act as endogenous caspase inhibitors (Deveraux et al., 1997). 

Proapoptotic BH3-only sub-family members 

The other subfamily of proapoptotic proteins, the BH3 sub-family, is 

defined by the fact that these proapoptotic proteins contain only the hydrophobic 

region corresponding to BH3 of Bcl-2. Bik, Hrk, BimL, and Noxa are members of 

this sub-family that also have hydrophobic tails corresponding to transmembrane 

domains, while Bad, Puma, Bmf, and Bid do not. Interestingly, many BH3-only 

proteins, including several that lack a hydrophobic C-terminus, are redistributed 

to the mitochondria during apoptosis. Therefore, other mechanisms must 

control the targeting of these proteins to membranes following stressful or 

cytotoxic signals. For Bid, the control mechanism is two-fold. First, Bid is 

cleaved between an aspartate and glycine residue by activated caspase-8, thus 

generating a p7 and p15 fragment (the latter is also called tBid). The newly 

exposed glycine at the N-terminus of tBid is subsequently N-myristoylated, a 

post-translational modicfication that is likely catalyzed by the enzyme N

myristoyltransferase. This lipid modification then targets tBid to the mitochondria 
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(Zha et al., 2000). The protein Bad, which is typically phosphorylated and bound 

to 14-3-3 protein in the cytosol in healthy cells, also localizes to the mitochondria 

during apoptosis. I In response to death-promoting signals, the enzyme 

calcineurin dephosphorylates Bad, thus freeing Bad from cytosolic sequestration 

by scaffold protein 14-3-3. The cytosolic-to-organelle translocation of additional 

Bcl-2 family members in response to certain death-inducing signals has also 

been observed for several other BH3-only subfamily members. Bim is released 

from microtubular dynein motor complexes (Puthalakath. et al., 1999), and Bmf is 

released from myosin V actin motor complexes (Puthalakath et al., 2001 ). While 

certain death stimuli induce mitochondrial relocalization, the precise mechanisms 

that regulate their release and ensuing reallocation to the mitochondria are not 

yet identified. 

Caspase family proteins as executioners of cell death 

Another family of proteins that plays a major role in the execution of cell 

death processes is the caspase family. The first member of this family, caspase-

1 (for~erly called ICE, 'interleukin-1 J3 converting enzyme'), was initially isolated 

and cloned as a protease responsible_ for processing inactive interleukin-1 J3 into 

its mature, active form via proteolytic cleavage (Cerretti et al., 1992; Thornberry 

et al., 1992). In total 11 human caspase proteins have been identified and are 

named caspase-1 through caspase-1 0 and caspase-14. Caspase-11, -12, -13, 

and -15, which have been identified in other mammals, do not have functional 
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corresponding members in humans. Murine caspase-11 appears to be an 

ortholog of human caspase-4 or caspase~5 although recent gene duplications at 

this locus make this distinction uncertain (Adams, 2003). A human ortholog of 

murine caspase-12 has been _identified; however,- the coding region of this gene 

has acquired mutations that render this ~aspase non-functional in at least certain 

human populations (Fis_her et al., 2002; R<;>cher et al., -1997). _ Caspase-13 

repre$ents a bovine caspase with homology to human caspase-4 (Keonig et al., 

2001). Caspase-15, which is expressed in swine and canines, has no human 

ortholog (Eckhart et al., 2006). All of the caspases are translated as latent 

zymogens (procaspases) consisting of an N-terminal prodomain of varying 

length, a long catalytic subunit and a short catalytic subunit. 

Several criteria have been suggested for grouping caspases. Based on 

substrate specificity, three groups have been proposed based on the identity of 

·the amino acid residue at the P4 position. Group I caspases, which prefer a . 

bulky, hydrophobic residue at P4, include. human caspase-1, -4, and -5. 

Caspase-6, -8, and -9 make up Group II and prefer the smaller, but still nonpolar 

amino acids of valine or leucine at P4. Group Ill is composed of caspase-2, -3, 

and -7. These caspases prefer the negatively charged sidechain of aspartic acid 

in the P4 position. Using a combinatorial meth.od to generate random peptide 

sequences linked to fluorescent aminomethylcoumarin, it has been det~rmined 

that the opt!mal substrates for Group I, II, and Ill caspases are Trp-Giu-His-Asp, 
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LeuNai-Giu-X-Asp, and Asp-Giu-X-Asp (where X ·is Val, Thr, or His), respectively 

(Thornberry et al., 2000). 

Another way to classify caspases is to categorize these proteins into two 

sub-families based on the length of the prodomain. Caspases belonging to the 

initiator sub-family are characterized by long prodomains. The long prodomains 

contain one of two protein interaction motifs that allow the caspase to interact 

with adaptor proteins. The homotypic interaction amongst initiator caspases and 

adaptor proteins is likely important in early caspase activation and, in effect, links 

the activation of these proteases to upstream apoptotic signaling cascades. 

Present in the prodomain of caspases-1, -2, -4, -5, -9 is the caspase activation 

and recruitment domain (CARD). APAF-1 also harbors a CARD domain in theN

terminus. Charge-charge interactions among the two CARD domains allow for 

the binding of APAF-1 to caspase-9 in a 1:1 ratio. In addition to the CARD 

domain, APAF-1 possesses 12 or 13 repeats of the WD-40 protein interacting 

motif within the C-terminus. Molecular modeling suggests that these WD40 

repeats form two p-propellers capable of binding cytochrome c. APAF-1 also has 

a deoxynucleotide binding site that is located between the CARD domains and 

the WD40 repeats. In the absence of cytochrome c, the CARD domain located in 

the N-terminus of APAF-1 is sequestered· between the two WD40 p-propellers. 

However, when cytochrome cis present the CARD domain is displaced. In a 

dATP-dependent manner, seven APAF-1 molecules oligomerize via the CARD 

domains. CARD domains within procaspase-9 also associate with CARD 
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domains within APAF-1 and thereby cluster together multiple procaspase-9 

molecules (Acehan et al., 2002). This caspase-9/cytochrome c/APAF-1 complex 

is called the apoptosome (Zou et al., 1999). It has been proposed that the basal 

level of proteolytic activity of procaspase-9 within the apoptosome is sufficient to 

initiate autocatalytic processing to the active caspase state (Figure 4). Caspase-

8 and caspase-1 0 lack CARD domains. Instead, these two initiator proteins 

possess two copies of the death effector domain (OED). The OED domains in 

caspase-8 or caspase-1 0 associate via hydrophobic interactions with the OED 

domain in an adaptor protein called Fas-associated death domain (FADD). In 

addition to OED, the FADD adaptor protein also contains another protein 

interaction domain called the .death domain (DD). Via homotypic interactions, the 

DD of FADD binds to the DD in death receptors, such as Fas (also called Apo-1 ). 

This death receptor/FADD/caspase-8 or -1 0 complex is called the death inducing 

signaling complex, or DISC (Figure 5). Formation of a functional DISC places 

multiple caspase-8 or caspase-1 0 molecules in close proximity in a manner that 

enhances autocatalytic processing and activation (Chen and Wang, 2002). 

Once activated, initiator caspases will then activate proteases of the 

second subfamily called effector (or executioner) caspases. The effector 

caspases, comprised of caspases-3, -6, -7, all have short prodomains and lack 

protein-interacting motifs. Therefore, it is presumed that the activation of effector 

caspases is dependent on cleavage by activated initiator caspases, or 

alternatively, by the lymphocyte-derived granzyme B. Activation of executioner 



Figure 4: Structure of the apoptosome. (A) Inactive APAF-1· in the 
absence of cytochrome c. (B) Monomeric conformation of APAF-1 in 
the presence of cytochrome c and dATP. (C) Oligomerized APAF-1 
associated with· dimerized procaspase-9. The mature apoptosome 
consists of seven ·oligomerized APAF-1 molecules. For simplicity only 
two of the seven oligomerized APAF-1 molecules are shown in (c). 
Yellow ovals, CARD domains; Green ovals, WD40 ~-propellers; 
Hatched region, dATP/ATP binding site; Gray ovals, dATP/ATP; Red 
ovals, cytochrome c; Blue cylinders, catalytic subunits of caspase-9. 
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Figure 5: Structure of the Death Inducing Signaling Complex. 
Upon ligation, the receptor complexes as a trimer. For simplicity only 
two of the three FADD adaptors and caspase-8 molecules are shown. 
Green, death ligand; Pink, death receptor; Light Blue, Fas-associated 
death domain (FADD) adaptor protein; Blue, catalytic domains of 
Caspase-8; Yellow, prodomain of Caspase-8; Diagonal lines denote 
Death Domains; Checks denote Death Effector Domains. 
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caspases involves two proteolytic events at the C-terminal side of internal 

aspartate residues (Figure 6). The first cleavage separates the two catalytic 
. . 

units, and the s~cond ·cleavage separates the long catalytic subunit from the 

prodomain ... The active caspase consists of a tetramer of two small catalytic 

subunits. and two large catalytic subunits. The tetramer has two independently 

function_al active sites, one in each c;:left between the small and large catalytic 

subunits. A highly conserVed triad of amino acids forms the active site and are 

necessary for proteolytic activity: cysteine 285, histidine 237, and the backbone 

carbonyl group of amino acid 177 (caspase-1 numbering). Important for the 

selection of a substrate with an aspartate residue at the P1 (the first amino acid 

on the N-terminal side of the cleavage site) position is direct charge-charge 

interactions of aspartate with arginines 179 and 341 in the large subunit. 

Additional _amino acids in both the large and small catalytic subunits confer 

caspase specificity. Aside from the required P1 aspartate residue, the substrate 

residue at the P4 position is particularly i.mportant in determining enzyme 

specific_ity. The sidechains of the residues at the P2, P3, and P5 position of the 

substrate often protrude into the cytosol and are therefore less important for 

determining caspase recognition .. 

Active executioner caspases cleave hundreds of cellular substrates and 

are largely responsible for the orderly disassembly of the cell during apoptosis. 

Caspase-14 has a very short prodomain; however, the sequence homology of its 

catalytic subunits and its substrate specificity suggest it is more closely related to 



Figure 6: Sequential steps in executioner caspase activation. In 
step 1, the small catalytic subunit (light blue) is cleaved from the 
proenzyme. In step 2, the prodomain (gray) is separated from the 
large catalytic subunit (dark blue). In step 3, two small and two large 
catalytic subunits assemble to form an enzymatically active tetramer 
with two active sites (orange). 
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initiator caspases. Regardless of how caspase-14 is classified, its expression in 

adult tissues is confined to the epidermis where it likely mediates death in 

terminally differentiating skin cells. Caspase-14 is more broadly expressed in 

embryonic tissues and may play a more predominant role in mediating tissue 

remodeling during development. 

Historically, the activation of the caspase cascade has been divided into 

two distinct pathways: the death receptor · (extrinsic) pathway and the 

mitochondrial (intrinsic) pathway (Figure 7). Extrinsic activation is the result of a 

death receptor (i.e., FAS, TNFR-1, DR3, DR4, or DRS) binding its ligand, the 

formation of the DISC at the plasma membrane, and ultimately the activation of 

caspase-8 or -1 0. Alternatively, activation of the intrinsic pathway occurs after 

pro-apoptotic Bcl-2 family proteins oligomerize and perturb mitochondrial 

, membrane permeability. Subsequently, cytochrome c release and formation of 

the apoptosome lead to the c;~.ctivation of caspase-9 (Li et al., 1997; Zou et al., 

1999)~ Recent studies, however, have shown a considerable degree of "cross

talk" between these ·two pathways. For example, studies show that activated 

caspase-8? which is traditionally associated with the extrinsic pathway, can 

cleave Bid. As discussed above, tBid may then translocate to the mitochondria 

thus causing the release of cytochrome c and eliciting mitochondrial mediated 

death and caspase-9 activation, which is traditionally associated with the intrinsic 

pathway. "Cross-talk" between -these two pathways may also occur further 

downstream in the caspase cascade. Once activated, initiator caspases cleave 



Figure 7: Activation of caspases via extrinsic and intrinsic 
signals. The extrinsic pathway (A) is activated when a death receptor 
binds an agonistic ligand. Ligation recruits a complex of proteins that 
lead to the activation of initiator caspases, such as caspase-8 or 
caspase-10. The intrinsic pathway (B) is activated by signals that 
disrupt mitochondrial integrity. Efflux of cytochrome c instigates 
assembly of the apoptosome and activation of the initiator caspase-9. 
In both pathways upstream initiator caspases activate downstream 
executioner caspases. DR, Death receptor; FADD, Fas-associated 
death domain; Gasp, caspase; Cyt c, cytochrome c; APAF-1, apoptotic 
protease activating factor-1. 
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and activate executioner caspases, such as caspase-3. Studies using intact 

cells have shown that the initiator caspase-8 (Siee et al., 1999; Tang et al., 2000) 
I 

and initiator caspase-9 (Fujita et al., 2001) are natural substrates of caspase-3. 

These findings suggest that caspase-3 activation not only affects the kinetics of 

apoptosis, but also serves to amplify the apoptotic signal via a positive feedback 

mechanism. Furthermore, because caspase-8 and caspase-9 activation are not 

mutually exclusive events, they cannot be used as absolute indicators of the 

initiation of caspases via intrinsic or extrinsic apoptotic pathways. 

Alternate modes of cell death 

An alternative form of cell death called autophagocytic cell death (or active 

cell death type II) differs morphologically from classical apoptosis. 

Autophagocytic cell death is characterized by the extensive formation of multi-

lamellar autophagosomes within the cytoplasm. Studies suggest 

thatautophagosomes arise when membranes derived from the endoplasmic 

reticulum detach and sequester portions of the cytoplasm. The subsequent 

fusion of autophagosomes with lysosomes causes the degradation of its contents 

(Nu et al., 1997). In an unrestricted state, extensive degradation of cytoplasm 

occurs and cell death ensues. One unique feature of autophagocytic cell death 

is that complete autodigestion of the cytoplasmic compartment often proceeds or 

occurs in the absence of nuclear collapse (Nu et al., 1997). 
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Studies by Bursch (1996) and Scarlatti et al. (2004) suggest that 

tamoxifen-treated MCF-7 cells are dying via an autophagocytic cell death rather 

than by classical apoptosis. However, whether or not these modes of cell death 

are mutually exclusive events is debatable. Studies in our lab show that broad 

spectrum caspase inhibition blocks tamoxifen-induced death, which suggests 

·that the classical apoptotic machinery is involved in mediating cell death. 

However, we have not yet identified a suitable inhibitor of the autophagic 

process, thereby making it impossible at this time to determine if autophagy is 

required for tamoxifen-induced cell death. Additional studies are needed to 

better understand tamoxifen-induced autophagocytic cell death in mammalian 

cells; however, progress in this area will depend on the elucidation of basic 

cellular processes that govern macroautophagy in mammalian cells. 

C. HYPOTHESIS AND SPECIFIC AIMS 

These studies focused on further elucidati~g molecuiC\r mechanisms that 

underlie cell death processes occurring in MCF-7 breast cancer cells in _respoDse 

to 4-0HT ·and/or MIF treatment. .. It is· hypothesized that MIF, used as a 

monotherapy or in combination with 4-0HT, will induce caspase-mediated cell 

death in 4-0HT -sensitive and .4-0HT -resistant, ER/PJ3-e~pressing breast cancer 

cells.· Furthermore, it is hypothesized that Bcl-2 plays an important regulatory 

role in mediating cell death in response to endocrine therapy. To test these 

hypotheses, the following specific aims were proposed: 
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Aim One: To determine if MIF induces growth arrest and active cell death in 

antiestrogen-resistant MCF-7 breast cancer cells. 

1A: To identify and characterize a model of antiestrogen-resistant breast cancer via 

traditional cloning techniques. 

18: To characterize the antiproliferative effects· of MIF on antiestrogen-resistant 

breast cancer cells. 

1C: To characterize pro-apoptotic effects of MIF q~ .. antiestrogen-resistant breast 

cancer cells. 

Aim Two: To determine if caspase activation is required for active cell death 

and to investigate the role of caspase-3 in 4-0HT- and/or MIF-treated MCF-7 

breast cancer cells. 

2A: To use caspase inhibitor studies to determine the requirement for caspases in 

mediating active cell death in response to 4-0HT and/or MIF. 

28: To determine if hormone-induced caspase activation occurs via extrinsic (death 

receptors) or intrinsic (mitochondria) signals using caspase activity and caspase 

inhibitor assays. 

2C: To determine if caspas~-3 is activated in response to MIF or 4-0HT treatment in 
~ 

4-0HT -resistant breast cancer cells and to analyze the role of activated caspase-

3 in mediating active cell death in response to 4-0HT and/or MIF. 
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Aim Three: To determine if Bcl-2 regulates 4-0HT and/or MIF-induced active 

cell death in MCF-7 breast cancer cells. 

3A: To determine if blocking Bcl-2 function using pharmacologic or siRNA strategies 

alters 4-0HT or MIF sensitivity in MCF-7 cells. 

38: To determine if overexpressing Bcl-2 in MCF-7 cells confers resistance to 4-0HT 

and/or MIF. 



II. MATERIALS AND METHODS 

Cell Culture and Hormone Treatments. All cells were maintained in 

Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Inc, Rockville, 

MD) supplemented with 1 Oo/o FBS (Hyclone, Logan, UT), 2°/o 

antibiotic/antimycotic (Gibco Life Technologies, Inc., Rockville, MD), 1 °/o L

glutamate (Gibco), and 10 J..tg/ml insulin (Sigma, St. Louis, MO). Except when 

indicated, cells were deprived of hormon·es by culturing in phenol-red free 

DMEM/F-12 (Life Technologies, Inc.) with 1 0°/o dextran-coated, charcoal-stripped 

FBS (DCC-FBS; Atlanta Biologicals, Norcross, GA) with insulin (1 0.0 J..tg/ml) for 3 

d. The medium was then changed to DMEM/F-12 (Life Technologies, Inc.) with 

5°/o DCC-FBS plus insulin for at least 2 d. Cells were seeded in the absence of 

insulin at a density of approximately 75-125 cells per mm2 in various size culture 

vessels. Twenty-four h after seeding, the cells were treated with vehicle 

(ethanol), 10.0 nM E2 (Sigma), 1.0 J..LM 4-0HT (Sigma), 1.0 J..LM ICI 182,780 

(Faslodex; Tocris, Ballwin, MO), and/or 10.0 J..LM MIF (Sigma) as indicated. In 

some experiments, cells were treated with 2.0 J..LM MIF at 48 h intervals before 

being analyzed. Cells were assayed at various intervals between 0 and 144 h 

post-treatment. 

48 
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Cell Lines and Constructs. The early passage MCF-7 breast adenocarcinoma 

cell line (MCF-7 or MCF-7 ATCC) was purchased from American Tissue Culture 

Collection. MCF.-7 .0.3 transfected with empty vector pcDNA3 and MCF-7 .3.6, 

MCF-7.3.25, and MCF-7.3.28 transfected with pcDNA3 vector containing 

caspase-3 eDNA were established from the MCF-7 subline (designated MCF-7 

A~) in the laboratory of Dr. Alan Porter as previously described (Janicke eta/., 

1998). Thirteen additional clones were independently isolated and expanded 

from the MCF-7 AP subline in the laboratory of Dr. Patricia Schoenlein. In 

addition, MCF-7 ATCC cells were infected with retroviruses containing eDNA for 

Bcl-2 in the pBabe(puro) vector or containing the pBabe(puro) empty vector. 

Competent bacterial cells were transformed with the constructs using heat shock. 

Briefly, competent bacteria wete incubated on ice for 30 min. Plasmid DNA was 

added to the .cells, which were then transferred to a 42°C water bath for 30 sec. 

The cells were incubated for two additional min at 4°C before being incubated at 

37° for 30 min. Transformed bacteria were streaked onto L-broth agar plates 

containing amphicillin. Mini-preps were performed to collect DNA from bacterial 

colonies for initial screening. Maxi-preps were· performed to isolate sufficient 

quantities of the construct to transfect the packaging line. 

Generation of retrovirus and infection of MCF-7 ATCC. The packaging line 

used was 293 cells. 293 cells were seeded in 100 mm x 20 mni dishes in DMEM 

1 Oo/o· FBS and transfected with the Bcl-2 or empty vector constructs using the 
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calcium phosphate method (Chen and Okayama, 1987). After 8 hr, the culture 

medium was removed and discarded. Four ml of fresh medium was added to the 

dish. Four hr later the culture medium w~s collected, filtered (0.45 J..Lm), and 

added to a plate of 30-40°/o confluent early passage MCF-7 or T-470 cells in log 

phase growth. The medium on the 293 cells was replenished, and this infection 

procedure was repeated 5x at 4 hr intervals. Mock infections were also 

performed to ensure the selection agent (3 J..Lg/ml of puromycin) efficiently killed 

non-infected cells. Retrovirally infected cells were deprived of hormones and 

treated with hormonal therapy as described above. 

siRNA Knockdown of Bcl-2 Expression. Cells were transfected- with siRNA 

using the Oligofectamine Reagent in DMEM/F-12 medium according to 

manufacturer's instructions (Invitrogen Life Technologies, Carlsbad, CA). Briefly, 

cells were seeded in 6 well plates to achieve_ 50o/o confluency. After allowing the 

cells to attach overnight, 200 IJI of transfection mix per well was prepared by 

mixing Solution A (5.0 IJI of siRNA + 180 IJI of serum-free, antibiotic-free medium) 

and Solution B (4.0 IJI of oligofectamine + 11.0 IJI of serum-free, antibiotic-free 

medium). After 20_ min, which allows the oligonucleotide to complex with the 

oligofe9tamine reagent, 800.0 IJI of serum-free, antibiotic-free medium was added 

to the transfection mix. The cells were washed with 1 x PBS, then 1 ml of the 

transfection mix was added to each well and incubated for 6 h. Five hundred IJI 

of medium containing 15°/o (3x) FBS-DCC was added to each well and incubated 
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overnight. Seventy-two h after transfection, cells were treated with the relevant 

hormonal therapies as described above and the effect of gene knockdown was 

evaluated using various assays. 

Caspase Activity Assays.' Caspase activity assays were performed to assess 

the activation of caspases. Three 100 mm plates were treated per experimental 

condition. At the indicated times, hormonally-treated cells (attached and 

unattached cells) were collected and centrifuged (250 x g, 10 min, 4°C). The 

supernatants were discarded and the cells were lysed in 400 IJL of extraction 

buffer (50 mM HEPES, pH 7.4, 0.1 mM EDTA, 0.1 o/o CHAPS, and 1.0 mM DTT) 

for 30 min with gentle agitation on ice. Cell extracts were centrifuged (20,000 x 

g, 5 min, 4°C) to remove cellular debris. One hundred IJL of cleared 

supernatants were incubated, in duplicate or triplicate, with fluorogenic 

tetrapeptide substrates conjugated to 7 -amino-4-trifluoromethyl coumarin (AFC) 

for 1 h at 37°C in 96 well black, clear-bottom plates. Liberated AFC fluorescence 

was measured (400 nm excitation, 505 nm emission) using a TECAN microplate 

fluorometer and WinSelect software (TECAN, U.S.). Protein concentration was 

determined for each lysate using the EZQ protein assay (Molecular Probes, 

Eugene, OR) according to manufacturer's instructions and graphed to reflect the 

relative fluorescent units per microgram of protein. 
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Caspase Inhibitor Studies. The requirement for general and specific caspase 

activation in hormonally-induced active cell death was determined using 

inhibitors. To inhibit general caspase activity, cells were incubated in estradiol

depleted medium with 50 IJM z-VAD~fmk or vehicle (DMSO) for 30 minutes. An 

equal volume of medium containing a 20 nM E2 with or without 2.0 J.!M 4-0HT 

and/or 20 J.!M MIF was added to the cells. To maintain a final inhibitor 

concentration of 50 J.!M, the medium containing the hormone therapy also 

contained 50 IJM. of z-VAD-fmk in the groups in which caspase activity was to be 

inhibited. Therefore, the final concentration of hormone therapy was 1.0 J.!M 4-

0HT and/or 10.0 J.!M MIF in the presence of 10 nM E2. The final concentration of 

caspase inhibitor in the experiment was 50 J.!M. Experiments using 

fluoromethylketone-derived tetrapeptide substrates (inhibitors) were performed in 

a similar 'fashion to determine the requirement for caspase-8 and/or caspase-9. 

After 96 h of treatment, cells were evaluated by cell counting or other relevant 

methods. 

MTT Proliferation Assays. MCF-7 ATCC, MCF-7 AP, MCF-7.0.3, MCF-7.3.28, 

MCF-7.3.6, and MCF-7.3.25 cells were analyzed for cytostatic responses to the 

antiestrogens 4-0HT and faslodex and to the antiprogestin MIF as described 

below. Initial analyses were performed using the MTT proliferation assay 

(Mickisch et al., 1990). Briefly, cells were seeded in 96-well plates and treated 

as described above. At the times indicated, the supernatant was aspirated and 
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the cells were incubated in 0.2o/o 3-[4,5-Dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT) (Sigma) solution for 1 h at 37°C. The cells 

were fixed with the addition of an equal volume of 1 0°/o formaldehyde in 0.2 M 

Tris solution. After aspirating the fixative and washing with H20, the precipitate 

was dissolved in 6.25o/o 0.1 N NaOH in DMSO solution. The absorbance (570 

nm) was measured using a TECAN microplate spectrophotometer and WinSelect 

software (TECAN U. S., Research Triangle Park, N. C.). 

Cell Cycle Analysis {Flow Cytometry). The cytostatic effect of hormonal 

therapy was determined using flow cytometry. Before performing flow cytometry, 

total cell populations (attached and unattached) were collected together and 

counted using a Coulter Counter. Cells were concentrated by centrifugation and 

resuspended in 1 ml of ice-cold PBS; 106 cells were fixed and permeabilized in 

10 ml of 70°/o ethanol. Following permeabilization, cells were centrifuged and 

resuspended in 1 ml of tOO J.Lg/ml propidium iodide, 0.1 °/o Triton X-1 00, and 10 

J.Lg/ml RNase A. DNA content was quantified by measuring the fluorescence of 

propidium iodide (488 nm excitation, 585 nm emission) using a FACSCaliber 3-

color analyzer (Becton Dickinson, Franklin Lakes, NJ) in the MCG Flow 

Cytometry Core Facility. The data were analyzed using Mod Fit L T, Version 2.0 

Software (Verity Software House, Inc., Topsham, ME). 
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Counting of Attached Cells. The attached cells were trypsinized, resuspended 

in Hank's Balanced Salt Solution, passed through a 25· gauge needle 2x to 

ensure a single cell suspension, and counted using a Coulter Counter at a 

dilution of 1:100 in lsoton® II diluent (Beckman Coulter, Fullerton, CA). 

Methylene Blue Staining. The supernatant was carefully aspirated and 1.0 ml 

of methylene blue· solution was added to the 60 mm x 1 0 culture vessel. 

Following· a 1 0 min incubation the excess methylene blue solution was decanted, 

and the c.ells were repeatedly rinsed in water to remove excess stai.n. The 

culture dishes were inverted at an angle and allowed to dry overnight. Dried 

methylene blue was reconstituted in 1.0 ml of 10 °/o acetic acid. The absorbance 

was measured at a wavelength of 590 nm. The average of two independent 

readings was used in additional calculations. 

Counting of Detached {Floating) Cells. Cells that were detached from the 

culture vessel (referred to as floating cells) upon hormonal therapy were counted 

as a correlate of cell death. Floating cells were transferred to a conical tube and 

collected via centrifugation (1500 x g, 10 min, 4°C). The supernatant was 

discarded and the pellet was resuspended in 1 ml of Hank's Balanced Salt 

Solution (HBSS). The resuspended cells and a 300 Jll wash were transferred to 

1.5 ml Eppendorf tubes ·and centrifuged (1500 x g, 10 min, 4°C). The 
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supernatant was aspirated and the cells were resuspended in a final volume of 

50 to 100 f.LI of HBSS and counted using a hemacytometer. 

lmmunoblot Analysis. Proteins were extracted from total cell populations 

(unattached and attached cells) in 0.125 M Tris-HCI, pH 6.8, 4o/o (w:v) SDS, 20o/o 

(v:v) glycerol, 5o/o (v:v) ~-mercaptoethanol in H20. Insoluble membranes and 

DNA were disrupted by sonication or by pulling lysates multiple times through an 

18 gauge needle. Isolated proteins were resolved under denaturing, reducing 

conditions in Tris-glycine SDS gels following standard separation procedures. 

Separated proteins were transferred to Hybond-P PVDF membranes (Amersham 

Pharmacia Biotech, Piscataway, NJ) and blocked with TBS containing 0.1 °/o 

Tween 20 and 5o/o nonfat dried milk. To determ.ine the growth arresting 

properties of 4-0HT, membranes were probed with mouse anti-Rb (1 :1000, 

Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Death-inducing properties 

were shown by probing membranes with mouse anti-cleaved PARP antibody 

(1 :2000, Cell Signaling Te.chnology, Inc., Beverly, MA). Additional analysis using 

anti-caspase-3 antibody (1 :1 000; Transduction Laboratories, Lexington, KY), 

mouse anti-ERa, and anti-PR AlB (1 :1000, Santa Cruz Biotechnology, Inc.) were 

performed when appropriate. To visualize protein loading differences, 

membranes were incubated in stripping buffer (62.5 mM Tris, pH 6.7, 100 mM ~

mercaptoethanol, 2°/o SDS) for 30 minutes at 60°C, washed, and probed with 

mouse anti-a-tubulin (1 :4,000, Oncogene Research Products, San Diego, CA) or 



56 

anti-~ actin (1 :200,000, Sigma) antibodies. Incubation with primf:iry antibodies 

was followed by a 1 h incubation ·with donkey anti-mouse lgG (1 :10,000) or 

donkey anti-rabbit lgG (1 :10,000) peroxidase-conjugated secondary antibodies 

(Jackson lmmunoResearch Laboratories, West Grove, PN). Immunoreactive 

proteins were visualized using the enhanced chemiluminescence (ECL) Western 

blotting detection system (Pierce, Rockford, IL). 

High Molecular Weight DNA Fragmentation. To detect high molecular weight 

DNA degradation, pulsed field gel electrophoresis (PFGE) analysis was 

performed as previously described (Schoenlein, 1993, Schoenlein et al., 1999). 

Briefly, chromosomal DNA was embedded into agarose pll;JgS and deproteinized 

in situ in EST lysis buffer [500 mM EDTA, pH 9.0, 1.0 o/o sodium lauroylsarcosine, 

2 mg/ml proteinase K (Boehringer Mannheim, ·Indianapolis, Ind.)]. Equivalent 

amounts of the high molecular weight DNA were fractionated on a 1 °/o agarose 

gel via PFGE using the CHEF DRII electrophoresis system (BioRad, Hercules, 

Calif.). The gel was stained with ethidium bromide, exposed to UV, and 

photographed. 

DNA Laddering. DNA laddering was detected using the method of Ishida eta/., 

1992). Hormonally-treated cells were collected via trypsinization, washed with 1 x 

PBS, and pelleted via centrifugation (1 000 x g, 10 min, 4°C). The pellet was 

resuspended in 600 f.IL of ice-cold lysis buffer (1 0 mM Tris-HCI, pH 7.5, 10 mM 
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EDTA, and 2°/o Triton X-1 000), transferred to a 1.5 ml Eppendorf tube, and 

incubated for 1 0 min on ice. The lysate was cleared via centrifugation and the 

supernatant was transferred to a clean tube. An equal volume of buffered phenol 

(pH 8.0) was added to the tube, mixed for 10 min, then centrifuged (20,000 x g, 

10 min, 4°C). The aqueous (upper) layer was transferred to a new tube and an 

equal volume of phenol/chloroform/iso-amyl alcohol (25:24: 1) was added to the 

tube; mixed and centrifuged (20,000 X g, 10 min, 4 °C). The aqueous (upper) 

layer was transferred to a new tube and an equal volume of chloroform/iso-amyl 

alcohol (24: 1) was added. After mixing, the solution was centrifuged (20,000 x g, 

10 min, 4°C); and the aqueous (upper) layer was transferred to a new tube. A 

0.1 volume of 3.0 M NaCI and 2 volumes of 1 00°/o ethanol were added to 

precipitate the DNA. The DNA was stored overnight at -20°C. The solution was 

chilled to -80°C and then centrifuged (20,000 x g, 10 min, 4 °C) to pellet the DNA. 

The ethanol was aspirated, and excess salts were removed by washing. the pellet 

with 70o/o ethanol. The DNA was pelleted via centrifugation and dried in a 

Speed~Vac. The DNA was resuspended in 16 uL of TE buffer (1 0 mM Tris-HCI, 

pH 7 .5, 1.0 mM EDTA) containing 0. 7 IJg/ml of RNase A. After a 30 min 

incubation at 37°C, the DNA was quantitated by reading the absorbance of light 

at a wavelength of 260 nm. The final volume of each sample was adjusted using 

TE buffer so that the DNA concentration was equal. 15 IJI of each sample was 

added to 15 IJI of 2 x sample buffer and electrophoresed in a 2.5°/o agarose gel in 
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TAE (50 mM Tris-HCI, 2 mM EDTA, 18 mM NaCI, pH 8.05). The DNA was 

visualized with ethidium bromide staining. 

Monodansylcadaverine Fluorescence Assay. Macroautophagosomes were 

detected by exposing cells to 0.05 !JM monodansyl cadaverine (MDC) for 30 min 

after 72 h of hormonal treatments. The cells were washed 3x with HBSS and 

counted according to Methods. 2.5 x 1 05 cells were lysed in 400 !JI of 10 mM 

Tris, pH 8.0, containing 0.1 °/o Triton X-1 00 (30 min at 4 oc with gentle agitation) 

and centrifuged (20,000 x g, 10 min, 4°C). MDC fluorescence in 100 IJI of 

cleared lysate was measured (335 nm excitation, 525 nm emission) using a 

TECAN microplate fluorometer and WinSelect software (TECAN U.S.). 

Fluorescence Microscopy. Hormonally-treated MCF-7 breast cancer cells 

were cultured in 4-chamber tissue culture slides. The cells were rinsed 2X with 

PBS and fixed with fresh 2°/o paraformaldehyde solution for 20 min. C.ells were 

permeabilized with 0.1 °/o Nonidet P-40, a non-ionic detergent, for 15 min. 

Nonspecific binding sites were blocked by incubating the cells in 1 Oo/o goat serum 

in PBS for 20 min. The goat serum was removed with two rinses of PBS, and 0.5 

ml of mouse lgG anti-Bcl-2 primary antibody (1: 100 in PBS) was applied to each 

chamber. After a 1 h incubation, the cells were washed 3X with PBS; and 0.5 ml 

of Cy3-conjugated-anti-niouse lgG secondary antibody (1 :400 in PBS) was 

added to each chamber for 45 min. Unbound secondary antibody was removed 
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with 5 washes of PBS. All incubations were carried out at room temperature in 

the absence of ~irect light. Images (400X) were captured with Spot Camera and 

Spot software, version 2.2, using appropriate filters for Cy3 and Hoechst stain. 

Electron microscopy. Floating cells were collected independently of the 

trypsinized monolayer cells, washed 2 X in cold PBS, fixed for 1 hr in ice-cold 3o/o 

glutaraldehydel0.1 M cacodylate buffer, pH 7.4, rinsed overnight at 4°C in 0.1 M 

sucrosel0.1 M cacodylate buffer; post-fixed for 1 hr at 4°C in 1 °/o Os04 10.1 M 

cacodylate buffer, and embedded in Epon. Thin sections of 0.1 f.Lm were stained 

with uranylacetatellead citrate (Fiuka) and viewed in a Philips EM 400 electron 

microscope. 

Statistical Analysis 

To determine whether hormone th~rapy affected the cells, hormonally-treated 

cells were compared with estradiol-treated control cells with the Student's t test 

using SigmaStat, version 'a:o; software (SPSS Science, Chicago, IL). 

Significance was assumed at P<0.05. The graphed data are expressed as mean 

± SE._ In ,some cases the data are discussed as percent increases .or percent 

decreases' (i.e., percent growth inhibition), which were calculated using the 

following formulas: 

Percent Increase.= [(Final value·-lnitial value) I Initial' value] x 100o/o 

Percent Decrease= [(Initial value- Final value) I Initial value] x 1 OOo/o· 



Ill RESULTS 

Aim 1: To determine the. efficacy. of MIF treatment in antiestrogen-resistant 

breast cancer cells .. The goals of Aim 1. were to i.dentitY models of antiestrogen

resistant breast cancer and characterize the. antiproliferative·. and. pro-apoptotic 

effects·· of the anti progestin mifepristone (MIF) in antiestrogen-resistant cells. In 

the absence of hormone selection, clones of the MCF-7 breast cancer cell line 

were established using standard clonal isolatio~ techniques.·. Individual clones 

were tested for sensitivity to the antiestrogens 4-0HT and fulvestrant, MIF, and 

combination 4-0HT plus MIF treatment. Antiestrogen resistance was also 

investigated in cell lines rec.eived from collaborators. Endpoint parameters 

included MTI assays, Rb hypophosphorylation, cell .cycle analysis, monolayer 

and floating cell number, PARP cleavage, and DNA degradation. 

· MIF induces growth inhibition in ~ewly established antiestrogen-resistant 

MCF-7 breast cancer cell sub/ines. 

Previous studies show that 4-0HT and MIF induce growth inhibitory 

effects in early passage MCF-7 cells purchased from the American Tissue 

Culture Collection (Thomas and Monet, 1992). Furthermore, combination 4-0HT 

60 
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plus MIF treatment inhibits growth more so than either monotherapy (EI Etreby et 

al., 1998b). (For this work the term growth inhibition will refer to the sum total of 

the effects of cell death and growth arrest in cells treated with hormonal therapy 

in the presence of E2 compared to E2-stimulated control cells.) In a follow-up 

study, it was determined whether the previously described effects of hormonal 

therapy were · supported when cell counting was used as a final endpoint 

parameter. In a time course experiment, the effects of 4-0HT and/or MIF were 

analyzed in early-passage MCF-7 cells by counting the number of attached and 

detached cells following 4-0HT, MIF, and 4-0HT plus MIF treatment. These 

hormonal treatments decreased the number of attached MCF-7 cells by 43.5°/o, 

43.2o/o, and 58.5o/o, respectively, and increased the number of detached cells by 

33.3o/o, 11 0.8o/o, and 278.5o/o, respectively, after 144 hr of treatment (Figure 8). 

The data show that hormone treatments significantly alter the number of floating 

and attached cells and, therefore, suggest that both growth arrest and cell death 

may contribute to growth inhibition. 

To extend these studies several externally-derived MCF-7 sublines, most 

of which had been transfected with various cDNAs, were obtained .from 

collaborators. However, during the early course of these studies it was noted 

that many of the acquired cell lines, including thos~ lines transfected with empty 

vector DNA, failed to respond to antiestrogen · treatment. . This antiestrogen 

resistance· appeared particularly prevalent in one set of clonally-derived lines, 

which included three sublines (MCF-7.3.28, MCF-7.3.25, and MCF-7.3.6) that 



Figure B. The effect of 4-0HT, MIF, and 4-0HT plus MIF therapies 
on early passage MCi=-7 cell attachment (A) and cell lifting (B). 
MCF-7 cells were seeded in 60 mm culture dishes, In the presence of 
10 nM E2, cells were treated in triplicate with 1.0 pM 4-0HT, 10.0 pM 
MIF, or combination therapy. After 72 and 144 h of treatment, the 
floating cell populations were collected and counted using a 
hemacytometer (A); and the attached monolayer cells were trypsinized 
and counted using a Coulter Counter (B). The data are presented as 
the mean ± SEM; statistical sign~ficance (*), p =:= 0. 05. · 
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had been transfected with caspase-3 eDNA and a fourth subline (MCF-7.0.3) that 

had been transfected with vector DNA lacking the caspase-3 coding domain. 

Noting that each of these cell lines had been isolated. during a transfection 

procedure, it was hypothesized that the parental population of MCF-7 cells 

contained pre-existing, antiestrogen-resistant cells that could be isolated by 

clonal selection. To test this hypothesis, the sensitivity to antiestrogens was 

investigated in each of these sublines, several newly established clones, and the 

original parental population. In later studies, cell lines that displayed antiestrogen 

resistance were used to assess the efficacy of MIF and 4-0HT plus MIF therapy 

in breast cancer cells that were unresponsive to 4-0HT monotherapy. 

The MTT assay was used to. analyze the antiproliferative effects of 4-0HT, 

MIF, and 4-0HT plus MIF therapy and identify antiestrogen resistant sublines. 

The data show that 4-0HT, MIF, and 4-0HT plus MIF are potent inhibitors of 

growth in early passage MCF-7 cells. MIF and 4-0HT plus MIF therapies were 

also effective inducers of growth inhibition in MCF-7.0.3 and MCF7.3.28 cells. In 

MCF-7.0.3 cells MIF ·and 4-0HT plus MIF treatments significantly (p<0.05) 

reduced growth by 66.8°/o and 71.0°/o, respectively. Likewise, MIF and 4-0HT 

plus MIF therapies inhibited growth by 56.9°/o and 59.0°/o in MCF-7.3.28 cells. 

The growth inhibitory response to 4-0HT, however, was severely attenuated in 

MCF-7.0.3 cells and completely abrogated in MCF-7.3.28 cells. Compared to 

67.2 °/o in 4-0HT -treated MCF-7 cells, the percent inhibition was 8.4 °/o in MCF-

7.0.3 and 0.0 o/o in MCF-7.3.28 cells (Figure 9). These data suggest that 



Figure 9. The effect of 4-0HT, MIF, and 4-0HT plus MIF therapies 
on early passage MCF-7, MCF-7.0.3, and MCF-7.3.28 cell 
proliferation. MCF-7, MCF-7.0.3, and MCF-7.3.28 cells were .seeded 
in 96-we/1 culture dishes in replicates of six. In the presence of 10 nM 
E2, cells were treated with 1.0 J1M 4-0HT, 10.0 11M MIF, or 
combination therapy. After 144 h of treatment the supernatant was 
aspirated and the attached.cells were analyzed by the MIT assay. 
The data .represent the mean ± SEM of three independent plates; 
statistical significance (*), p ~ 0.05. A TCC, American Tissue Culture 
Collection. 
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mechanisms that perturb antiestrogen sensitivity are present in MCF-7.0.3 and 

MCF-7 .3.28 breast cancer sublines. 

To further evaluate the mechanism of antiestrogen resistance in MCF-

7.0.3 and MCF-7.3.28 cells, ERa expression was analyzed to determine if 4-0HT 

resistance correlated to loss of ERa expression. Western analyses 

demonstrated that both MCF-7.0.3 and MCF-7.3.28 cells express ER at levels 

comparable to antiestrogen-sensitive MCF-7 cells (Figure 1 0). Furthermore, 4-

OHT-treated MCF-7.0.3 and MCF-7.3.28 cells demonstrated higher ERa levels 

when compared to cells treated with E2 (Figure 10, compare lane 6 to lane 5, 

compare lane 1 0 to lane 9). Preyious studi"es showed that binding of 4-0HT to 

the ER slows the degradation of the steroid receptor_ by inhibiting the ubiquitin 

pathway (Stiegler et al., 1998; Prall et al., 1997). These data indicate that MCF-

7.0.3 and MCF-7.3.28 cells express ERa. Furthermore, 4-0HT is capable of 

binding to and regulating the ERa protein. Because ERa is expressed and 
_-.. . . . 

regulated in a manner that is similar to that observed in 4-0HT -sensitive MCF-7 

cells, other resistance mechanisms must exist in these cell lines. 

Since 4-0HT resistance observed in MCF-7.0.3 and MCF-7.3.28 could not 

be attributed to loss of ER expression, it was postulated that clonal variants with 

undefined resistance mechanisms existed within · the parental MCF-7 cell 

population (designated MCF-7 AP) that was used to generate the MCF-7.0.3 and 

MCF-7.3.28 sublines. Conventional cloning methodologies were used to 

establish thirteen independent clones _(clones 1-9 & 11-14). These newly 



Figure 10. lmmunoblot analysis of ERa expression in hormonally
treated early passage MCF~7,. MCF-7.0.3, ·and ·MCF-7.3.28 cells. 
MCF-7, MCF-7.0.3, and MCF-7.3.28 cells were seeded in 100 mm 

· culture dishes and treated in the presence of 10 nM E2 with 1. 0 11M 4-
0HT, 10.0 11M MIF, or combination therapy .. After 72 h of treatment, 
protein from floating and attached cell populations was extracted using 
the Laemmli method and analyzed by immunoblotting. A TCC, 
American Tissue Culture Collection. · 
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established clones, which had neither been previously exposed to 4-0HT nor 

been transfected with exogenous DNA, were tested for their sensitivity to 4-0HT 

therapy using monol~yer cell counts as a ·measure of gro~h inhibition. The 

individual clonal variants expressed . a large degree of variation in 4-0HT 

sensitivity, . .ranging from a 59.8% reduction in growth (clone 1.1) to no re.duction in 

growth (clone 2) when· compared to E2-treated cells (Figure 11 ). These data 

identify clonal diversity that includ~s 4-0HT resistance. wittJin the MCF-7 AP cell 

line (clone 2). Furthermore, the fact that these cells had never been exposed to 

4-0HT supports the argument· that MCF-7.0.3 and MCF-7.3.28 cells were 

derived from pre-existing, antiestrogen-resistant clonal variants in the MCF-7 AP 

population; and argues against the alternative hypothesis that MCF-7.0.3 and 

MCF-7 .3.28 cells acquired anti estrogen resistance as a result of being 

transfected with exogenous eDNA. 

As was done for the MCF-7.0.3 and MCF-7.3.28 cells, newly established 

clones were analyzed to determine whether antiestrogen sensitivity correlated 

with lost ERa expression· or aberrant ER function. lmmunoblotting was used to 

quantify the protein levels of ERa and two isoforms of the progesterone receptor 

(PR-A and PR-8), an estrogen responsive gene. All clones expressed ERa; and, 

similar to the expression profile in MCF-7.0.3 and MCF-7.3.28 cells, ERa levels 

increased when grown in the presence of 4-0HT (Figure 12). In addition, each of 

the clonal variants expressed E2-inducible PR that was inhibited in the presence 

of 4-0HT. E2 stimulation of PR in MCF-7.0.3 cells was observed with prolonged 



.Figure 11. The effect of 4-0HT on the proliferation of early 
passage MCF-7 cells and clones isolated from the MCF-7 AP 
subline as determined by monolayer cell counting. Thirteen clones 
were established from the MCF-7 AP subline. All cells were seeded in 
60 mm culture dishes. In the presence of 10 nM E2, cells were treated 
in triplicate with 1. 0 pM 4-0HT. After 96 h of treatment, the attached 
monolayer cells were trypsinized and counted using a Coulter Counter. 
The data are presented as the mean± SEM; statistical significance(*), 
p s 0. 05. A TCC, American Tissue Culture Collection. 
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Figure 12. lmmunoblot analysis of ERa and PR AlB expression in 
hormonally-treated early passage MCF-7, MCF-7.0.3, and clones 
2, 4, 7, and 12 derived from the MCF-7 AP subline. Cells of each 
subline were seeded in 100 mm culture dishes In the presence of 10 
nM E2, cells were treated with 1.0 pM 4-0HT. After 72 h of treatment, 
protein from floating and attached cell populations was extracted using 
the Laemmli method and analyzed by immunoblotting. A TCC, 
American Tissue Culture Collection. 
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exposure of the film (Figure 12 and data not shown). These data demonstrate 

that the 4-0HT resistance . observed in the new clones is not due to the loss of 

ERa expression, the inability of ER to bind 4-0HT, or the inability of 4-0HT to 

inhibit ER-mediated transcription. 

Given the broad range of 4-0HT -sensitivity present in these clonally

derived lines, it was determined whether MIF sensitivity varied in the same 

manner. Each of the new clones was treated with MIF, and the number of 

monolayer cells was compared to the number of cells growing in an untreated 

control set. MIF therapy significantly reduced growth in eleven of the 13 clones 

when compared to control cells, even when the concentration of MIF was 

reduced to 2.0 IJM (Figure 13). Although MIF inhibited the growth of clone 3 by 

an average of 31.6°/o and clone 4 by an average of 9.9°/o, these values were not 

statistically significant due to greater than expected variation in growth of the 

experimental and control groups, respectively. Clones 2 and 4, which are both 

antiestrogen-resistant, and the antiestrogen-sensitive clone 12 were selected to 

further test the hypothesis that 4-0HT does not inhibit the efficacy of Ml F when 

the two hormones are used in· combination. Unlike clone 12, none of the 

antiestrogen-resistant lines (i.e., MCF-7.0.3, clone 2 and clone 4) demonstrated a 

· reduction in number of attached monolayer cells when challenged with 4-0HT. 

MIF and 4-0HT plus MIF treatments, however, induced significant reductions in 

· monolayer cell number irrespective of 4-0HT sensitivity. In addition, 4-0HT plus 

MIF therapy was at least as effective as MIF monotherapy in inhibiting the growth 



Figure 13. The effect of MIF on the proliferation of early passage 
MCF-7 cells and clones isolated from the MCF-7 AP subline as 
determined by monolayer cell counting. Thirteen clones· were 
established from the MCF-7 AP subline. All cells were seeded in 60 
mm culture dishes. In the pre~ence of 10 nM E2, cells were treated in 
triplicate with a reduced. concentration (2.0 JJM) of MIF. After 120 h of 
treatment, the attached monolayer cells were trypsinized and counted 
using a Coulter Cou~ter. The data are presented- as the me.an ± SEM; 
statistical significance (*), p s 0.05 .. ATCC, American Tissue ·Culture 
Collection. 
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Figure 14. The effect of hormone therapy on MCF-7.0.3, clone 2, 
clone 4, and clone 12 cell attac~ment. Cells from all sublines were 
seeded in 60 mm culture dishes In the presence of 10 nM E2, cells 
were treated in triplicate with 1.0 pM 4-0HT, 10.0 pM MIF, or 
combination therapy. After 96 h of treatment, the attached monolayer 
cells were trypsinized and counted using a Coulter Counter. The data 

are presented as the mean + SEM; statistical significance (*), p s 
0.05. 
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of all four cell lines (Figure 14). These data suggest that the mechanism(s) that 

impart 4-0HT resistance to ER-expressing ·and PR-e'xpressing breast cancer 

cells do not confer MIF resistance. 

Previous studies have demonstrated that 4-0HT -resistant MCF-7 va(iants 

(Brunner et al, 1993) and patients with advanced, tamoxifen-resistant breast 

c~ncers (Howell et al, 1995) may be sensitive to other antiestrogens. Therefore, 

it was determined whether 4-0HT -resistant MCF-7 .0.3 and MCF-7 .3.28 cells 

were sensitive to the pure ER antagortist ICI 182,780 (fulvestrant). Sensitivity to 

ICI 182,780 was also examined in the parental MCF-7 AP subline from which 

these clones were isolated. After 96 h of ICI 182,780 treatment, the total cell 

number was not significantly decreased in MCF-7 .0.3 cells as compared to the 

E2-treated cells. ICI 182,780 did significantly reduce the growth of MCF-7.3.28 

cells by 13.7°/o; however, this value is markedly less than· the .78.8°/o growth 

inhibition observed in response to ICI'182,780 in the parental MCF-7 AP subline. 

In agreement with the MTT assays, 4-0HT did not significantly alter the total 

number of MCF-7 .0.3 or MCF-7 .3.28 cells relative to that of E2-treated cells. 

These sublines were, however, sensitive to ·MIF and MIF plus 4-0HT treatment. 

In comparison, all hormonal therapies inhibited the growth of MCF-7 ATCC and 

MCF-7 AP cells (Figure 15). The data suggest that the mechanism of 4-0HT 

re.sistance in MCF-7.0.3 and MCF-7.3.28 cell also confers partial resistance to 

other antiestrogens. 



Figure 15. The effect of hormone therapy, including ICI182, 780, 
on early passage MCF-7, MCF-7 AP, MCF-7.0.3, and MCF-7.3.28 
cell growth. Cells from all sublines were seeded in 60 mm culture 
dishes. In the presence of 10 nM E2, cells were treated in triplicate 
with 1.0 J.IM 4-0HT, 1.0 J.IM ICI 182, 7_80, 10.0 J.IM MIF, or 4-0HT plus 
MIF combination therapy. After 96 h of treatment, the attached 
monolayer cells were trypsinized, added to the floating cell 
populations, and counted using a Coulter Counter. The data are 

presented as the mean + SEM; statistical significance (*), p s 0.05. 
A TCC, American Tissue Culture Collection. 
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MIF induces growth arrest in antiestrogen-resistant MCF-7 breast cancer 

cells. 

The previous data showed that the MCF-7.0.3 and MCF-7.3.28 sublines 

did not demonstrate growth inhibition· when treated with 4-0HT. MIF and 4-0HT 

plus MIF therapies, however, did inhibit growth. Therefore, it ·:was reasoned that 

these sublines would provide a valuable model system to further define the anti

tumor actions of MIF in 4-0HT-resistant breast cancer cells. It was hypothesized 

that MIF and 4-0HT plus MIF therapies would induce growth arrest even in the 

absence of 4-0HT-induced response. To test this- hypothesis MCF-7.0.3 and 

MCF-7 .3.28 cells as well as anti estrogen sensitive MCF-7 cells were treated with 

hormones. The percentages of cells in GO/G1, S, and G2/M stages of the cell 

cycle were determined using propidium iodide staining and flow cytometry. Flow 

cytometric analyses confirmed the ·4-0HT-resistant phenotype of the MCF-7.0.3 

and MCF-7.3.28 cell lines and further established that MIF, alone and in 

combination with 4-0HT, induced growth arrest in these cells (Figure 16). At 48 

h, MIF and 4-0HT plus MIF treatments resulted in a significant increase in the 

percentage of MCF-7 ATCC, MCF-7.0.3, and MCF-7.3.28 cells in GO/G1 phase 

of the cell cycle relative to E2-treated control cells. In addition, MIF· and 4-0HT 

plus MIF treatments induced corresponding significant decreases in the 

percentage of cells in S phase in MCF-7.0.3 and MCF-7.3.28 (Figure 16). 

Treatment with 4-0HT did not induce significant changes in the percentage of 



Figure 16. The effect of hormone. therapy on early passage MCF-
71 MCF-7.0.31 and MCF-7.3.28 cell growth arrest. MCF-7, MCF-
7.0.3, and MCF-7.3.28 cells were seeded in 60 mm culture dishes. In 
the presence of 10 nM E2, cells were treated with 1.0 JJM 4-0HT, 10.0 
JJM MIF, or combination therapy. After 48 h of treatment, subconfluent 
monolayer cells were trypsinized and added to the floating cell 
population. Cells were stained with prodium iodide and the quantity of 
DNA was measured using flow cytometry. The asterisks (*) represent 
significant increases in the percentage of cells in GO/G 1, and the 
pound symbols (#) represent significant decreases in the percentage of 

cells in S phase. The data represent the mean + SEM of three 

independent plates; statistical significance (*), p s 0.05. A TCC, 
American Tissue Culture Collection. 
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cells in G1/GO or S-phase in the clones when compared to control treated cells. 

In contrast, the 4-0HT-sensitive MCF-~ ATCC cells showed a significant 

increase in the percentage of cells in GO/G 1 phase and a corresponding 

decrease in the percentage of cells in S phase when treated with 4-0HT relative 

to E2-treated (control) cells. 

Noting a significant increase in the percentage of cells arrested in GO/G 1 , 

the phosphorylation status of Rb was analyzed. Rb is a key regulator of the G 1-

to-S phase transition (Stiegler et al., 1998), and a major growth inhibitory effector 

in 4-0HT -treated MCF-7 cells (Prall et al., 1997; Plan as-Silva et al, 1997; 

Moudgil et al., 2001 ). Consistent with the results of the flow cytometry, 4-0HT 

treatment did not induce Rb activation (hypophosphorylation) in MCF-7 .0.3 or 

MCF-7.3.28 cells (Figure 17, lanes 6 arid 10, respectively) as seen in MCF-7 

ATCC cells (Figure 17, lane 2). In contrast, treatment of MCF-7.0.3 ·and MCF-

. 7.3.28 cells with MIF induced a marked Rb activation within 48 h that was not 

seen in MCF-7 ATCC· cells (Figure 17, ·compare lanes 7 and 11 to lane 3). 

Antiprogestin-induced Rb activation persisted for at least 72 h after hormonal 

therapy. These combined experiments demonstrate that, unlike antiestrogen

sensitive MCF-7 cells, MCF-7.0.3 and MCF-7.3.28 cells fail to· growth arrest 

when treated with 4-0HT. Furthermore, MIF treatment effectively induces a state 

of growth arrest in these antiestrogen-resistant MCF-7 sublines. 



Figure 17. lmmunoblot analysis of the phosphorylation status of 
pRb in hormonally-treated early passage MCF-7, MCF-7.0.3, and 
MCF-7.3.28 cells. Cells of each subline were seeded in 100 mm 
culture dishes and in the presence of 10 nM E2 with 1.0 pM 4-0HT, 
10.0 pM MIF, or combination therapy. After 24 hand 48 h of treatment, 
protein from floating and attached cell populations was extracted using 
the Laemmli method and analyzed by · immunoblotting. pRb, 
phosphorylated retinoblastoma protein; Rb, hypophosphorylated 
retinoblastoma protein. A TCC, American Tissue Culture Collection. 
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MIF induces active cell death in antiestrogen-resistant MCF-7 breast cancer · 

cells. 

Studies were performed to determine if MIF induced active cell death, in 

addition to growth arrest, in antiestrogen-resistant MCF-7.0.3 and MCF-7.3.28 

cells. MCF-7 sublines were treated with 1.0 J,JM 4-0HT, 1.0 J,JM ICI 182, 780, 

10.0 J,JM MIF, or 4-0HT plus MIF therapy and cell detachment from the 

monolayer was assayed. In early passage MCF-7 cells and in the MCF-7 AP cell 

· lines, all three monotherapies as well as 4-0HT plus MIF combination therapy 

increased cell lifting by at least 38°/o. In MCF-7.0.3 and MCF-7.3.28 cells, 

however, 4-0HT and ICI 182, 780 monotherapies did not induce a significant 

increase in the number of detached cells. Marked increases in cell lifting were 

observed in response to MIF and 4-0HT plus MIF therapies in MCF-7.0.3 (57.4o/o 

and 54.4o/o, respectively) and MCF-7.3.28 cells (522.5°/o and 90.2°/o, respectively) 

(Figure 18). The 4-0HT -resistant nature of these ceils was further ·supported 

when the level of cleaved PARP was determined using immunoblotting. PARP is 

a well-studied indicator of active cell death (Virag and Szabo, 2002; Gobeil et al., 

2001 ). Increased levels of PARP cleavage were. observed in response to MIF 

and 4-0HT plus MIF in all MCF-7 lines studied (Figure 19, lanes 3, 4, 7, 8, 11, 

and 12). However, 4-0HT did not induce PARP cleavage in MCF-7.0.3 and 

MCF-7.3.28 cells as it did in antiestrogen-sensitive, early-passage MCF-7 cells 

(Figure 19, compare lanes 6 and 10 to lane 2). 



Figure 18. The effect of hormone ther~py on early passage MCF-
7, MCF-7 AP, MCF-7.0.3, and MCF-7.3.28 eel/lifting. Cells from all 
sublines were seeded in 60 mm culture dishes. In the presence of 10 
nM E2, cells were treated in triplicate with 1.0 pM 4-0HT, 1.0 pM ICI 
182, 780, 10.0 pM MIF, or combination therapy. After 96 h of 
treatment, the floating cell populations were counted using a 
hemacytometer. Asterisks (*) represent' a significant increase in the 
number of floating cells relative to an E2-treated control group within 

each eel/line. T_he data are presented as the mean + SEM; statistical 
significance (*), p :$ 0.05. ATCC, American Tissue Culture Collection. 
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Figure 19. lmmunoblot analysis of cleaved PARP in hormonally
treated early passage MCF-7, MCF-7.0.3, and MCF-7.3.28 cells. 
MCF-7, MCF-7.0.3, and MCF-7.3.28 cells were. seeded in 100 mm 
culture dishes. In the presence of 10 nM E2, cells were treated with 
1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. After 72 h of 
treatment protein from floating and attached cell populations was 
extracted using the Laemmli .method and analyzed by immunoblotting. 
A TCC, American Tissue Culture Collection 
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One hallmark of apoptosis is the internucleosomal cleavage of DNA into 

fragments of approximately 180 base pairs. The classical appearance of DNA 

laddering was clearly evident in MCF-7.3.28 cells treated with tumor necrosis 

factor a (TNFa.) (Figure 20, lane 8). Consistent with an antiestrogen-resistant 

phenotype, degraded DNA was not apparent in cells treated with 4-0HT (Figure 

20, lane 4). However, DNA degradation was observed in MIF and 4-0HT plus 

Ml F treated cells although. the laddering effect is not as clearly visible as that 

measured following TNFa. treatment (Figure 20, lanes 5 and 6). Collectively, 

these data indicate that MIF induces active cell death in antiestrogen-resistant 

breast cancer cells. Furthermore, these assays implicate caspases as important 

players in hormone-induced cell death. 

Aim 2: To determine if caspase activation mediates hormone-induced cell 

death. The goal of Aim 2 was to evaluate the role of caspases in cellular death 

processes occurring in MCF-7 breast cancer cells treated with 4-0HT and/or 

MIF. MCF-7 cells were treated with hormones, and caspase activation was 

measured using caspase activity assays. In addition, the cleavage of well

defined caspase substrates, i.e., PARP, lamin A, and cytokeratin 18, was 

detected using immunoblotting and ELISA assays. Additional quantitative 

endpoint parameters included the effects on monolayer and floating cell number. 

Finally, a pan-caspase inhibitor, z-VAD-fmk, and selective caspase inhibitors 



Figure 20. Electrophoretic analysis of degraded DNA in 
hormonally-treated· MCF-7.3.28 cells. MCF-7.3.28 cells were 
seeded in 100 mm culture dishes. In the presence of 10 nM E2, cells 
were treated with 1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. 
After 72 h of treatment, DNA from floating and attached cell 
populations was extracted using the method of Ishida eta/. (1992). 
The separated DNA was stained with ethidium bromide prior to 
capturing an image. · 
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were used to test the requirement of caspase activation in mediating hormone

induced cell death. 

Caspase activation is required to mediate active cell death in response to 

4-0HT and/or MIF treatment 

Data collected during Aim 1 suggested that cell death contributed to the 

growth inhibition observed in hormonally-treated MCF-7 cells. More specifically, 

increases in the number of floating cells, PARP cleavage, and DNA laddering 

indirectly suggest that caspases may be activated following hormone treatment 

·(see Figures 18, 19, 20). Caspases are members of an aspartate-dependent 

family of proteases. The activation process involves signaling cascades in which 

upstream initiator caspases enzymatically cleave and activate downstream 

effector caspases (see Figure 7) (Thornberry et al., 1998). Although functional 

caspase-3 expression is lacking in wild-type MCF-7 cells (Janicke et al., 1998), 

caspase-7, which shares target specificity with caspase-3, is functional. Thus, 

the MCF-7 model was used to further investigate the cell death mechanisms 

occurring in response to 4-0HT and/or MIF therapies. 

Studies were initiated to determine if caspases contributed to the cell 

death arm of growth inhibition. For these studies, the proteolysis of two 

additional death substrates, cytokeratin 18 and lamin A, were measured. 

Cytokeratin 18 is an intermediate filament that is clipped by caspase-3 and 

caspase-7 following Asp396 near the carboxyl terminus of the protein during 
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apoptosis (Hagg et al., 2002). Using a sandwich ELISA assay (Diap.harm) that 

detects a neoepitope in cleaved cytokeratin 18, it was determined that 4-0HT, 

MIF, and 4-0HT plus MIF induce significant increases of cytokeratin 18 cleavage 

in a time dependent manner. After 72 h, early passage MCF-7 cells treated with 

4-0HT, MIF, and 4-0HT plus MIF therapies demonstrated a 72.1 o/o, 159.5°/o, and 

239.2°/o increase in cytokeratin 18 cleavage, respectively (Figure 21 ). In addition 

to PARP (see Figure 18) and cytokeratin 18 cleavage (see Figure 21 ), hormone

induced proteolysis of lamin A was quantified. Lamin A is an intermediate 

filament that comprises part of the nuclear matrix. Previous studies have shown 

that the VElD sequence within laminA is a specific substrate of caspase-6, and 

the cleavage of lamin A is necessary for complete condensation of chromosomal 

DNA during apoptosis (Ruchaud et al., 2002). lmmunoblotting showed that lamin 

A is proteolyzed in MCF-7 cells treated with 4-0HT, MIF, and 4-0HT plus MIF 

(Figure 22, lanes· 2, 3 and 4 vs. lane 1 ). Collectively, the increased proteolysis of 

PARP, cytokeratin 18, and laminA thatfollows the hormonal treatment of breast 

cancer cells suggests that cell death mechanisms, accompanied by caspase 

activation, contribute to the overall growth inhibitory actions of. 4-0HT and MIF 

therapy. 

Cleavage of death substrates supports· the hypothesis that caspases play 

a role in the dismantling of apoptotic, hormonally-treated MCF-7 cells. However, 

these data do not confirm that caspase activation is required for cell death 

induced by 4-0HT, MIF, and 4-0HT plus MIF therapies. To directly determine if 



Figure 21. Cleaved cytokeratin levels in 4-0HT-, MIF-, and 4-0HT 
plus MIF-treated early passage MCF-7 cells. MCF-7 were seeded in 
100 mm culture dishes. In the presence of 10 nM E2, cells were 
treated with 1.0 JJM 4-0HT, 10.0 JJM MIF, or combination therapy. 
After 24 h, 48 h, or 72 h of treatment, the amount of cleaved · 
cytokeratin in cell extracts ·from ·the floating and attached cell 
populations was determined using the Apoptosense sandwich ELISA 
kit. Asterisks (*) represent a significant increase in the amount of 
cleaved cytokeratin 18 relative to untreated control cells at each 
timepoint. The data are presented as the mean ± SEM; statistical 
significance (*), p s 0. 05. , 
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Figure 22. lmmunoblot analysis of cleaved lam in A in hormonally
treated early passage MCF-7 cells .. MCF-7 cells were seeded in 100 
mm culture dishes and treated with 1.0 11M 4-0HT, 10.0 pM MIF, or 
combination therapy. After 72 h of treatment, protein from the floating 
and attached. cell populations was extracted using the Laemmli method 
and cleaved lamin A levels were analyzed by immunoblotting. 
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the active cell death programs induced by 4-0HT and/or MIF are dependent 

upon caspase activity, MCF-7 cells were treated with hormone therapy in the 

presence and absence of the pan-caspase inhibitor z-VAD-fmk. In the absence 

of the inhibitor, 4-0HT, MIF, and 4-0HT plus MIF treatments increased the 

number of floating cells by 93.3°/o, 1 05.5o/o, and 259.7°/o, respectively, after 96 h 

of treatment. However, treating cells in the presence of z-VAD-fmk completely 

eliminated these increases in cell lifting (Figure 23). These data demonstrate 

that cell lifting is a caspase-dependent process .. in hormonally~treated MCF-7 

cells. 

Although pan-caspase inhibition completely abrogated cell lifting, these 

data do not confirm that cell death has also been completely blocked. To show 

an abrogation of cell death at the biochemical level, the proteolysis of PARP was 

assessed using immunoblotting under these same treatment conditions. In the 

absence of z-VAD-fmk, the cleavage of PARP is increased following 4-0HT, MIF, 

and 4-0HT plus MIF treatments (Figure 24, compare lanes 2, 3, and 4 to lane 1 ). 

However, when z-VAD-fmk is present, the levels of cleaved P~RP are greatly 

reduced (Figure 24, compare lanes 5-8 to lanes 1-4). These data indicate that 

inhibiting caspase activity blocks at least one major cell death pathway in MCF-7 

cells. 



Figure 23. The effect of z-VAD-fmk on the cell lifting of 
hormonally-treated early passage MCF-7 cells. Cells were seeded 
in 60 mm culture dishes and treated in triplicate with 1.0 11M 4-0HT, 
10.0 JJM MIF, or combination therapy in the presence and absence of 
25 11M z-VAD-fmk, a pan-caspase inhibitor. After 96 h of treatment, 
the floating cells were collected and counted using a hemacytometer. 
Asterisks (*) represent a significant increase in the number of floating 
cells relative to untreated control cells in each concentration of z-VAD-

. fmk. The data are presented as the mean ± SEM; statistical 
significance (*), p s 0. 05. 
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Figure 24. lmmunQblot analysis of cleaved PARP in hormonally
treated early passage MCF-7 in the presence and absence. of z
VAD-fmk. MCF-7 cells were seeded in 100 mm culture dishes and 
treated with 1.0 J.JM 4-0HT, 10.0 J.1M MIF, or combination therapy in the 
presence of absence of ~5.0 J.1M z-VAD-fmk, a pan-caspase inhibitor. 
After 96 h of treatment, protein from the floating and attached cell 
populations was extracted using the Laemmli method and cleaved 
PARP levels were analyzed by immunoblotting. Protein loading was 
determined by staining the membrane with Ponceau S. 
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Caspase-8 and caspase-9 are activated ·independently in response to 4-

OHT and/or MIF. 

In the studies· above, a pan-caspase inhibitor completely abrogated cell 

lifting and PARP cleavage in hormonally~treated breast cancer cells. Noting this 

effect, it was reasoned that caspase ·.activity was necessary for cell death, but it 

rem(\lined unknown whether hormone-induced caspase activation occurred via an 

intrinsic or extrinsic· pathway: Intrinsic pathways of caspase activation are due to 

perturbation of the mitochondria and ·subsequent activation of caspase-9. 

Alternatively, extrinsic pathways are initiated when a death receptor engages its 

cognate ligand and leads to caspase-8 activation (see Figure 7) (Kaufmann et 

al., 2000). To learn more about the contributing pathways relevant to hormone 

therapy, the activity profiles of two initiator caspases, caspase-8 and caspase-9, 
I 

were quantified in cells treated with 4-0HT, MIF, and 4-0HT plus MIF therapy. 

After 72 h, the percent increases in caspase-8 activity in response to 4-0HT, 

MIF, and 4-0HT plus MIF therapies were 131.3o/o, 348.8°/o, and 567.6°/o as 

compared to untreated control MCF-7 cells (Figure 25 A). At_ this same time 

period caspase-9 activity increased· by 336.2o/o, 1112.0o/o, and 1857.6o/o in 

response to 4-0HT, MIF, and 4-0HT plus MIF, respectively, in comparison to 

untreated control cells (Figure 25 B). These increases were statistically 

significant (P<0.05). These caspase activity. assays indicate both intrinsic and 

extrinsic pathways are activated following hormone therapy in MCF-7. 



Figure 25. Fluorometric analysis of caspase-8 and caspase-9 
activity in early passage MCF-7 cells treated with 4-0HT, MIF, and 
4-0HT plus MIF. MCF-7 cells were seeded in 100 mm culture dishes 
and treated in triplicate with 1.0 11M 4-0HT, 10.0 11M MIF, or 
combination therapy. After 24 h, 48 h, and 72 h of treatment, cell 
extracts from the floating and attached cell populations were analyzed 
for caspase-8 {IETD-AFCase) activity (A) or caspase-9 (LEHD
AFCase) activity (B). Asterisks (*) represent a significant increase in 
caspase activity· relative to untreated control cells at each timepoint. 
The data are presented as the mean ± SEM; statistical significance (*), 
p s 0. 05. RFU, relative fluorescence units. 
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While caspase activity profiles demonstrated that both initiator caspases, 

caspase-8 and caspase-9, were activated following 4-0HT, MIF, and 4-0HT plus 

Ml F treatments, it remained uncertain whether these two caspases were being 

activated independently or if cross-talk between the two pathways led to 

sequential activation of these enzymes. To address this questiqn, MCF-7 cells 

were treated with hormones in the presence and absence of selective inhibitors 

of caspase-8 (z-IETD-fmk) and caspase-9 (z-LEHD-fmk) and the effect of these 

treatment conditions on cell death were measured. lmmunoblotting revealed that 

independently inhibiting either of these caspases had no effect on reducing the 

amount of cleaved PARP (Figure 26 A, compare lanes 5-8 and 9-12 to lanes 1-

4). When both caspase-8 and caspase-9 inhibitors were used in conjunction, 

however, a significant reduction of cleaved PARP was observed (Figure 26 B, 

compare lanes 5-8 to lanes 1-4). These data show that caspase-8 and caspase-

9 are activated independently and may serve redundant roles in mediating 

hormone-induced therapy in breast cancer cells. They also suggest that both 

extrinsic and intrinsic factors may contribute to death processes induced by 4-

0HT, MIF, and 4-0HT plus MIF therapies. 

Caspase~ mediate MIF-induced cell death in 4-0HT-resistant MCF-7 cells 

Previously during Aim 1, it was determined that 4-0HT -resistant MCF-7 

sublines (MCF-7.0.3 and MCF-7.3.28) undergo active cell death in response to 

MIF and 4-0HT plus MIF therapies but not 4-0HT monotherapy. The end-point 



Figure 26. lmmunoblot analysis of cleaved PARP in early passage 
MCF-7 cells treated with 4-0HT, MIF, and 4-0HT plus MIF in the 
presence or absence of z-IETD-fmk (caspase-8 inhibitor) and/or z
LEHD-fmk (caspase-9 inhibitor). MCF-7 cells were seeded in 100 
mm culture dishes and pretreated for 30 min with 25.0 pM of caspase 
inhibitor or an equivalent concentration of vehicle (DMSO ). In Panel A, 
caspase-8 and caspase-9 were inhibited independently; and in Panel B 
caspase-8 and caspase-9 were inhibited concomitantly. Cells were 
treated with 1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. 
After 96 h qf treatment, protein from the floating and attached cell 
populations was extracted using the Laemmli method and analyzed by 
immunoblotting. Protein loading for each lane was determined by anti
p-actin detection (A) or Ponseau S staining of the membrane (B) 
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parameters supporting an active cell death process were increased cell lifting, 

increased PARP cleavage, and incre~sed DNA fragmentation. Furthermore, 

studies completed earlier in Aim 2 suggested that caspase activation was a vital 

and necessary step for cell death in hormonally~treated MCF-7 cells. Given 

these data, the mechanism of the cell death process· in antiestrogen-resistant 

cells was revisited-this time with a particular interest in the role of caspases. 

The caspase activity assays performed in antiestrogen-sensitive, early 

passage MCF-7 cells demonstrated that both caspase-8 and caspase-9 were 

activated independently in response to 4-0HT, MIF, and 4-0HT plus MIF therapy 

(see Figure 25). Given that antiestrogen-resistant cells lack detectable 

manifestations of 4~0HT -induced cell death (see Aim. 1 ), the question arose 

whether the ·mechanism of 4-0HT resistance involved defects within caspase 

activation cascades .(i.e., active initiator caspases not being able to activate 

target executioner caspases) or was this resistance due to defects in signaling 

events that occur u·pstream ofc.aspase activation. To address this question, the 

activity profiles of initiator caspases-8 and -9 ·were determined in hormonally

treated MCF-7.0.3 and MCF-7.3.28 cells. After 48 h, MCF-7.0.3 cells showed a 

64.4°/o increase in caspase-8 activity in response to MIF and a 75.3°/o increase in 

response to 4-0HT plus MIF treatment (Figure 27 A). Treating MCF-7.3.28 cells 

with MIF and 4-0HT plus MIF therapies for 48 h increased caspase-8 activity by 

130.9o/o and 22.6°/o, respectively (Figure 27 8). Similar increa$eS were observed 

in caspase-9 activity. After 48 h, MIF treatment of MCF- 7.0.3 cells induced a 



Figure 27. Fluorometric analysis of caspase-8 activity in MCF-
7.0.3 and MCF-7.3.28 cells treated with 4-0HT, MIF, and 4-0HT 
plus MIF. MCF-7.0.3, and MCF-7.3.28 cells were seeded in 100 mm 
culture dishes and treatedin triplicate with 1.0 JJM 4-0HT, 10.0 JJM 
MIF, or combination therapy. After 24 h and 48 h of treatment, MCF-
7.0.3 (A) and MCF-7.3.28 (B) cell extracts from the floating and 
attached cell populations were analyzed for caspase-8 (IETD-AFCase) 
activity. Asterisks (*) represent significant changes in caspase activity 
relative to untreated control cells at each timepoint. The data are 
presented as the mean ± SEM; statistical significance (*), p ~ 0. 05. 
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38.1 o/o increase and 4-0HT plus MIF treatment induced a 48.4o/o increase in 

caspase-9 (Figure 28 A). In MCF-7 .3.28 -cells, t~e percent increases in caspase-

9 activity following_.MIF and 4-0HT plus MIF treatments were·152.5o/o and 26.0°/o, 

respectively, following 48 h of treatment· (Figure 28 B). In contrast; 4-0HT 

significantly decreased caspase-8 and caspase-9 activity in .MCF-7.3.28 cells by 

48 h of treatment (Figure 28 fl.. and B) .. 4-0HT activated caspase-8 activity at 48 

h after treatment in MCF-7.0.3 cells, but this increase is not ·remarkable and is 

absent in MCF-7.3.28 cells (F.igure 27 A and B). These studies show that, similar 

to effects observed in antiestrogen-sensitive MCF-7 cells, MIF and 4-0HT plus 

MIF therapies induce caspase-8 and caspase-9 activity in antiestrogen-r~sistant 

MCF-7 cells. However, 4-0HT treatment does not remarkably activate caspase-

8 or caspase-9. Furthermore, these data imply that the mechanism of 

antiestrogen resistance may lie upstream of or with initiator caspase activation 

rather than by the inefficient activation of executioner caspases by activated 

initiator caspases. 

Noting differences in hormonal responses between MCF-7.0.3 and MCF-

7.3.28, it was next determined if caspase-3, which is an effector caspase not 

expressed in wild-type MCF-7 cells, is activated during MIF- and 4-0HT plus 

MIF-induced cell death in antiestrogen-resistant MCF-7 cells. Because neither 

caspase-8 nor caspase-9 is remarkably activated in response to 4-0HT, it was 

not expected · that caspase-3 expressi9n would restore 4-0HT sensitivity; 

however, it was hypothesized that caspase.:.3 would be activated and contribute 



Figure 28. Fluorometric analysis of caspase-9 activity in MCF-
7.0.3 and MCF-7.3.28 cells treated with 4-0HT, MIF, and 4-0HT 
plus MIF. MCF-7.0.3, and MCF-7.3.28 cells were seeded in 100 mm 
culture dishes and treated in triplicate with 1.0 pM 4-0HT, 10.0 pM 
MIF, or combination therapy. After 24 h and 48 h of treatment, MCF-
7.0.3 (A) and MCF-7.3.28 (B)' cell extracts from the floating and 
attached cell populations were analyzed for caspase-9 (LEHD
AFCase) activity. Asterisks (*) represent significant changes in 
caspase activity relative to untreated control cells at each timepoint. 
The data are presented as the mean ± SEM; statistical significance (*), . 
pS 0.05. 
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to cell death in MIF- and 4-0HT plus MIF-treated antiestrogen-resistant MCF-7 

cells. To complete this phase of the study, the activation of caspase-3 was 

compared between the two antiestrogen-resistant cell lines, MCF-7.0.3 and 

MCF-7.3.28. Since the MCF-7.0.3 line was transfected with pcDNA3 empty 

vector and the MCF-7.3.28 line was transfected with caspase-3 eDNA, it was 

reasone~ they would provide a convenient model to determine if MIF induces 

caspase-3 activation as part of the death process in 4-0HT-resistant breast 

cancer cells. 

Prior to assaying caspase-3 activity in response to hormonal therapy, a 

control experiment using TNFa. treatment was performed to confirm that 

procaspase-3 was expressed in .MCF-7 .3.28 cells and activated appropriately in 

response to a well-studied apoptotic stimulus. Caspase-3 activity levels were 

significantly increased in MCF-7.3.28 cells after 18 h of TNFa. treatment (Figure 

29 A). Furthermore, TNFa. induced a time-dependent decrease in the inactive 

proenzyme form of caspase-3 that correlated with the increase in caspase-3 

activity (Figure 29 B). 

The kinetics of caspase-3 activation in response to 4-0HT, MIF, and 4-

0HT plus MIF therapies were then examined. In MCF-7.3.28 cells, MIF induced 

a 28.1 °/o increase in caspase-3 activity as early as 24 h after treatment. Over 

time, caspase-3 activity continued to increase, reaching a 452.7°/o increase after 

96 h after treatment. Also, in response to 4-0HT plus MIF treatment, caspase-3 

activity demonstrated a 280.6°/o and 424.1 °/o increase after 72 h and 96 h of 



Figure 29. Effect of TNFa on caspase-3 activation in MCF-7;.0.3 
and MCF-7.3.28 cells. (A) MCF-7.0.3 and MCF-7.3.28 cells were 
seeded in 100 mm culture dishes and treated in triplicate with TN Fa. 
After 18 h of treatment, cell extracts from the floating and attached cell 
populations were analyzed for caspase-3 (DEVD-AFCase) activity. (B) 
MCF-7.0.3 and MCF-7.3.28 cells were seeded in 100 mm culture 
dishes and treated with TNFa. After 0 h, 4 h, and 24 h of treatment, 
protein from the floating and attached cell populations was extracted 
using the Laemmli method and levels of unprocessed procaspase-3 
were analyzed by immunoblotting. RFU, relative· fluorescence units. 
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treatment, respectively. In stark contrast, at 24 h and 48 h after treatment, 4-

0HT did not activate caspase-3. At these time intervals, 4-0HT -induced 

caspase-3 activity decreased by 52.4o/o and 34.2°/o compared to untreated 

control cells. Statistica.lly significant, but very small, increases in caspase-3 

activity were measured in response to 4-0HT treatment at later time points 

(Figure 30). These data show that MIF and 4-0HT plus MIF therapies activate 

caspase-3 activity in antiestrogen-resistant breast cancer cells. 

As was shown previously with TNFa (see Figure 29), the levels of the 

unprocessed procaspase will typically decrease as its activity increases. To 

determine if the inactive proenzyme form of caspase-3 decreases in response to 

hormonal therapy, MCF-7.3.28 cells and two other anti-estrogen-resistant 

sublines expressing caspase-3, MCF-7.3.6 and MCF-7.3.25, were treated with 

4-0~T, MIF, and 4-0HT plus MIF therapies and analyzed using immunoblotting. 

The proenzyme levels of caspase-3 were easily detected and appeared to 

increase in response to 4-0HT treatment (Figure 31, lane 2) and decrease in 

response to MIF treatment (Figure 31, lane 3) when compared to levels in 

untreated cells (Figure 31, lane 1 ). These changes correlated to decreases and 

increases in caspase-3 activity, respectively. However, the disappearance of the 

caspase-3 proenzyme did not correlate with caspase-3 activation following 

treatment with 4-0HT plus MIF therapy (Figure 31, lane 4). One potential 

explanation may be that 4-0HT may increase the stability of procaspase-3 as it 

does for ERa. (Stiegler et al, 1998; Prall et al, 1997; see Figure 1 0). Alternatively, 



Figure 30. Fluorometric analysis of caspase-3 activity in MCF-
7.3.28 cells treated with 4-0HT, MIF, and 4-0HT plus MIF. MCF-
7.3.28 cells were seeded in 100 mm culture dishes and treated in 
triplicate with 1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. 
After 24 h, 48 h, 72 h, and 96 h of treatment, total cellular extracts from 
the floating and attached cell populations were analyzed for caspase-3 
(DEVD-AFCase) activity. Asterisks (*) represent significant changes in 
caspase activity relative to untreated control cells at each timepoint. 
The data are presented as the mean± SEM; statistical significance(*), 
p s 0.05. RFU, relative fluorescence units. 
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Figure 31. lmmunoblot analysis of procaspase-3 in hormonally
treated MCF-7.0.3, MCF-7.3.28, MCF-7.3.25, and MCF-7.3.6 cells. 
All cells were seeded in 100 mm culture dishes and treated with 1. 0 
pM 4-0HT, 10.0 pM MIF, or combination therapy. After 72 h of 
treatment, protein from the floating and attached cell populations was 
extracted using the Laemrrili method and the levels of unprocessed 
procaspase-3 were analyzed· by immunoblotting. 
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OHT may induce antiapoptotic mechanisms that inhibit caspase-3 processing. 

Throughout these experiments, procaspase-3 was never detected in MCF-7.0.3 

(Figures 29 and 31), MCF-7 ATCC, MCF-7 AP cells, or the MCF-7 AP clonal 

variants. 

Aim 3: To determine if Bcl-2 regulates 4-0HT- and/or MIF-induced active 

cell death in MCF-7 breast cancer cells. The goal of Aim 3 was to determine if 

Bcl-2 plays a major role in regulating cell death in MCF-7 breast cancer cells 

treated with 4-0HT and/or MIF. The activity of · Bcl-2 was inhibited 

pharmacologically and with siRNA technology or enhanced by overexpressing 

Bcl-2. Under these test conditions cells were treated with 4-0HT, MIF, and 4-

0HT plus Ml F treatments, and the effects on the efficacy of hormonal therapy 

were analyzed. Endpoint parameters included effects on monolayer cell number, 

methylene blue staining of monolayer cells, PARP cleavage, and lamin A 

cleavage. 

Bc/-2 inhibition enhances MIF-induced growth inhibition, but does not 

restore 4-0HT sensitivity in 4-0HT-resistant breast cancer cells 

Studies conducted during Aim 2 demonstrated that two common initiator 

caspases, caspase-8 and caspase-9, are independently activated in response to 

4-0HT and MIF monotherapies and in response to combination 4-0HT plus MIF 

therapy. An important regulatory protein that lies just upstream of caspase 
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activation is Bcl-2. · Bcl-2 is an antiapoptotic, estrogen-regulated protein 

expressed in M<?F-7 breast cancer cells. Therefore, it was expected that 4-0HT 

treatment would down regulate Bel-~. It. was unknown, however, what effect 

antiprogestin therapy would have on Bcl-2 expression. To confirm that the early 

passage MCF-7 subline used in these studies expressed Bcl-2 in an E2-

dependent manner and to establish the effect of antiprogestin treatment, 

immunoblotting was used to analyze the levels of Bcl-2 in MCF-7 cells following 

treatment with 4-0HT, MIF, and 4-0HT plus MIF. As expected, Bcl-2 expression 

was decreased in response to 4-0HT (Figure 32, lane 2 vs. lane 1 ). Although it 

was less pronounced, antiprogestin therapy also _down regulated Bcl-2 (Figure 

32, lane 3 vs. lane 1 ); and the down regulation of Bcl-2 in response to 4-0HT 

plus MIF combination therapy was more substanti~l than either monotherapy 

. (Figure 32, lane 4 vs. lanes 2 and:3). 
-

. - Noting that Bcl-2 expression is hormone dependent, several experiments 

were designed to test the hypothesis that blocking the actions of Bcl-2 is an 

important step in hor-mone-induced cell death. The first set of experiments 

utilized a Bcl-2 inhibitor to block the actions of Bcl-2. To determine the working 

range of the inhibitor, standard dose-response curves were generated. MCF-7 
. . ' 

cells were treated with 0.0, 0.1, 0.3, 1.0, -3.0, 10 and 30 J.LM of .inhibitor. After 24 

h and 96 h, the monolayer cells were counted as previously described. ·After 24 

. h and 96 h, the ICso of the Bcl-2 inh.ib!tor was 13.28 IJM and s.oa 1JM, 

respectively (Figure· 33). A positive_ correlation was observed between the 



Figure 32. lmmunoblot analysis of Bcl-2 in hormonally-treated 
early passage MCF-7 cells. MCF-7 cells were seeded in 100 mm 
culture dishes and treat({Jd with 1.0 pM 4-0HT, 10.0 pM MIF, or 
combination therapy. After 72 h of treatment, protein from the floating · 
and attached cell populations was extracted using the Laemmli method 
and the levels of Bcl-2 were analyzed by immunoblotting. 
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Figure 33. Effect of Bc/-2 inhibitor on the growth of early passage 
MCF-7 cells. MCF-7 cells were seeded in 60 mm culture dishes and 
treated, in triplicate, with 0, 1.0, 3.0, 10.0, and 30.0 pM Bcl-2 inhibitor. 
After 24 h and 96 h of treatment, the monolayer cells were trypsinized 
and counted using a Z1 Coulter Counter. The data are presented as 
the mean ± SEM. · 
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concentration of inhibitor and the number of cells that lifted from the culture 

vessel. Cells that lifted in response to 10 or 30 IJM of the Bcl-2 inhibitor lifted in 

clumps of 1 0 or more cells. This pattern of cell detachment differs from that 

observed in response to hormonal therapy, which induces the lifting of individual 

cells, and imposes technical difficulties in obtaining reliable counts of the floating 

cell population. To determine if pharmacological inhibition of Bcl-2 activity 

induced active cell death, both total cell populations were analyzed for PARP 

cleavage and lamin A cleavage using immunoblotting. After 72 h and 120 h of 

treatment, no detectable increase in the cleavage of PARP or lamin A was 

observed when cells were treated with 0, 1, 3, or 10 J.LM of the inhibitor (Figure 

34A). Nor were increas~s in cleaved PARP detected in an extended experiment 

of 144 h (Figure 348). At the highest concentration. investigated, 30 J.LM, a time

dependent reduction in cleaved PARP and lamin A was observed. Coomassie 

blue staining of the gel and Ponceau S staining of the membrane indicated that 

the protein in these lanes had undergone extensive degradation as represented 

by significant smearing with no defined banding pattern. These data indicate that 

working concentrations of the Bcl-2 inhibitor fall within the 1 to 1 0 J.LM range 

depending on the length of the experiment. Also, because death marker. 

cleavage does not accompany cell lifting, the_se data suggest that this Bcl-2 

inhibitor ·may evoke a mechanism of growth inhibition that is independent of 

growth arrest or induction of caspase-mediated cell death. 



Figure 34. lmmunoblot analysis of cleaved PARP and cleaved 
lamin A in early passage MCF-7 cells treated with Bcl-2 inhibitor. 
MCF-7 cells were seeded in 60 mm culture dishes and treated with the 
concentration of Bcl-2 inhibitor indicated. ·After 72 h, 120 h, or 144 h of 
treatment, protein from the floating and attached cell populations was 
extracted using the Laemmli method and analyzed for cleaved PARP 
and cleaved lamin A by immunoblotting. 



A 
72 h 120 h 

E2 ++++++++++ 
Bcl-2 lnh. (J..LM) o 1 3 10 30 o 1 3 10 30 

B 

LaminA 

E2 
Bcl-2 lnh. (J.lM) 

PARP 

a-tubulin 

144 h 

+++++++ 
- \\:\ \\) ~~ ~, ~\\~ ~"-'" 

1234567 

109 



110 

Having established the working range of the 8cl-2 inhibitor, it was 

determined whether or not pharmacol~gically blocking 8cl-2 enhanced the 

growth inhibitory actions of 4-0HT, MIF, and 4-0HT plus MIF. MCF-7 cells were 

treated with 4-0HT, MIF, and 4-0HT plus MIF in the presence of 0, 3, 5, and 10 

J!M 8cl-2 inhibitor. After 96 and 144 hours of treatment, the monolayer cells were 

counted and the percent decrease in cell growth· was calculated. 

Pharmacological inhibition of 8cl-2 had no effect on the efficacy of· 4-0HT 

treatment. At all four concentrations of the 8cl-2 inhibitor, 4-0HT inhibited the 

growth of MCF-7 cells by about 40°/o after 96 hand 60°/o after 144 h of treatment 

(Figures 35A and 358). The presence of 8cl-2 inhibitor did, however, 

significantly enhance the efficacy of MIF and 4-0HT plus MIF treatments in both 

a time- and dose-dependent manner. After 96 h of MIF treatment in the absence 

of 8cl-2 inhibitor, MCF-7 cell growth was inhibited by 29.3o/o; this value was 

increased to 74.0°/o in the presence of 10 tJM of 8cl-2·inhibitor. During this same 

time period, growth inhibition in 4-0HT plus MIF treated cells gradually increased 

from 49.9°/o to 83:6°/o as the concentration of the inhibitor rose from 0 to 10 IJM 

(Figures 35A). After 144 hr of treatment, MIF induced growth inhibition increased 

from a baseline level of 38.0o/o to 86.8°/o with the addition of 1 0 IJM 8cl-2 inhibitor. 

Likewise, 1 0 tJM of the inhibitor increased the amount of growth inhibition from 

67.1 °/o to 91.5o/o in 4-0HT plus MIF treated cells (Figure 358). 

Since the 8cl-2 inhibitor enhanced the growth inhibitory effects of Ml F and 

4-0HT plus MIF therapy, it was determined whether these changes in growth 



Figure 35. . . The effect of Bcl-2 inhibition on the efficacy of 
hormone therapy on early passage MCF-7 cell survival. MCF-7 
cells were seeded in 60 mm culture dishes and treated in triplicate with 
1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. After 96 h (A) 
and 144 h (B) of ·treatment, the supernatant· was aspifated and the 
number of cells was determined using a Coulter Counter following 
trysinization. The data represent the mean ± SEM of three 
independent plates. The data were analyzed in two ways: (1) the 
asterisks represent the efficacy of hormonal therapy relative to E2-
treated control cells growing in the same concentration of Bcl-2 
inhibitor and · (2) the daggers show the effect of increasing Bcl-2 
inhibitor concentration on efficacy of individual therapies; statistical 
significance(* or t), p s 0.05. 
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corresponded to increases in the proteolysis of two death substrate proteins. 

MCF-7 cells were treated with hormonal therapy in the presence or absence of 

3.0 J.!M Bcl-2 inhibitor. After 96 h, protein lysates were analyzed for PARP and 

lamin A cleavage. lmmunoblotting revealed that MIF and 4-0HT plus MIF 

therapies induced higher levels of cleaved PARP and cleaved lamin A in the 

presence of the Bcl-2 inhibitor (Figure 36, lane 7 vs. lane 3 and lane 8 vs. lane 

4). These data show that pharmacologically inhibiting the action of Bcl-2 

enhances the growth inhibitory effects of MIF and 4-0HT plus MIF therapies in 

early passage MCF-7 cells. 

Because pharmacological inhibitors have ·the potential to react with non-

specific targets within the cell, an independent approach was used to assess the 

protective role of Bcl-2 in hormonally treated ry!CF-7 cells. Bcl-2 expression was 

knocked down using Bcl-2 targeting siRNA. Control cells were either mock-

transfected or transfected with siRNA against firefly luciferase, a gene not 

expressed in mammalian cells. Seventy-two h after infection with siRNA, the 

culture medium was replaced with E2-supplemented medium. Cells were grown 

in the presence of E2 for an additional 72 h before being harvested for protein 

analysis. lmmunoblotting demonstrated that the expression levels of Bcl-2 

remained markedly lower in cells transfected with Bcl-2 siRNA when compared to 

mock-transfected cells or cells tran$fected with a non-targeting siRNA (Figure 37, 

compare lane 3 to lanes 1 ·and 2). To determine :if knocking down Bcl-2 
·. . 

enhanced the efficacy of 4-0HT, MIF, or.4-0HT-plus MIF therapy, the level of 



Figure 36. lmmunoblot analysis of cleaved PARP and cleaved 
lamin A in early passage MCF-7 cells treated with 4-0HT, MIF, and 
4-0HT plus MIF in the presence or absence of Bcl-2 inhibitor. 
MCF-7 cells were seeded in 100 mm culture dishes and treated with 
1. 0 f1M 4-0HT, 10.0 f1M MIF, or combination therapy in the presence or 
absence of 3 p.M Bcl-2 inhibitor. After 96 h of treatment, protein from 
the floating and attached cell populations was extracted using the 
Laemmli method and analyzed by immunoblotting. 
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Figure 37. lmmunoblot analysis of Bcl-2 in early passage MCF-7 
cells after 144 h of Bcl-2 siRNA treatment. MCF-7 were seeded in 
6-we/1 culture dishes and grown in DMEM/F-12 medium containing 5% 
DCC and 10 nM E2. Protein was extracted using the Laemmli method 
after 144 h of mock, non-targeting (N. T.) siRNA, and Bcl-2 siRNA 
transfection. The levels of Bcl-2 were analyzed by immunoblotting. 
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PARP cleavage and lamin A cleavage were assessed under these same 

conditions. Although no apparent changes in the levels of cleaved PARP were 

observed, the level of cleaved lamin A was notably higher in MIF- and 4-0HT 

plus MIF-treated MCF-7 cells that were transfected with siRNA against Bcl-2 

when compared to mock-transfected or non-targeted siRNA-transfected cells 

(Figure 38, compare lane 11 to lanes 3 and 7; compare lane 12 to lanes 4 and 8). 

However, Bcl-2 knockdown also increased· the level of cleaved lam in A in E2-

treated control cells and cells treated with 4-0HT (Figure 38, compare lane 9 to 

lanes 1 and 5; compare lane 10 to lanes 2 and 6). These data vary slightly from 

those collected using an inhibitor of Bcl-2 and suggest that knocking down Bcl-2 

increases basal levels of lamin A cleavage in a (llanner that is independent of 

hormone therapy. 

Although . pharmacological inhibition of Bcl-2 did_. not enhance 4-0HT 

efficacy in antiestrogen-sensitive MCF-7 cells, this result did not rule out the 

possibility that 4-0HT sensitivity could be restored by blocking Bcl-2 in 

antiestrogen-resistant breast cancer cells. For these studi.es; the antiestrogen

resistant MCF-7.0.3 and MCF-7.3.28 were ··used. In a preliminary experiment, 

the basal expression level of Bcl-2 in antiestrogen-sensitive MCF-7 cells was 

compared to the basal expression levels in MCF-7.0.3 and MCF-7.3.28 cells. 

lmmunoblotting revealed that all three MCF-7 sublines expressed Bcl-2. 

However, the level of Bcl-2 expression was higher in antiestrogen-resistant lines 

when compared to antiestrogen-sensitive MCF-7 cells (Figure 39, lane 1 vs. 



Figure 38. lmmunoblot analysis of cleaved PARP and cleaved 
lamin A in early passage MCF-7 cells treated with 4-0HT, MIF, and 
4-0HT plus MIF following siRNA-mediated knockdown of Bcl-2. 
MCF-7 cells were seeded in 100 mm culture dishes and transfected 
with non-targeting or Bcl-2 targeting siRNA. After 72 h cells were 
treated with 1.0 JJM 4-0HT, 10.0 JJM MIF, or 4-0HT plus MIF therapy. 
After exposing cells to hormonal therapy for 72 h, protein from the 
floating and attached cell populations was extracted ~:JSing the Laemmli 
method and analyzed by immunoblotting. 
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Figure 39. · lmmunoblot analysis of Bcl-2 in early passage MCF-7, 
MCF-7.0.3, and MCF-7.3.2B:·C~IIs. MCF-7, MCF-7.0.3, and MCF-
7.3.28 cells were seeded in· 100 mm culture dishes and grown in 
DMEM/F-12 medium containing 5% DCC and 10 nM.E2. Protein was 
extracted using the Laemmli method and the levels of Bcl-2 were 
analyzed by immunoblotting. 
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lanes 2 and 3). Although correlative, these data corroborated the hypothesis that 

high 8cl-2 expression levels may protect breast cancer cells from hormone

induced cell death. To test this hypothesis, MCF-7, MCF-7.0.3 and MCF-7.3.28 

cells were treated, in triplicate, with hormones in the presence of 0, 3, 5, and 10 

J..LM 8cl-2 inhibitor. After 120 h the monolayer cells were stained with methylene 

blue, and the percent decrease in cell growth was calculated based on optical 

density readings at 590 nm. Similar to data shown above (see Figures 35A and 

358), 8cl-2 inhibition did not improve the efficacy of 4-0HT in antiestrogen

sensitive MCF-7 cells. The growth of MCF-7 cells was inhibited 72.5o/o, 70.0°/o, 

69.8°/o, and 71.2o/o when treated with 4-0HT in the presence of 0, 3, 5, ·and 10 

!JM of 8cl-2 inhibitor, respectively (Figure 40A). Nor did the presence of 8cl-2 

inhibitor markedly improve the efficacy of 4-0HT therapy in the antiestrogen

resistant MCF-7.0.3 and MCF07.3.28 cell lines. In the MCF-7.0.3 subline, 4-0HT 

treatment only inhibited growth by Oo/o, 1. 7o/o, 4.6o/o and 2.4o/o in the presence of 

0, 3, 5, and 10 !JM of 8cl-2 inhibitor, respectively (Figure 408). The addition of 0, 

3, 5, and 10 !JM of 8cl-2 inhibitor to 4-0HT -treated MCF-7 .3.28 cells inhibited 

growth by 2.8o/o, 2.4°/o, 2~5o/o, and 7.4°/o, respectively (Figure 40C). Although 

slight improvements were observed in· the presence of 1 0 !JM 8cl-2 inhibitor, the 

improvement in 4-0HT sensitivity did · not reach the -70°/o growth inhibition 

observed in antiestrogen-sensitive cells. Inc-reasing the concentration of 8cl-2 

inhibitor did, however, enhance the growth inhibitory actions to MIF and 4-0HT 

plus MIF treatments in all three cell lines. For example, in MCF-7 cells the MIF-



Figure 40. The effect of Bcl~2 ·inhibition on the efficacy of 
hormone therapy _on early passage MCF-7, MCF-7.0.3, and MCF-
7.3.28 cell survival. MCF-7 (A), MCF-7.0.3 (B), and MCF-7.3.28 (C) 
cells were seeded in 60 mm culture dishes and treated in triplicate with 
1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. After 144 h of 
treatment the supernatant was aspirated and the amount of monolayer 
cells was determined using · methylene blue staining. The data 
represent the mean ± SEM of three independent plates. The data was 
analyzed in two ways: (1) the asterisks represent the efficacy of 
individual hormonal therapies relative to E2-treated control cells 
growing in the same concentration of Bcl-2 inhibitor and (2) the 
daggers show the effect of increasing Bcl-2 inhibitor concentration on 
efficacy of individual therapies; statistical significance (*), p s 0. 05. 



119 

OHT +MI F-induced Inhibition 91.5% 't 92.7% 'I' 

A 
M IF-induced Inhibition 52.7% 65.7% 't 74.1% ·r 82.9% 't 

I I I 

OHT -induced I nhi bitio n 72.5% 70.0% 69.8% 71.2% 
r---1 r---1 II II 

1.2 
MCF-7 

'E 1.0 
c 

~ Control (E2) 0 
G) 

0.8 t}i@J OHT Ia 
41 

NISI MIF ~ 

-OHT+MIF fi 0.6 
-e 
0 
~ 0.4 .Q 
c( 

'ii 0.2 0: 

0.0 
0 0 0 0 3 3 3 3 5 5 5 5 10 10 10 10 

OHT +MI F-induced Inhibition 

8 MIF-induced Inhibition 57.6% 49.6% 't 65.2% 't 88.6% ·t 
I I 

OHT-induced Inhibition 0.0% 1.7% 4.6% 2.4% 
r-1 r--1 r-1 r-1 

1A 
MCF-7.0.3 

'E 1.2 
c 

c::J Control (E2) 0 1.0 
lil$?\d OHT m. 

41 
f$@1§3 MIF ~ 0.8 

fi * - OHT+MF -e 0.6 * 0 * * * ~ 
.Q OA * c( 

'ii 
0.2 0: 

0.0 
0 0 0 0 3 3 3 3 6 5 6 5 10 10 10 10 

OHT +M IF-induced Inhibition 65.8% t 'I" 

c 
M IF-induced Inhibition 31.5% 46.2% 't 46.5% t 75.2% 't 

I I I 

OHT-induced Inhibition 2.8% 2.4% 2.5% 7.4% 
r--1 r-1 r--1 r-1 

1.4 
MCF-7.3.28 

'E 1.2 
c 

~ Control (E2) 
0 1.0 m. 

Miiiil OHT Gl 0.8 * * * l@tjji MIF ~ 

*' li * ... OHT+MF -e 0.6 * 0 
~ * .Q 

0.4 c( 

'ii 
0.2 0: 

0.0 
0 0 0 0 3 3 3 3 .5 5 5 5 10 10 10 10 

Bcl-2 Inhibitor [pMJ 



120 

induced growth inhibition increased from 52.7°/o to 82.9°/o as the concentration of 

Bcl-2 inhibitor increased from 0 to 10 J..LM. Furthermore, the efficacy of 4-0HT 

plus MIF therapy increased from 80.4°/o to 92.7°/o as the concentration of Bcl-2 

inhibitor increased from 0 to 10 J..LM (Figure 40A). Similar trends were observed 

in the MCF-7.0.3 and MCF-7.3.28 cell lines (Figures ~08 and 40C). ·These 

studies suggest that pharmacological inhibition of Bcl-2 does not restore 4-0HT 

sensitivity in antiestrogen-resistant MCF-7 cells. Because these studies 

indicated that the Bcl-2 inhibitor did not restore 4-0HT sensitivity, biochemical 

studies assessing the cleavage of death substrates were not conducted. 

Bc/-2 overexpression protects MCF-7 cells from MIF-induced growth 

inhibition 

Studies using an inhibitor of Bcl-2 suggested that blocking this 

antiapoptotic protein enhances the growth inhibitory actions of MIF and 4-0HT 

plus MIF therapies. It was therefore reasoned that overexpressing Bcl-2 would 

protect cells treated with MIF and 4-0HT plus MIF from growth inhibition. Bcl-2 

was overexpressed in MCF~7 ATCC cells using a retroviral infection approach. 

Bcl-2 eDNA was cloned into the EcoFU site in the multiple cloning sequence of 

the pBabe-pur~ expression vector (Figure 41 ). EcoRI digestion of plasmid DNA 
.· . 

from tweive transformants showed that the· Bcl-2 fragment, which was originally 

isolated from a pcDNA3 vector, had inserted into at least 11 of the 12 clones. It 

was. predicted that plasm ids expressing the gene in the correct orientation would 



Figure 41. A restriction map of the pBabe(puro) vector. Bcl-2 
eDNA was excised from a pcDNA3 vector and cloned into a EcoRI site 
located in the multiple cloning sequence in the pBabe(puro) retroviral 
vector. Panel A shows a restriction map of the pBabe(puro) plasmid1

• 

Panel B shows restriction sites within the Bcl-2 coding domairf. 

Images downloaded from the following websites on 04/17/2007: 
1 http://www. addgene~ org/pgvec 1 ?f=c&plasmidid= 1764&cmd=showmap 
2 http://tools.neb.com/NEBcutter2/cutshow.php?name=d8acbfd6- on 
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have a prominent -700 bp band following BamHI digestion, while plasmids 

containing inverted sequences would demonstrate a prominent band of 

approximately 400 bp when digested with the endonuclease. Clones 3, 5, 6, and 

11 displayed the predicted 700 bp fragment (Figure 42). Clone 3 also contained 

an inverted fragment. Additional restriction analysis of clone 6 with Pst1 

produced predictable fragments of 872 bp, approximately 700 bp, and 176 bp 

(Figure 43). Finally, correct gene orientation was confirmed by DNA sequencing 

by the MCG Molecular·. Biology Core Facility. These data indicate clone 6 

expresses. a. plasmid that contains a correctly oriented eDNA fragment of the Bcl-

2 coding region. It was the plasmid. from this clone that was used in all future 

infections. 

Retrovirus· infect~vity. ahd integration· of reverse-transcribed eDNA is 

highest in proliferating cells. Therefore, early passage MCF-7 cells growing in 

optimum conditions (RPM I 1640 complete medium supplemented with 1 0°/o fetal 

bovine serum) were infected with virions encoding Bcl-2 or empty vector. Cells 

were selected for one week in 3 J.Lg/ml puromycin. Virtually all mock-infected 

cells were dead after three days of puromycin selection. To determine the 

expression levels of Bcl-2 in these infected cells immunoblotting was performed. 

Parental MCF-7 cells (MCF-7/Par) and cells infected with the empty pBabe(puro) 

vector (MCF-7Nec) expressed comparable levels of Bcl-2 while 

pBabe(puro)/Bcl-2 infected cells expressed notably higher levels of Bcl-2 (Figure 

44, compare lane 3 to lanes 1 and 2).· Immunofluorescent staining showed that 



Figure 42. EcoRI and SamHI restriction digests of 
pBabe(puro)/Bc/-2 vector isolated from twelve bacteria/. clones. 
Bcl-2 eDNA was excised from. a pcDNA3 vector and cloned into a 

. EcoRI site located in the multiple cloning region in the pBabe(puro) 
retroviral vector. Plasmids from twelve transformants were isolated, 
digested with EcoRI or BamHI, and analyzed by electrophoresis· and 
ethidium bromide staining. 
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Figure 43. EcoRI, SamHI, and Pstl restriction digests of the 
pBabe(puro)/Bc/-2 vector isolated from bacteria,/ clone 6. Plasmid 
DNA from clone 6 was digested with E'coRI, BamHI, or Pstl, and the 
fragments generated were analyzed with electrophoresis and ethidium 
bromide staining. 
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Bcl-2 overexpression was virtually. ubiquitous although the intensity of staining 

was heterogeneous (Figure 45). 

Because experiments testing the efficacy of hormor:tal therapy must be 

executed under def.ined conditions, i.e.,. with dextran-coated charcoal-stripped 

serum, the effect of changing the culture medium on Bcl-2 expression was 

analyzed. A time-course experiment was conducted in which MCF-7Nec and 

MCF-7/Bcl-2 cells were grown in- defined medium (DMEM/F-12 supplemented 

with 5% dextran-coated, charcoal-stripped serum), and the expression level of 

Bcl-2 was compared to expression levels in cells growing in complete medium 

(RPMI-1640 supplemented with .1 0 o/o fetal bovine serum). lmmunoblotting 

revealed that the levels of Bcl-2 expressed by MCF.;.7Nec cells increased in a 

time-dependent manner when transferred to the defined medium (Figure 46, lane 

1 vs. lane 2 and lane 5 vs. lane 6). Meanwhile, the expression level of Bcl-2 in 

MCF-7/Bcl-2 c~lls remained virtually unchanged when ·these cells were 

transferred to the defined culture medium (Figure 46, lane 3 vs. lane 4 and lane 7 

vs. lane. 8). It was reasoned that serum factors may be responsible for inducing 

Bcl-2 expression in MCF-7Nec cells that were growing in defined medium 

supplement~d with 5°/o dextran-coated, charcoal-stripped serum. Therefore, a 

similar experiment was performed using defined medium in which the dextran

coated, charcoal-stripped serum concentration was reduced to 1 °/o. Under these 

conditions, changing to the defined medium did not alter the level of Bcl-2 

expression in MCF-7/Par and MCF-7Nec cells (Figure 47, compare lane 1 to 



Figure 45. Immunofluorescence staining of Bcl-2 in MCF-7Nec 
and MCF-7/Bcl-2 cells. MCF-7Nec and MCF-7/Bcl-2 cells were 
seeded in 4-well chamber slides in complete RPMI1640 medium. After 
4f3 h in culture the cells were stained with a primary antibody against 
Bcl-2 and a secondary antibody conjugated to Cy3. Nuclei were 
counter-stained with DAPI. Cells were visualized with 
immunofluorescence microscopy. 



127 

MCF-7Nec MCF-7/Bcl-2 

Bcl-2 

Nuclei 



Figure 46~ lmmunoblot analysis of Bcl-2 expression levels in MCF-
7Nec and MCF-7/Bcl-2 cells growing in complete medium 
supplemented with 10% FBS and defined medium supplemented 
with 5% FBS-DCC. MCF-7Nec and MCF-7/Bcl-2 cells· were seeded in 
100 mm culture dishes in complete medium. After 24 h, the medium 
was aspirated and replaced· with ·either complete. medium or defined 
medium. After an additional 48 h or 96 ·h, ·protein from 'the floating and 
attached cell populations was extracted using the Laemmli method and 
the level of Bcl-2 under each culture condition was analyzed by 
immunoblotting. 
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Figure 47. lmmunoblot analysis of Bcl-2 expression levels in early 
passage parental MCF-7, MCF-7Nec and MCF-7/Bcl-2 cells 
growing in complete medium supplemented with 10% FBS and 
defined medium supplemented with 1% FBS-DCC. MCF-7Nec and 
MCF-7/Bcl-2 cells were seeded in 100 mm culture dishes in complete 
medium. After 24 h, the medium was aspirated and replaced· with 
either complete medium or defined medium. After an additional 48 h 
or 96 h, protein from the floating and attached cell populations was 
extracted using the Laemmli method and the level of Bcl-2 under each 
culture condition was analyzed by immunoblotting. 
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lane 2; compare lane 4 to lane 5). However, dropping the serum level to 1% did 

induce a notable decrease in the "expression of Bcl-2 in MCF-7/Bcl-2 cells (Figure 

47, compare lane 7 to lane 8). Furthermore, when the Bcl-2 level is compared in 

the control condition for hormone therapy, i.e., defined medium plus 10 nM E2, 

there is not a substantial difference in Bcl-2 expression between the three· cell 

lines (Figure 47, compare lanes 3, 6, and 9). These data suggest that, when 

comparing MCF-7Nec and MCF-7/Bcl-2 cells, the differential in Bcl-2 protein 

levels !s robust when . cells are growing in complete medium. However, 

transferring MCF-7Nec and MCF-7/Bcl-2 cells to a defined medium, which is 

required to observe hormone-induced active cell death, reduces the differential of 

Bcl-2 expression. 

Although the differential in Bcl-2 expression is reduced in MCF-7Nec and 

MCF-7/Bcl-2 cells growing in defined medium, cell counting experiments were 

performed under the pre·sumption that slight differences in Bcl-2 expression may 

still protect cells against hormone-in9uced gra.wth inhibition. · MCF-7Nec and 

MCF-7/Bcl-2 cells were treated with·4.:qHT, MIF, and 4-0HT plus MIF therapies, 

and the numbers of _m,onolayer cell~ were determined . after 72 h and 144 h of 

treatment. There was no significant difference between the two cell lines in the 

percent growth inhibition that was induced by 4-0HT or 4-0HT plus MIF 

therapies at either of the time-points observed. The percent growth inhibition 

was reduced, however, in MIF-treated MCF-7/Bcl-2 cells when compared to MIF

treated MCF-7Nec cells. After 72 h of MIF treatment MCF-7Nec cells 
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demonstrated a 27.3°/o decrease in the number of cells while MCF-.7/Bcl-2 cells 

were inhibited by 11.4°/o. Similar results were observed after 144 h of treatment. 

The growth of MIF-treated MCF-7Nec cells was inhibited by 25.0°/o, while its 

MCF-7/Bcl-2 counterpart was inhibited by 1.5.0o/o at this later time-point (Figure 

48). These data suggest that Bcl-2 may protect breast cancer cells from the 

general growth inhibitory effects of MIF therapy. 

To determine if Bcl-2 overexpression protected cells against hormone 

induced, caspase-mediated cell death, parental MCF-7 (MCF-7/Par), MCF-

7Nec, and MCF-7/Bcl-2 cells were treated with 4-0HT, MIF, and 4-0HT plus 

MIF therapies using a modified treatment protocol. Because it was previously 

established that changing to a defined culture medium diminished the differential 

in Bcl-2 expression between MCF-7Nec and MCF-7/Bcl-2 cells, cells were grown 

in complete medium until they were seeded for the experiment. Cells were 

seeded for the experiment in defined medium and treated with hormones within 

24 h. In this procedure, the normal 4-5 d protocol used to deprive cells of 

hormones as described in the Materials and Methods was not followed. After 96 

h of hormone therapy, immunoblotting was used to analyze the levels of cleaved 

PARP and cleaved lamin A. Within each cell line, 4-0HT, MIF, and 4-0HT plus 

MIF therapies induced marked increases in the cleavage of PARP and laminA 

when compared to E2-treated cells. When adjusted for loading there is no 

marked decrease in the cleavage of these two death substrates when comparing 

MCF-7/Bcl-2 cells to MCF-7Nec or MCF-7/Par cells (Figure 49). These data 



Figure 4:8. The relative efficacies of 4-0HT, MIF, and 4-0HT plus 
MIF therapies in MCF-7Nec and MCF-7/Bcl-2 cells. MCF-7Nec and 
MCF-7/Bcl-2 cells were seeded in 60 mm culture dishes and treated in 
triplicate with 1.0 pM 4-0HT, 10.0 pM MIF, or combination therapy. 
After 72 h (A) and 144 h (B) of treatment the supernatant was 
aspirated and the number of monolayer cells was determined using a 
Coulter Counter following trypsinization. The data represent the mean 
± SEM of three independent plates. The data ·were analyzed in two 
ways: (1) the asterisks represent a significant difference in the efficacy 
of a given hormonal therapy relative· to E2-treated control cells withi(l 
each cell line at a given timepoint and (2) the daggers show a 
significant difference in the percent growth inhibition between MCF-
7Nec and MCF-7/Bcl-2 cells for a given therapy at a given timepoint; 
statistical significance(* o; t), p s 0.05. 
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Figure 49. lmmunoblot analysis of clea·ved PARP and cleaved 
. lamin A in hormonally-treated early passage parental MCF-7, 

MCF-7Nec, and MCF-7/Bcl-2 cells. Parental MCF-7 (MCF-7/Par}, 
MCF.:.7Nec, and MCF-7/Bcl-2 cells were seeded in 100 mm culture 
dishes and treated with 1.0 J1M 4-0HT, 10.0 J1M MIF, or combination 
therapy. After 72 h of treatment, protein from the floating and attached 
cell populations was extracted using the Laemmli method and 
analyzed by immunoblotting. 
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indicate that 4-0HT, MIF, and 4-0HT plus MIF are effective inducers of caspase

mediated cell death in MCF-7/Par, MCF-7Nec, and MCF-7/Bcl-2 cells. 



IV. DISCUSSION 

Antiestrogen therapy has been a mainstay therapy for breast cancer for 

over 20 years. Although aromatase inhibitors and ER downregulators are 

becoming more popular,· the most commonly prescribed antiestrogen is 

tamoxifen. Studies show that tamoxifen increases five-year survival rates and 

lessens the risk of developing breast cancer when used as a chemopreventive 

agent in high-risk women. Despite the benefits of tamoxifen therapy, it has 

several undesirable side effects. First, because tamoxifen acts as an estrogen 

receptor agonist in uterine tissues, its use is associated with a two-fold to seven

fold increase in a patient's risk of developing endometrial cancer (Fisher et al., 

2005). Second, tamoxifen has been shown to increase cerebrovascular and 

cardiovascular complications including stroke and deep vein thrombosis (Fisher 

et al., 2005). Third, the emergence_ of antiestrogen-resistant breast tumors 

severely limits the long-term efficacy of tamoxifen. In light of these limitations, 

improved - hormonal therapy regimens for estrogen receptor-positive and 

progesterone receptor~positive breast cancer is needed. 

Although several breast cancer cell lines have been established, the 

authors selected the MCF-7· cell line as the primary model for conducting the 

investigations presented in this work. This cell line is derived from a pleural 

135 
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_effusion of a 69 year-old, Caucasian female with metastatic adenocarcinoma of 

the breast (Soule et al., 1973). It is the most common·ly used intact cell model of 

early phase, ER-positive breast cancer. In addition to ER, this cell line expresses 

the PR as well as the receptors for androgens and glucocorticoids (Horwitz et al., 

1975). Furthermore, it proliferates in response to estradiol; and estrogen-. 

stimulated growth is inhibited in the presence of 4-0HT, an active metabolite of 

tamoxifen (Lippman and Bolan, 1975; Lippman et al.,- 1976). Although MCF-7 is 

a popular cell line that has contributed significantly to our current understanding 

of tamoxifen-induced growth arrest, it has been used less for the purpose of 

elucidating the molecular mechanisms underlying . the cell death response 

particularly as they relate to caspase activation. Perhaps this is due to the fact 

that the gene for caspase-3, an executioner caspase, is mutated in MCF-7 cells 

(Janicke et al., 1998). Given these characteristics, the MCF-7 cell line 

represents a suitable model system for designing studies to investigate the 

cellular and molecular basis of cell . death processes occurring in response to 

hormone therapy. 

The purpose of the present study was to investigate the efficacy of the 

antiprogestin mifepristone (MIF) as an adjuvant or alternative molecular targeted 

therapy for breast · cancer in both antiestrogen-sensitive . and antiestrogen

resistant cell _lines and to better understand the actions· of anti estrogen and 

an.tiprogestin therapies a~ the molecular level, specifically. in relation to the 

actions of caspases and Bcl-2. It .. was hypothesized that antiestrogen-resistant 
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cells would demonstrate abrogated growth arrest and cell death responses when 

challenged with 4-0HT and that the cellular mechanisms imparting antiestrogen 

·resistance would not be sufficient to confer antiprogestin resistance. It was 

further hypothesized that antiestrogen and antiprogestin therapies would initiate 

caspase activation via intrinsic and/or ex~rinsic pathways that culminate in the 

activation of caspase-3 in breast cancer cells that express this executioner 

caspase. Finally, the investigators hypothesized that Bcl-2, an.· antiapoptotic 

protein, would partially protect cells from cell death induced by antiestrogen 

and/or antiprogestin therapy. To test these hypotheses, the following three 

specific aims were proposed: 

1. To determine if MIF induces growth arrest and active cell death in 

antiestrogen-resistant MCF-7 breast cancer cells. 

2. To determine if caspase activation is required for active cell death and 

to investigate the role of caspase-3 in 4-0HT- and/or MIF-treated, 

MCF-7 breast cancer cells. 

3. To determine if Bcl-2 regulates 4-0HT and/or MIF-induced active cell 

death in MCF-7 breast cancer cells. 

MIF induces growth arrest and active cell death in antiestrogen-sensitive 

and antiestrogen-resistant MCF-7 breast cancer cells. 

Recent studies have attempted to identify alternative molecular targets for 

the treatment of breast cancer. One potential. approach may involve 
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antagonizing the progesterone receptor with antiprogestins. Studies show that 

the antiprogestin mifepristone blocks PR-mediated transcription (Gronemeyer et 

al., 1992; Cadepond et al., 1997) and induces cytostatic and cytoxic responses in 

models of ER+JpR+ breast cancer (Bardon et al., 1987). Furthermore, the growth 

inhibitory effects of tamoxifen are augmented when MIF is used in combination 

with the antiestrogen (EI Etreby et al., 1998a; El Etreby et al., 1998b; Thomas 

and Monet, 1992). However, the cytostatic and cytotoxic effects of MIF in 

antiestrogen-resistant breast cancer have not been studied: 

To determine if MIF effectively induces growth arrest and/or cell death in 

antiestrogen-resistant cells, the · investigators first needed to identify and 

adequately characterize cell lines to be used as a model system of antiestrogen

resistant breast cancer. Several prospective breast cancer cell lines that 

appeared unaffected when challenged with 4-0HT were selected for 

investigation. These sublines, all of which were derivatives of the MCF-7 breast 

adenocarcinoma lineage, were obtained in two separate exp~riments. MCF-

7.0.3 and MCF-7.3.28 were obtained from collaborator Alan G. Porter. Clones 1-

9 and 11-14 were derived from the same parental cell line; MCF-7 AP, that was 

used to make MCF-7 .0.3 and MCF-7 .3.28 but were generated in the laboratory of 

Patricia V. Schoenlein. Clone 10 died during propagation. All cells in this study 

that were designated as antiestrogen-resistant expressed ER and PR in an 

endocrine-responsive manner. Furthermore, the treatment of these cells with 4-

0HT did not induce antiproliferation (as determined by the MTT assay), decrease 
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the number of cells attached to the culture vessel, increase the percentage of 

cells arrested at the G 1 /S phase restriction point, activate (hypophosphorylate) 

Rb, increase the number of. cells that lifted from the culture vessel, increase the 

amount of cleaved PARP detected by immunoblotting, or induce DNA 

degradation. Interestingly, as shown in Figures 15 and 18, cells that were 

resistant to 4-0HT also ·demonstrated attenuated responses to a second 

anti estrogen called fulvestrant (ICI 182, 780). 4-0HT and fulvestrant alter E2-

mediated transcription via two distinct mechanisms. 4-0HT binds to the ER and 

alters ER-mediated transcription, ICI 182, 780 (ICI) binds the ER and targets it 

for proteosomal degradation. Nonetheless, MCF-7.0.3 and MCF-7.3.28 showed 

little, if any, response to both antiestrogens. These data indicate that MCF-7.0.3 

and MCF-7 .3.28 cells, along with clone 2 and clone 4, are antiestrogen-resistant 

cell lines that may be used as model systems to test the cytotoxic and cytostatic 

effects of MIF in a 4-0HT-resistant context. 

Next, several experiments were performed to assess the efficacy of MIF in 

antiestrogen-resistant lines. Studies to assess MIF-induced growth arrest used 

two outcome parameters-the portion of cells in various stages of the cell cycle 

and the ph~sphorylation status of Rb-and are illustrated in Figures 16 and 17. 

To quantify the levels ·of DNA, hormonally-treated cells were fixed, 

permeabilized, and stained with propidium iodide. Propidium iodide is a 

fluor~scent dye that fluoresces when intercalated between the bases of DNA. 

Thus, the level of fluorescence is directly proportional to the amount of DNA 
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within a cell. The fluorescence of 10,000 ,individual cells was measured using 

flow cytometry; and based on· fluorescence values the percentage of cells in 

GO/G1, S, and G2/M phases of the cell cycle were extrapolated. MIF and 4-0HT 

plus MIF therapies, but not 4-0HT monotherapy, significantly increased the 

number of cells arrested in GO/G1 phase and significantly decreased the number 

of cells in S phase. A second, independent measure of growth arrest, namely Rb 

activation, was analyzed using immunoblotting and showed that MIF and 4-0HT 

plus MIF therapies, but not. 4-0HT monotherapy, induced the 

hypophosphorylation of Rb. An increase in hypophosphorylated Rb is a well

known indicator of growth arrest at the restriction point of the cell cycle. The 

pattern of Rb hypophosphorylation supports the cell cycle data; and together 

these data demonstrate that MIF and 4-0HT plus MIF therapies arrest the growth 

of antiestrogen-resistant breast cancer cells. 

Several assays were used to assess MIF-induced cell death in 

antiestrogen-resistant breast cancer cells. The outcome parameters for these 

experiments were cell lifting, PARP cleavage, and DNA degradation, and the 

data for these experiments are shown in Figures 18, 19, and 20, respectively. 

When treated with MIF and 4-0HT plus MIF therapies, MCF-7.0.3 and MCF-

7 .3.28 cells lifted from the culture vessel. Although this assay does not establish 

a cause-effect relationship between cell death and cell lifting, it does indicate that 

MIF perturbs normal cell attachment. Analysis of PARP cleavage confirmed that 

MIF and 4-0HT plus MIF therapies induced cell death in MCF-7.0.3 and MCF-
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7.3.28 cells. These analyses revealed some differences between MCF-7.0.3 

and MCF-7.3.28 cells. Most notably, MIF induced significantly more cell lifting in 

MCF-7.3.28 cells than it did in MCF-7.0.3 cells. Unlike MCF-7.0.3, MCF-7.3.28 

cells express caspase-3. A previous study suggests that DNA fragmentation is 

enhanced by activated caspase-3 in dying cells (Janicke et al., 1998). 

Interestingly, caspase-3 expressing, antiestrogen-resistant MCF-7.3.28 cells 

displayed degraded DNA in.response to MIF and 4-0HT plus MIF treatments. 

The implications of caspase-3 expression are further discussed in relation to Aim 

2. 

Caspase activation is required for 4-0HT and MIF-induced active cell death 

and MIF treatment activates caspase-3 in caspase-3-transfected, 

antiestrogen-resistant MCF-7,· breast cancer cells. 

Studies conducted during Aim 1 concluded that in various cellular contexts 

4-0HT and/or MIF therapies may elicit cell lifting., PARP cleavage and, in cells 

that express caspase-3 (e.g., MCF-7.3.28), DNA fragmentation. These results 

suggest that mechanisms of growth inhibition may include cell death; and the 

latter two outcomes suggest caspases may mediate hormone-induced cell death. 

For example, it is well documented that caspase-3 and caspase-7 cleave PARP 

into an 89 kDa fragment during active cell death. Studies have also shown that 

active caspase-3 unleashes the nuclease activity, caspase-activated DNase 

(CAD), and promotes DNA fragmentation by degrading an endogenous inhibitor 
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of caspase-activated DNase (ICAD). Therefore, in Aim 2 several experiments 

were designed to elucidate the involvement of caspases in mediating cell death 

in both antiestrogen-sensitive and antiestrogen-resistant MCF-7 cell populations. 

The initial studies conducted in this aim focused on caspase activity as it 

occurs in antiestrogen-sensitive MCF-7 cells that lack caspase-3 expression. In 

these cells, two additional death substrates-proteins that are cleaved by 

activated caspases during ~ctive cell death-were analyzed following 4-0HT, 

MIF, and 4-0HT plus MIF therapies .. As Figures 21 and 22 show, cleaved levels 

of cytokeratin 18, a natural substrate of caspases-3 and -7 (Hagg et al., 2002), 

and lamin A, a specific substrate of caspase-6 (Ru~haud et al., 2002), were 

increased in response ·to antiestrogen and/or antiprogestin treatment. These 

data suggest that-the cellular demise. of hormone-treated cells ·may be due to a 

broad spectrum of executioner caspase activities. 

Although cleavage of death substrates indicates that caspase activation 

correlates with hormone-induced cell death, . it. does not establish that cell death 

induced by 4-0HT, MIF, and 4-0HT plus MIF is caspase dependent. Therefore, 

studies were initiated to determine if caspase activity is required for hormone

induced cell death. For these studies, MCF-7 cells were treated with 4-0HT, 

MIF, and 4-0HT plus MIF in the presence or absence of z-VAD-fmk, a 

pancaspase inhibitor. Figures 23 and 24 show that z-VAD-fmk completely 

abrogated hormone-induced cell lifting and PARP cleavage. These data suggest 

that inhibiting caspase activity interrupts cell death mechanisms induced by 
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hormonal therapy. However, because these assays may not detect caspase

independent modes of cell death, the data do not strictly rule out the possibility 

that alternative mechanisms of cell death may be operational. 

Using casp(lse activity assays and selective caspase inhibitors, the roles 

of two initiator casp~ses in instigating hormone-induced, caspase-mediated cell 

. death were investigated; the data are illustrated in Figures 25 and 26. First, the 

activation profiles of two initiator caspases, caspase-8 and caspase-9, were 

analyzed. Traditionally, caspase-8 activation is used as an indicator of activatio~ 

of the extrinsic pathway of apoptosis that typically involves activation of a death 

receptor, whereas caspase-9 activation indicates involvement of the intrinsic 

mitochondrial pathway of apoptosis (Kaufmann et · al, 2000). MCF-7 cells were 

treated with 4-0HT, MIF, and 4-0HT plus MIF; and the enzymatic activities of 

these two initiators were determined using artificial fluorogenic tetrapepti~e 

substrates. All three hormone therapies significantly increased LEHD-AFCase 

(caspase-9) and IETD-AFCase (caspase-8) activity. Next, caspase inhibitors 

were used to determine if caspase-8 and caspase-9 were activa~ed in series or 

independently in parallel. MCF-7 cells were treated with 4-0HT, MIF, and 4-0HT 

plus MIF in the presence or absence of caspase-8, caspase-9 or caspase-8 plus 

caspase-9 inhibitors, and the level of PARP cleavage was analyzed. The data 

show that cell death ·is abrogated. only when both caspases are inhibited. From 

this it can be inferred that ·each ·pormone. therapy independently activates both 

caspase-8 and c~spase-9. ·Furthermore, ·the- data suggest that the role of 
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caspase-8 and caspase-9 in hormone-induced cell death is redundant since in 

this system the activation of either caspase is sufficient to initiate caspase

mediated cell death. 

The next series of experiments investigated the activation of caspase-8 

and caspase-9 in antiestrogen-resistant MCF-7.0.3 and MCF-7.3.28 cells. The 

data are portrayed in Figures 27 and 28. Using caspase activity assays similar to 

those described in the previous paragraph, these studies found that MIF and 4-

0HT MIF therapies activate caspase-8 and caspase-9 in both MCF-7.0.3 and 

MCF-7.3.28 cells. As expected, the level of caspase activation was very low or 

even suppressed in response to 4-0HT~ It is worth noting that the profile of 

caspase-8 and caspase-9 activation appears accelerated, at least in response to 

MIF, in MCF-7.3.28 cells relative to MCF-7.0.3. This differential in the temporal 

activation profiles of caspase-8 and caspase-9 may be due to the fact that the 

MCF-7.3.28 cell line has been transfected with caspase-3 eDNA. Studies have 

shown that in certain cellular contexts caspase-3 may cleave and activate 

caspases-8 · and -9 thus amplifying the kinetics of cell death via a positive 

feedback mechanism (Siee et al., 1999; Tang et al., 2000; Fujita et al., 2001 ). 

The final set of experiments in this aim, which are illustrated in Figures 29 

through 31, were designed to determine if caspase-3 is activated in response to 

MIF and 4-0HT plus MIF therapies is antiestrogen-resistant MCF-7.3.28 cells. A 

control experiment clearly demonstrated that TNFa activates caspase-3,.and this 

activation correlated with time-dependent processing (and therefore 
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disappearance) of the inactive proenzyme in the MCF-7.3.28 cell line. Next, 

activity assays were used to quantify the DEVD-AFCase (caspase-3) activity of 

hormonally-treated MCF-7.3.28 celllysates. The data show that MIF and 4-0HT 

plus MIF therapies induced a 3- to 5-fold increase in caspase-3 activity. In the 48 · 

h following 4-0HT treatment, caspase-3 activity was suppressed. Although 

some caspase-3 activity was observed at later time periods, the increases are 

relatively small and are not sufficient to induce DNA fragmentation or PARP 

cleavage (refer to Figures 19 and 20). Finally, the protein levels of the inactive 

caspase-3 proenzyme were analyzed in hormonally treated MCF-7 .3.28 cells, 

and two related caspase-3 expressing cell lines designated MCF-7.3.6 and MCF-

7.3.25. In all three cell lines MIF induced processing of the inactive' precursor. 

However., the levels of caspase-3 proenzyme slightly increased in response to 4-

0HT and 4-0HT plus MIF therapy. While it is not surprising that. proenzyme 

levels increased in response to 4-0HT monotherapy, the increase following 4-

0HT plus MIF therapy contradicts data obtained from th~ caspase-3 activity 

assays. Other groups have documented a lack of correlation between caspase 

activity and proenzyme processing (Kottke et al., 2002). In this case it is possible 

that 4-0HT increases the stability of procaspase-3 as it does for ERa. 

Bcl-2 regulates MIF-induced active cell death in MCF-7 breast cancer cells. 

Recent reports indicate that Bcl-2 antisense oligonucleotides or Bcl-2 

family inhibitors have a therapeutic effect when combined with other therapies to 
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treat tumors that overexpress Bcl-2 (Liu and Gazitt, 2003; Trudel et al., 2007; 

Lickliter et al., 2007) .. Thus, Bcl-2 has emerged as a potential molecular target J 

for treating cancer. In addition, Bcl-2 is a key regulator of caspase activation, 

which is a prerequisite for hormone-induced cell death. Therefore, experiments 

were performed to elucidate the effect of Bcl-2 inhibition in hormonally-treated 

early passage MCF-7 cells. First, the effect of Bcl-2 inhibitor on normal MCF-7 

cell growth was characterized; the data are shown in Figures 33 and 34. Dose-

response assays suggested a working concentration of a commercially available 

Bcl-2 inhibitor to be b.etween 1 and 10 IJM. MCF-7 cell growth was reduced 

nearly 50o/o when grown in the presence ·of 5.0 IJM Bcl-2 inhibitor. At this 

concentration a marked increase .in cell lifting was observed. This observation 

suggested that the Bcl-2 inhibitor may be· inducing cell death. However, neither 

an increase in PARP cleavage nor an increase in ·lamin A cleavage were 

detected. These. data indicate that at mode· rate. to high. concentrations, this Bcl-2 
. . . l 

inhibitor induces caspase-independent ·c~ll.lifting. 

In the next experiment, MCF-7 · cells were hormonally treated in the 

presence of 0, 3, 5, and 10 J,JM concentrations of the Bcl-2 inhibitor. Based on 

the number of attached cells~· growth inhibition . was calculated; these data are 

presented in Figure 35. When hormonally treated cells were compared to an E2-

treated control growing in the same concentration of inhibitor, 4-0HT had no 

effect. One interpretation of this data is simply that Bcl-2 does not play·a role in 

regulating 4-0HT -induced cell death. However, because Bcl-2 is transcriptionally 
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downregulated by 4-0HT, an alternate interpretation is that Bcl-2 does regulate 

4-0HT -induced cell death, but no effect of the inhibitor is observed because 4-

0HT treatment has already transcriptionally reduced expression of Bcl-2. As 

discussed later, overexpression studies were designed to address these two 

opposing interpretations. The growth inhibition induced by MIF and 4-0HT plus 

MIF therapies increased as the concentration of the Bcl-2 inhibitor increased. 

The sensitizing effect of Bcl-2 inhibition on the efficacies of MIF or 4-0HT plus 

MIF therapies was further supported when protein extracts were analyzed for 

PARP and lamin A cleavage. Figure 36 shows that MIF- and 4-0HT plus MIF

treated cells, but not those treated with 4-0HT, had small increases in the levels 

of these apoptotic markers when treated in the presence of 3.0 J..LM Bcl-2 

inhibitor. At the same time, cells treated .with 3.0 J..LM Bcl-2 inhibitor in the 

absence of hormonal therapy do not demonstrate higher levels of cleaved PARP 

or lamin A. Thus, it is reasonable to conclude that the increased cleavage of 

these death substrates in the presence of hormonal therapy represents a 

sensitizing effect of Bcl-2 inhibition~ Although these increases were small, they 

did correlate with the results determined by monolayer cell counting. 

Furthermore, these slight biochemical changes are consistent with the 

observation that hormonal therapy induces a mild and asynchronous cell death 

program when compared to other inducers of cell death, such as TNF-a 

treatment. 
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In antiestrogen-sensitive MCF-7 cells Bcl-2 inhibition enhances the 

efficacies of MIF and 4-0HT plus MIF therapies. However, the effect of Bcl-2 

inhibition on hormonal efficacy in antiestrogen-resistant cells remained unknown. 

Therefore, experiments were performed to evaluate the therapeutic value of Bcl-

2 inhibition in antiestrogen-resistant MCF-7 breast cancer cell lines. Studies 

performed during Aim 2 revealed that early passage MCF-7 cells activate 

caspases when treated with 4-0HT, MIF, and 4-0HT plus MIF therapies. 

However, antiestrogen-resistant MCF-7.0.3 and MCF-7.3.28 cells did not activate 

caspases when challenged with 4-0HT. Figure 39 shows that these cells 

expressed higher basal levels of Bcl-2 when compared to early passage MCF-7 

cells. Therefore, a selective inhibitor was used to determine if blocking the 

actions of Bcl-2 affected the efficacy of hormonal therapy. Because 4-0HT 

sensitivity appeared .to be lost in cells expressing high levels of Bcl-2, it was 

expected that Bcl-2 inhibition might restore 4-0HT sensitivity in these 

antiestrogen resistant cells. However, methylene blue staining indicated that Bcl-

2 inhibition does not sensitize cells to 4-0HT. Instead, the growth inhibitory 

action of MIF and 4-0HT plus MIF therapies became more pronounced as the 

concentration of Bcl~2 inhibitor increased. The MIF-sensitizing effect of the Bcl-2 

inhibitor was dose-dependent and observed in antiestrogen-resistant as well as 

antiestrogen-sensitive ·cells. E2-stimulated growth did not decrease in a dose

dependent fashion in MCF-7.0.3 and MCF-7.3.28 cells in response to the Bcl-2 

inhibitor. This result was contrary to the growth pattern observed in MCF-7 cells. 
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Given that MCF-7.0.3 and MCF-7.3.28 cells express higher levels of Bcl-2, a 

simple interpretation of these data is that the ICso of this Bcl-2 inhibitor is higher 

in the antiestrogen-resistant cell lines than in MCF-7 cells. However, such a 

relationship is in direct conflict with the conclusions of Enyedy et al. (2000) who 

reported an inverse relationship between Bcl-2 expression level and the ICso of 

this Bcl-2 inhibitor using several cell lines-some of which were of a breast 

cancer lineage. Nonetheless, these data clearly demonstrated that at the doses 

used pharmacological inhibition of Bcl-2 did not restore 4-0HT sensitivity in 

MCF-7.0.3 cells and MCF-7.3.28 cells. Furthermore, in all three cell lines, 

irrespective of tamoxifen sensitivity, MIF-containing therapies were significantly 

enhanced in the presence of the Bcl-2 inhibitor. 

An alternative way to inhibit the action of a target protein is to decrease 

the expression level of the protein using small interfering ribonucleic acids 

(siRNA). After being transfected into the cell, these double-stranded ribonucleic 

oligonucleotides are cleaved into short sequences of 21-23 nucleotides by the 

enzyme RNase 111/Dicer nuclease. The short fragments of siRNA combine with 

proteins to form active RNA-silencing complexes, which cleave complementary 

mANA and silence expression of the corresponding protein (Dorsett and Tuschl, 

2004). 

Given that siRNA technology has the advantage of sequence-specific 

gene silencing, siRNA was successfully used to downregulate Bcl-2 expression. 

Antiestrogen-sensitive MCF-7 cells were transfected with Bcl-2 siRNA or a 
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control non-targeting siRNA against firefly luciferase. As shown in Figure 37, 

Bcl-2 expression was markedly suppressed in cells transfected with Bcl-2 siRNA 

but not in those transfected with the control siRNA. Under these conditions, the 

levels of cleaved PARP and lamin A in hormonally-treate~ cells were analyzed 

using immunoblotting; these data are illustrated in Figure 38. Significant changes 

in the levels of PARP cleavage were not observed. However, the levels of 

. cleaved lamin A were elevated in all cells where Bcl-2 had been silenced. 

Proteolysis of lamin A was most evident in cells treated with MIF and 4-0HT plus 

MIF. A less pronounced increase in the cleavage of thi~ death substrate was 

also observed in 4-0HT- and E2-treated control cells. Proteolysis of lam in A in 

the 4-0HT treated group was about the same as that observed in the E2-treated 

control. These data suggest that the defined cell culture conditions are sufficient 

to· raise the basal level lam in A cleavage when Bcl-2 expression is suppressed 

using siRNA. 

Data collected following siRNA-mediated silencing of Bcl-2 vary from 

those observed following pharmacological inhibition of Bcl-2. Hormone 

treatments of cells in the presence of the Bcl-2 inhibitor led to increased cleavage 

of death substrates only in response to MIF and 4-0HT plus MIF therapies, while 

downregulation of Bcl-2 with siRNA led to increased lamin A proteolysis in 

response to E2 and 4-0HT treatments in addition to MIF and MIF plus 4-0HT 

therapies. Ther~ _are several potential explanations for these conflicting results. 

The most plausible explanation is that the Bcl-2 inhibitor is binding additional, 
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nonspecific targets. This small molecule inhibitor was initially identified by 

modeling the structure of Bcl-2 ·based on available high-resolution NMR data 

describing the structure of Bci-XL, a protein that shares significant sequence 

homology with Bcl-2. A structured-based screening approach was then used to 

identify small, organic molecules that may bind to the BH3 hydrophobic pocket of 

Bcl-2 (Enyedy et al., 2001 ). Binding .studies showed that the inhibitor does, 

indeed, interact with Bcl-2; however, it is possible that this inhibitor a:lso binds to 

other proteins in the Bcl-2 family. Since both antiapoptotic and proapoptotic 

proteins in the Bcl-2 family have BH3 domains, data collected using this inhibitor 

should be interpreted with caution. However, questions are also raised from 

analysis of data from siRNA studies. For example, in various siRNA studies it is 

routinely observed that after several days, cells transfected with non-targeting 

siRNA demonstrate about 20 to 30o/o growth inhibition when compared to mock

transfected cells. Whether or not these nonspecific mechanisms of growth 

inhibition, which are unrelated to specific gene knockdown, affect hormone

induced cytostasis and cytotoxicity is largely undetermined. 

Si~ce Bcl-2 is generally considered to have an antiapoptotic function, 

studies were designed to determine if overexpressing Bcl-2 in hormone-sensitive 

breast cancer cells ·rendered them insensitive to the growth inhibitory effects of 4-

0HT and/or MIF therapies. The retroviral cloning vector selected for these. 

experiments was pBabe(puro). This overexpression system was chosen for 

several reasons. First, a retroviral system allows one to infect several hundred 
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thousand cells and measure the effects of Bcl-2 overexpression in a population 

of MCF-7 cells rather than in individual clones. Second, the virus contains 

integrase, an enzyme that ensures the gene of interest will stably integrate into 

the host's genome. Third, the simian virus 40 immediate early promoter induces 

physiologically relevant overexpression of the inserted eDNA. One general 

criticism of overexpression studies is that expression of the exogenous gene is 

excessive. Extreme overexpression of a protein may impart changes in a cell 

that are nonspecific and physiologically irrelevant. Bcl-2 eDNA was subcloned 

into the multiple cloning site, and recombinant plasmids were transfected into the 

packaging line using the calcium phosphate precipitation method. Virions 

produced by the packaging line were collected from the supernatant and used to 

infect Bcl-2 into proliferating MCF-7. Puromycin selection eliminated uninfected 

MCF-7 cells from the host cell population. Cells infected with an empty vector of 

pBabe(puro) were designated MCF-7Nec and those infected with 

pBabe(puro)/Bcl-2 were designated MCF-7/Bcl-2. 

. Initial assessment of Bcl-2 expression was performed in cells growing in 

complete medium (RPM I supplemented with 1 0°/o FBS and 10 J.Lg/ml insulin). 

The data are shown in Figures 44 and 45. lmmunoblotting and 

immunofluorescence microscopy demonstrated that in complete medium Bcl-2 is 

overexpressed in MCF-7/Bcl~2 cells but not in MCF-7Nec or in mock-infected 

parental cells. However, in order to effectively measure endocrine-mediated 
. . 

changes in cell growth and cell death, experiments must be conducted under 
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defined conditions. In a multistep "stripping" protocol, cells are deprived of 

hormones by growing them in a defined medium consisting of DMEM/F-12 

supplemented with 5o/o dextran-coated, charcoal-stripped fetal bovine serum and 

· 1 0 Jlg/ml insulin. Insulin, which promotes cell growth and influences E2-mediated 

transcription, is not added to the medium when cells are seeded or alternatively 

is washed out at the time of treatment. Analyses of cells growing in defined 

·medium showed a dynamic expression pattern for Bcl-2. Figures 46 and 47 

show the effects of two different cell culture conditions on Bcl-2 expression in. 

MCF-7Nec and Mcf-7/Bcl-2 cells. Switching cells to defined medium induced a 

time-dependent upregulation of Bcl-2 in MCF-7Nec cells while Bcl-2 expression 

levels remained unchanged in MCF-7/Bcl-2. cells. Alternative culture conditions 

in which the concentration of dextran-coated, charcoal-stripped fetal bovine 

serum was reduced to 1 o/o produced a different expression pattern. Under these 

conditions, Bcl-2 expression was downregulated ·in MCF-7/Bcl-2 cells and 

unchanged in MCF-7/Vec cells. In effect, both cell culture conditions greatly 

reduced the differential in Bcl-2 expression and severely limited the ability to 

accurately deterrri.ne ·the effects of Bcl-2 overexpres~ion on hormonal efficacy 

using this particular experimental system. 

Despite these challenges·,- experiments using MCF-7Nec and MCF-7/Bcl-

2 cells were conducted. These data are shown in Figures 48 and 49. 

Differences in the growth of hormonally-treated cells suggested that MCF-7/Bcl-2 

cells are slightly protected from growth arrest and/or cell death following MIF 
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treatment. · This protective effect did not manifest in the reduced Cleavage of 

death substrates. There is virtually no difference between MCF-7Nec and MCF-

7 /Bcl-2 cells in the levels of cleaved PARP or cleaved lam in A following hormonal 

therapy. In the latter study, the "stripping" protocol was omitted. MCF-7Nec and 

MCF-7/Bcl-2 cells were grown in complete medium and transferred directly to 

defined .medium when seeded, i.e., one day before hormone treatment. This 

approac~ allows for the hormone treatments to be applied to the cells at a time 

when the differential in Bcl-2 expression is near its maximum. This 

unconventional treatment makes interpreting the negative result difficult. One 

interpretation is that Bcl-2 does not protect cells Jrom hormone-induced cell 

death. An alternative interpretation is that omitting the "stripping" protocol 

creates a cell culture condition that is not optimal for ·assessing the protective 

effects of Bcl-2. 

Clinical Implications and Future Research 

The current study shows that 4-0HT and/or MIF hormonal therapies 

induce growth arrest, caspase activation, and cell death in ER-expressing, 

antiestrogen-sensitive and antiestrogen-resistant breast cancer cells. 

Furthermore, it was demonstrated that Ml~: is an effective inducer of growth 

arrest and c.ell death in antiestrogen-resi~tant tumor' cells. This is the first pre

clinical .study to demonstrate that antiprogestin therapy ·is effective against 

antiestrogen-resistant breast cancer cells. 
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The fact that 4-0HT -resistant cells exhibited growth arrest and underwent 

apoptosis in response to MIF treatment suggests that MIF-induced antitumor 

activity occurs via a unique set of signaling events as compared with growth 

arrest and cell death induced by 4-0HT. If the molecular events that lead to cell 

death differ when ER is blocked as compared to when PR is blocked, then a 

~ombination treatment regimen .of antiestrogen plus antiprogestin treatment may 

have additive therapeutic potential. Other pre-clinical studies have demonstrated 

anti-tumor efficacy for MIF in the treatment of prostate cancer cells (Liang et al, 

2002; El Etreby et al, 2000). In those studies, MIF induced death receptor 

expression in prostate tumor cells and sensitized cells to further therapeutic 

approaches (Eid et al, 2002). Engagement of death receptors by their cognate 

ligands initiates caspase activation. Although death receptors were not 

specifically investigated in these studies, it is clear that caspase activation is an 

empirical outcome of 4-0HT and/or MIF therapy. In this study, 4-0HT and/or 

MIF therapies induced caspase-8 activation. Caspase-8 and caspase-10 are 

commonly activated by extrinsic signals via death receptors. Whether or not 

hormone-induced caspase activation occurs through a death receptor 

mechanism in hormone-treated breast cancer cells is unresolved and represents 

a promising area of future research. 

The presence of inherently antiestrogen-resistant clonal variants in an 

MCF-7 cell line underscores the caution that must be used in interpreting data 

based on the isolation and expansion of clones stably transfected with various 
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cDNAs. The heterogeneity of the MCF-7 population with regard to 4-0HT 

resistance is consistent with earlier studies detailing distinct differences between 

the MCF-7 ATCC cell line and cell lines passaged in various independent . 

laboratories (Osborne et al., 1987). In response to this concern, the investigators 

chose a retroviral system for overexpressing Bcl-2. As discussed previously, this 

vector system has many advantages. However, knowing the effect that defined 

medium has on the expression Bcl-2, it may have been better to use a retroviral 

vector containing a more active promoter, such the cytomegalovirus promot~r, 

rather than the. simian virus 40 promoter. 

The underlying mechanism. of 4-0HT resistance of the cells used in this 

study has not yet been determined. Potential mechanisms of 4-0HT resistance 

include altered binding of co-activator and co-repressor molecules to the 

antiestrogen/ER complex (Mc"Cielland et al, 2001; Takimoto et al, 1999; 

Knowlden et al, 2003), constitutive activation of the MEKIMAPK signaling 

pathway (Coutts and Murphy, 1998), and altered ER protein due to altered 

mRNA splicing (Fuqua and Wolf, 1995). Figures 10 and 12 show that the 4-

0HT -resistant phenotype of the cells used in these studies was not due to loss of 

ER expression or function. Although many of the molecular ·changes that occur 

when breast tumors transition from a tamoxifen-sensitive to a tamoxifen-resistant 

phenotype are ill-defined, it is clear that in most cases acquired resistance is not 

due to a loss or mutation of the ER (Robertson, 1996). In this m~nner the 4-

0HT -resistant cells used. in this study appear to model the characteristics of 
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antiestrogen tumors that develop in human patients. Because the majority of 

ER-positive antiestrogen-resistant tumors likely express PR, antiprogestin 

treatment in combination with antiestrogen treatment may offer some clinical 

benefit to patients, particularly in light of the. studies described herein. In 

summary, the data presented in this study support the consideration of MIF use 

in conjunction with antiestrogen strategies for the treatment of breast cancer. 



V. SUMMARY 

The studies herein have furthered our knowledge in understanding the 

underlying basis of hormonally-induced cell death in breast cancer cell lines. 

Cellular, molecular, and biochemical approaches were used to elucidate the roles 

of caspase proteins and Bcl-2 in antiestrogen-sensitive and antiestrogen

resistant MCF-7 cells. 

In Aim 1 traditional cloning techniques were used to isolate 4-0HT

resistant clones and confirm that clonal variation is prominent in the MCF-7 cell 

line. The antiestrogen-resistant lines generated, as well as those received from 

collaborators, were used to show that Ml F induces GO/G 1 growth arrest and Rb 

hypophosphorylation in 4-0HT-resistant MC~-7 cells. MIF also induced cell 

lifting, PARP cleavage, and DNA fragmentation in 4-0HT-resistant MCF-7 cells. 

Neither of these cytostatic or cytotoxic effects was observed in 4-0HT-treated, 

antiestrogen-resistant MCF-7 cells. These studies establish that 4-0HT and MIF 

induce two distinct pathways of cell death; and, therefore, MIF therapy may 

provide an alternative therapy to treat tumors that no longer respond to 4-0HT 

therapy. 
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During Aim 2, studies were conducted to elucidate the roles of caspases, 

specifically those of caspase-8, caspase-9, and caspase-3, in mediating cell 

death processes in hormonally-treated breast cancer cells. The data indicatethat 

hormone-induced cell death is a caspase-mediated process that is completely 

abrogated by the pan-caspase inhibitor, z-VAD-fmk. Caspase activity assays 

demonstrate that caspase-8 and caspase-9 are activated in response to 4-0HT 

and/or MIF, but inhibitors to these caspases do not block death when used 

individually. Death was completely abrogated, however, when caspase-8 and 

caspase-9 were inhibited concomitantly. In antiestrogen-resistant cell lines, 

caspases are not activated in response to 4-0HT; and reconstituting caspase-3 

expression does not restore sensitivity to 4-0HT. However, MIF and 4-0HT plus 

. MIF therapies do induce the activation of caspases, including caspase-3 when 

present, in antiestroge·n-resistant MCF-7 cells. These. studies establish that 

intrinsic and extrinsic pathways of cell death are activated in response to 4-0HT 

and MIF monotherapies as well as combination therapy. Because both caspase-

8 and caspase-9 must be blocked to abrogate cell death, it is deduced that these 

two pathways are activated independently and serve redundant roles in 

mediating cell death in response to hormone therapy. 

The studies conducted in Aim 3 focused on defining the role of Bcl-2 in 

regulating hormone-induced cell death. During these studies, it was established 

that an inhibitor of Bcl-2 enhances MIF- and 4-0HT plus MIF-induced cell death 

in both antiestrogen-resistant and antiestrogen-sensitive MCF-7 cells. 
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Furthermore, the Bcl-2 inhibitor slightly increased MIF-induced lamin .A cleavage. 

The inhibitor had no effect on the growth inhibitory actions of 4-0HT in MCF-7 

cells. Cell counting of the monolayer showed that overexpression of Bcl-2 

partially protects cells from the growth inhibitory effect of MIF. However, these 

protective effects are not reflected in reduced levels of PARP and lamin A 

cleavage in MIF-treated, Bcl-2 overexpressing cells. The inability to measure the 

protective effects of Bcl-2 in overexpressing cells at the biochemical level may 

have been due to the cell culture conditions used. The particular conditions that 

are required to measure death responses in hormonally-treated breast cancer 

cells increase endogenous expression levels of Bcl-2. Alternate culture 

conditions with reduced serum decrease expression of exogenous Bcl-2, which 

indicates that the promoter of the expression vector may be serum responsive. 

Both conditions considerably reduced the differential in Bcl-2 expression between 

MCF-7/Vec and MCF-7/Bcl-2 cells. 

Collectively, the work performed herein shows that MIF initiates 

mechanisms of growth ·arrest and caspase-mediated cell death that are 

independent of those induced by 4-0HT. Thus, antiprogestin-based therapies 

may improve clinical outcomes when used to treat estrogen receptor and 

progesterone receptor-expressing breast tumors. Additional studies are 

warranted to further evaluate the value of mifepristone and other antiprogestins 

as endocrine therapies for breast cancer. 
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