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INTRODUCTION 

STATEMENT OF THE PROBLEM 

Breast cancer is one of the leading causes of cancer death in women ranking 

second to lung cancer. In the United States, the chance of breast cancer 

development in women is approximately one out of eight during their lifetime [1 ). 

About 232,340 new cases of breast cancer are predicted to occur among women 

in the United States during 2013 with approximately 39,620 women predicted to 

die from it. Although breast cancer occurs primarily in women, it can also occur in 

men. In 2013, in the United States, about 2,240 men will be diagnosed with 

breast cancer out of which , 410 men are estimated to die from it [2). About 70% 

of the breast cancers are estrogen receptor positive (ER +) and are commonly 

treated with Selective Estrogen Receptor Modifiers (SERMs) like tamoxifen 

(TAM) . However about 50% of the cases develop resistance to antiestrogen 

therapy [3,4]. Resistance to antiestrogen therapy underscores the importance of 

desrgning more effective combination therapres for the treatment of ER+ breast 

cancers. 

1 
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REVIEW OF RELATED LITERATURE 

Development of the breast 

An understanding of the biology and pathology of breast cancer is only 

understood if one has a working knowledge of the biology and histology of the 

normal mammary gland which is reviewed in [5] (6]. The breast is a complex 

organ composed of many cell types, including epithelium, myoepithelium, 

fibroblasts, and adipocytes. Breast development starts during the fourth week of 

gestation with the growth of a basic milk streak. During the sixth week of 

embryonic development, the mammary gland begins to develop as a solid bud of 

epidermis into the underlying mesenchymal tissue. Between 12 to 16 weeks 

gestation mammary buds form and create milk ducts from cells that are close 

together. Each primary bud gives rise to several secondary buds that develop 

into the lactiferous ducts and their branches that make up the mammary gland. 

Subsequently, sex hormones in the placenta enter the fetal circulation and 

control the development of the breast until 32 weeks gestation. The mammary 

glands develop in the same manner in males and females until puberty. However 

at puberty the increase in the level of circulating estrogen in female body induces 

the growth and maturation of the breasts and genital organs [7]. During pubertal 

development ductal elongation and branching occurs [8]. In addition, during the 

female menstrual cycle, estrogen stimulates the growth of milk ducts during the 
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first half of the menstrual cycle and then progesterone which is produced by the 

corpus luteum stimulates the development of milk glands in the second half. The 

cyclic fluctuation in hormone levels induces periods of proliferation and 

regression of the ductal system from menarche to menopause. The final stage of 

development occurs during pregnancy. This stage is known as the lobuloalveolar 

differentiation during which the epithelium in the alveolar component 

differentiates to produce and secrete a lipid-rich proteinaceous fluid (milk) via an 

apocrine process. 

Malignancies of the breast 

The normal female breast is made up mainly of lobules (milk-producing glands), 

ducts (tiny tubes that carry the milk from the lobules to the nipple), and stroma 

(fatty tissue and connective tissue surrounding the ducts and lobules, blood 

vessels, and lymphatic vessels) figure 1 [9]. 

Malignancies originating in the breast are broadly classified based on the tissue 

or cell type from which they arise; lymphomas (periductal or perilobular lymphoid 

tissue and intramammary lymph nodes), sarcomas (blood vessels, adipocytes, 

fibrocytes), and adenocarcinomas (epithelium). Over 98% of breast 

malignancies are adenocarcinomas. An adenocarcinoma is a type of carcinoma 

that starts in glandular tissue. The ducts and lobules of the breast are considered 

to be glandular tissue as they produce milk, so cancers starting in these areas 
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are often referred to as adenocarcinomas. 

Adenocarcinomas can either be non-invasive or invasive. The adenocarcinoma 

that is confined to the layer of cells where it originated is termed as non-invasive 

carcinoma. Two types of non-invasive carcinomas have been described, Ductal 

Carcinoma in Situ (DC IS) and Lobular Carcinoma in Situ (LCIS) (Figure 1 ). DC IS 

is the most common type of non-invasive breast cancer. DCIS means that the 

cancer cells are inside the ducts but have not spread through the walls of the 

ducts into the surrounding breast tissue. LCIS is an abnormal growth of cells that 

originates in the lobules, the milk producing glands at the end of the breast ducts 

but does not grow through the walls of the lobules. LCIS is not a true carcinoma, 

rather it is an indication that the person will be at a higher risk of developing 

breast cancer at some stage of life. Therefore it is also referred to as lobular 

neoplasia. (breastcancer.org). Invasive breast cancer, also known as infiltrating 

cancer, comes in many forms and stages, and occurs when cancerous cells have 

spread beyond the ducts or lobules of the breast to other parts of the breast or 

body. The most common form, which accounts for approximately 65 to 80% of all 

invasive carcinomas, is invasive ductal carcinoma. The World Health 

Organization defines invasive ductal carcinoma as "the most frequently 

encountered malignant carcinoma of the breast, not falling into any of the other 

categories of invasive mammary carcinoma" (WHO, 1981 ). 



Figure1: Normal female breast is made of lobules and ducts. DCIS means 

that the cancer cells are inside the ducts. LCIS is an abnormal growth of cells 

that originates in the lobules Invasive ductal carcinoma (/DC) starts in the ducts 

of the breast, breaks through the wall of the duct, and grows into the fatty tissue 

of the breast. Invasive Lobular Carcinoma (ILC) starts in the milk-producing 

glands (lobules). 
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Invasive (or infiltrating) ductal carcinoma (IDC) starts in a milk passage (duct) of 

the breast, breaks through the wall of the duct, and grows into the fatty tissue of 

the breast. Invasive Lobular Carcinoma (ILC) starts in the milk-producing glands 

(lobules). 

While the treatment for a given breast cancer varies depending upon the clinical, 

pathological, and molecular characteristics of the tumor, options will include 

surgery, radiation, and systemic chemo- and hormonal therapy. Most patients 

with breast cancer have surgery to remove bulk of the tumor mass. Radiation 

therapy uses high energy X-rays to cause severe damage to the abnormal DNA 

in cancer cells within a localized area so that the growth signals can be 

disrupted, cell division can be prevented, and/or cell death can be induced. 

Chemotherapy is the drug treatment of cancer cells used to destroy cancer cells 

at the original tumor site as well as throughout the body. It is given either before 

surgery (nee-adjuvant chemotherapy) to shrink the tumor so that a less extensive 

surgery would be required or after the surgery (adjuvant chemotherapy) to 

reduce the number of circulating cancer cells that were not removed by the 

surgery. Hormonal therapy is another treatment option available to patients with 

hormone receptor positive breast cancers. Hormonal therapy can also be used in 

the adjuvant or nee-adjuvant setting. Hormonal therapy works either by lowering 

the amount of estrogen in the body or by blockrng the act1on of estrogen which 

would otherwise dnve the growth of normal as well as breast tumor tissue. 
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ER and PR positive breast cancer 

The estrogen and progesterone receptors have particular significance in 

development of normal breast as well as breast cancer [1 0,11 ]. Approximately 

70% of the breast cancer cases diagnosed each year are estrogen receptor 

positive (ER+) [12, 13, 14}. More than half (65%) of the ER+ breast cancers are 

also progesterone receptor positive (PR.) [15] [16], (Breast cancer.org). The 

presence of ER and PR has been associated with a better prognos1s [17, 18}. ER 

and PR belong to the nuclear receptor family of transcription factors [19,20]. Two 

estrogen receptor (ER) subtypes, ERa and ERr3 have been identified that are 

encoded by different genes ESR1 and ESR2 on chromosomes 6q25.1 and 

14q23.2 respectively [21 ,22,23,24}. ERa and ERr3 share 55% homology in their 

Ligand Binding Domain (LBO) and 97% homology in their DNA Binding Domain 

(DBD) [25,26}. ERr3 is an important factor in mediating estrogenic responses in 

many systems like the central nervous system, cardiovascular system, urogenital 

tract and the lungs [27,28,29}. ERr3 is also expressed in normal as well as 

malignant breast tissue along with ERa but the two receptors show a different 

expression pattern in breast cancer with higher ERa and lower ERr3 in malignant 

cells as compared to the benign tumor or normal mammary epithelium [30,31 ]. 

Progesterone receptor is encoded by a single PGR gene residing on 
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chromosome 11 q22 [32,33] It has two main isoforms, PR-A (94 kDa) and PR-B 

(114 kDa) that differ in their molecular we1ght [34,35]. In mouse models, knockout 

studies have revealed that PR-B is required for normal mammary gland 

development wh1le PR-A is required for uterine and reproductive development 

[36]. However in normal human tissues like the breast and uterus both PR 

isoforms are present at comparable levels in PR + epithelial cells. Transformation 

of normal breast or endometrial tissue to malignancy is often associated with 

aberrant express1on of either PR-A or PR-B isoforms [37]. Both steroid hormone 

receptors (ER and PR) are activated upon the binding of their cognate ligands. 

Upon estrogen/progesterone binding, the hormone receptors form multiprotein 

complexes that regulate the proliferation and differentiation of breast t1ssue. Both 

estrogens and progesterones are steroid hormones that upon receptor binding 

stimulate the growth of normal breast epithelium, as well as the breast cancer 

cells [38] 

The most potent and dominant estrogen in humans is 17- estradiol (E2). E2 is 

secreted into the blood stream by the ovaries and plays a prom1nent role in 

mediatmg the growth and differentiation of various tissues like the breast and 

uterus [39,40]. ER and PR expression is tightly linked in a majority of ER + 

breast cancers. [41 ,42,43,44]. In fact, one of the most studied ER-regulated 

genes is the PR [45] [46] 
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Like other ER-regulated genes, the PGR gene which encodes PR contains an 

estrogen response element (ERE) to which E2-bound ER binds and ultimately 

drives PGR [47]. Thus, E2-bound ER acts as a transcription factor and is known 

to regulate the transcription of hundreds of genes. 

Estrogen Signaling in breast cancer and mammary gland cells 

The proliferative action of E2 on mammary gland cells is mediated via ER via the 

mechanisms discussed for the regulation of breast cancer cell proliferation in 

Figure 2. 

1. ERE dependent genomic action: in this mode of action, E2 bound ER acts 

as a transcription factor to mediate the effects of E2. Genomic signaling involves 

ligand binding to the ER resulting in receptor phosphorylation, dimerization, and 

the recruitment of specific co-regulator proteins to estrogen response element 

(ERE) in promoters of target genes. [48,49,50]. 

2. The ERE-independent genomic action: allows ERs to regulate gene 

expression without binding to the EREs. In this case the nuclear E2-ER 

complexes are tethered through protein-protein interaction to a transcription 

factor complex (TF) that contacts the target gene promoter [51 ,52]. For example, 
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several genes are regulated by E2 through the interaction of EAs with Fos and 

Jun proteins at AP-1 binding sites. 

3. Ligand independent genomic actions: this mode of action primarily involves 

the ability of polypeptide growth factors such as epidermal growth factor (EGF) 

and insulin-like growth factor-1 (IGF-1) to phosphorylate and activate EA and 

increase the expression of EA target genes [53,54]. 



Figure 2: The proliferative action of ER on breast cancer and mammary 

gland cells. The proliferative action of ER is mediated via three mechanisms as 

follows: (1) The classical mechanism is when E2 bound ER acts as a 

transcription factor to mediate the effects of E2. The nuclear E2-ER complex 

binds to the estrogen response element (ERE) in target gene promoters and 

regulates their transcription. This is referred to as the genomic effects of E2-ER 

{1 -3}. (2) The ERE -independent genomic action allows ERs to regulate gene 

expression in the absence of ERE. In this case the nuclear E2-ER complexes are 

tethered through protein-protein interaction to a transcription factor complex (TF) 

that contacts the target gene promoter {4, 5]. (3) Ligand independent genomic 

actions have also been reported where growth factors can activate protein kinase 

cascades leading to phosphorylation of and activation of nuclear ERs at EREs {7, 

8]. (4) A non-genomic action can also mediate ER action. In this case, E2 has 

very rapid "cytoplasmic" effects outside the nucleus [13). The non-genomic ER 

actions are often associated with activation of various protein kinase cascades 

{16]. For example, membrane E2-ER complexes activate protein-kinase 

cascades, leading to altered functions of proteins in the cytoplasm {17, 18} 



Figure 2 
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4. Non-genomic action: This nongenomic action in contrast with the genomic 

action of ER, occurs outside the nucleus and is manifested in seconds to a very 

few minutes [55]. 

The non-genomic ER actions are often associated with activation of various 

protein kinase cascades [56]. Non-genomic E2 signaling involves a series of 

events that include mobilization of intracellular calcium, stimulation of adenylate 

cyclase activity and cAMP production [57,58], activation of MAPK and AKT 

{PI3K) signaling pathways [59]. A direct physical association between ERa and 

insulin-like growth factor receptor after estrogen treatment has been shown to 

activate insulin-like growth factor receptor and the downstream MAPK pathway. 

This interaction was completely blocked both by the potent antiestrogen 

fulvestrant and by inhibitors of MAPkinase [60]. 

Treatment of ER positive breast cancer: 

Because E2 and/or ER drive breast cancer cell proliferation, blocking the action 

of either should reduce breast cancer growth. Thus, blocking E2 binding to ER is 

a main approach that has been used to halt the growth of the breast tumor cells. 

In very early studies, the concept of blocking E2 act1on as a potent1al breast 

cancer treatment was established by Dr Beatson who showed that oopherectomy 
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was effective for treating advanced breast cancer. This led to the development of 

hormonal therapies to manage ER positive breast cancer [61). 

There are several types of hormonal therapies that have been developed: 

• SEAMs: Selective Estrogen Receptor Modifiers 

• SERDs: Selective Estrogen Receptor Downregulators 

• Aromatase Inhibitors 

SEAMs 

Antiestrogens are compounds that compete with E2 for binding to ER [62). The 

most commonly used SEAM, TAM, has been used m adjuvant setting to treat ER 

positive breast cancer for more than two decades [63,64,65,66,67,68). TAM is 

considered to be a selective estrogen receptor modifier because it has both 

estrogenic and antiestrogenic actions, depending on the target tissue. TAM acts 

by halting the transcription of genes under the control of E2 bound ER [69,70,71 ). 

The anti-tumor activity of TAM has been studied extensively and shows that in 

ER positive breast cancer TAM induces both cytostatic [72, 73,7 4, 75) and at 

higher concentrations, cytotoxic responses [76, 77] It is strongly antiestrogenic 

on mammary epithelium, however it acts predommantly as an estrogen agonist in 

bone, liver and uterus [78,79,80]. Therefore, women chronically exposed to TAM 

are at a higher nsk of developing endometnal cancer [81 ,82). 
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SERDs 

The need for other antiestrogens that would provide complete ER antagonism led 

to the development of pure antiestrogens like Fulvestrant (Faslodex) that belong 

to the class of antiestrogens known as Selective Estrogen Receptor 

Downregulators (SERDs). SERDs bind to ERa and induce its degradation via the 

proteasome [83]. Fulvestrant has been shown to inhibit the binding of E2 to ER 

leading to complete inhibition of E2 signaling through the ER [84]. Recently, 

fulvestrant has demonstrated clinical efficacy among patients who relapsed for a 

second time after responding to tamoxifen [85,86]. 

AROMATASE INHIBITORS 

The main source of estrogen is the ovaries in premenopausal women, while in 

post-menopausal women most of the body's estrogen is produced via the 

conversion of androgens into estrogen by the aromatase enzyme in the 

peripheral tissues [87,88]. Aromatase is a cytochrome P450 enzyme complex 

which is encoded by the CYP19 gene located on chromosome 15q21.2. It is 

expressed in the ovaries as well as several extra-gonadal tissues, including 

subcutaneous fat, brain, liver, bones, vascular endothelium, and mesenchymal 

cells of adipose tissue in the breast [89]. To suppress the activity of this enzyme, 

aromatase inhibitors (AI) have been developed, thereby reducing circulating 

estradiol levels [90,91 ]. Aromatase inhibitors are classified as steroidal (type I) 
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and nonsteroidal (type II). The steroidal compound drugs (formestane and 

exemestane) bind competitively to the substrate-binding s1te of the enzyme, 

resulting in permanent enzyme inactivation. However, type II nonsteroidal 

aromatase inhibitors reversibly interact with cytochrome P450 subunit of P450 

aromatase and inhibit steroidal aromatization [92]. Als like anastrozole, letrozole 

and exemestane have been shown to suppress plasma E2 levels by inhibiting 

the aromatase activity [93,94,95]. Als offer an alternative adjuvant therapy in 

early breast cancer therefore a number of studies have evaluated the outcome of 

extending the time period of such therapies, showing favorable results in studies 

where letrozole was compared with placebo for a 5-year period in post

menopausal women previously treated for 5 years with tamoxifen [96], extended 

adjuvant therapy with anastrozole for 3 years [97), as well as extended 

exemestane treatment [98]. 

Mechanisms of resistance 

Despite the beneficial effects of targeting estrogen or ER, antiestrogen efficacy is 

limited by the development of resistance by the breast cancer cells 

[62,99, 100,101] [4, 1 02] with only about two-thirds of the ERa positive breast 

tumors initially responding to the therapy (1 03]. Thus, approximately one-third of 

pat1ents with breast cancer are cons1dered to be intrinsically resistant to 

treatment with SEAMs. Several mechanisms of resistance to hormonal therapy 
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have been hypothesized which include different signaling pathways, tamoxifen 

metabolism, genom1c and non-genomic crosstalk and a complex interplay of ER 

subtypes and growth factors [1 04]. Breast cancers that are initially sensitive to 

endocrine therapy can acquire resistance. ER and/or PR loss can occur over 

time with endocrine therapy and when this occurs, the tumor takes a more 

aggressive course [1 05,1 06,107,1 08). Even under the conditions of complete E2 

ablation, a condition that can be achieved by treating with aromatase inhibitors to 

block the production of estradiol by the enzyme aromatase, the breast tumor 

cells acquire resistance [1 09]. Tumors adapt to a low-estrogen environment by 

switching to alternate signaling pathways like increased expression of HER2 or 

Insulin-like Growth Factor Receptor and downstream s1gnaling pathways like 

MAPK that allow them to escape the anti-proliferative effects of Als 

[14, 11 O].Thus, intrinsic and acquired resistance are considered major obstacles 

to the successful treatment of hormone-dependent breast cancer. 

The biological mechanisms underlying intrinsic and acquired antiestrogen 

resistance are numerous [111 , 112,113, 114) and include the following: 

Alterations in the co-activator or co-repressor functions: is also one of the 

several mechanisms of antiestrogen resistance. For example, in Tam resistant 

breast cancers elevation of AIB1 and ERBB2 pathways is observed [115). AIB1 

is over expressed in 30% of malignant breast tumors and its higher levels can 

promote estrogen agonist activity of tamoxifen leading to the development of 
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tamoxifen resistance [116, 117]. AIB1 has also been shown to be required for 

IGF-1 induced proliferation and cell survival in human breast cancer cells [118]. 

PAX2 has been determined to be a critical tamoxifen-recruited transcriptional 

repressor of ERBB2 gene and an increased AIB-1 expression can compete with 

PAX2 and directly result in increased ERBB2 expression [114]. In breast cancers 

that do not respond favorably to antiestrogen therapy, AIB-1 is amplified and 

upregulated [119] and/or PAX21evels are reduced [114]. 

microRNAs: Another mechanism that has been proposed to induce anitestrogen 

resistance is mediated via altered expression of microRNAs (miRs) [120, 121 ]. In 

particular, ectopic expression of miR221/222 in tamoxifen sensitive cell line 

resulted in tamoxifen resistance via downregulation of the cell cycle inhibitor 

p27kipl [122]. 

Tamoxifen Metabolism: Metabolism of tamoxifen into its active metabolites (4-

0HT and endoxifen) in the liver by two P450 cytochromes: CYP3A4 and 

CYP2D6 has also been associated with antiestrogen resistance because of the 

polymorphism in the gene coding for CYP2D6. Genet1c variation in the 

cytochromes involved in tamoxifen metabolism may ultimately affect the 

therapeutic drug response depending on whether it is being metabolized by 

extensive, intermediate or poor metabolizer allele of CYP206 [123, 124]. 
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Impairment of Apoptotic Pathway: Impairment of apoptosis is a hallmark of 

cancer, driving the cancer towards resistance. The anti-apoptotic protein Bcl2 is 

upregulated in about 85% ER+ breast cancers thereby binding the BH3 only 

proapoptotic members of the Bcl2 family of proteins [125, 126]. High levels of 

Bcl2 can prime the tumors to be more sensitive to the therapy that can aim to 

disrupt the binding between Bcl2 and the pro apoptotic proteins like BIM, PUMA, 

NOXA, BIK, BAD to name a few (127]. In this light, BH3 mimetics that can 

displace the BH3 only pro- apoptotic proteins from Bcl2 and induce a BAX or 

BAK dependent apoptosis [128, 129] have been developed and have 

demonstrated promising results. In a recent publication it was shown that 

combination therapy with a BH3 mimetic ABT-737 and tamoxifen had an 

improved tumor response when compared to tamoxifen alone in ER+ primary 

tumor xenograft tumors and this effect was mediated v1a the disruption of 

Bci2/BIM complexes [128]. In another report, the BH3-only pro apoptotic protein 

PUMA was shown to be downregulated in response to estrogen and an important 

predictor of TAM responsiveness in ER positive breast cancer patients. 

Significant association between low PUMA expression and worse outcome in 

ER+ endocrine treated patients was reported [130]. Low PUMA expression may 

serve as a molecular marker for poor prognosis in breast cancer therefore 

supporting the concept that dysregulation of apoptotic pathways can influence 

the progression of d1sease [131 ]. 
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Growth factor receptor signaling pathways: Growth factor receptor signaling 

pathways can promote cancer growth either in concert with or bypassing EA 

signaling. Prolonged treatment of hormone-sensitive MCF-7 breast cancer cells 

with tamoxifen facilitates cytoplasmic translocation of EA alpha mediated by c

SAC where it interacts with EGFAs and increase the ability of EGF, E2 and Tam 

to stimulate MAPK thereby contributing to the development of resistance to 

therapy [132, 133]. Also, phosphorylation of EA alpha at Ser-167 mediated by 

PI3K/AKT/mTOA pathway and at Ser-118 mediated by MAPK pathway promote 

antiestrogen resistance [54, 134]. 

P/3K/AKT/mTOR and Raf/MEKIERK in promoting resistance: 

Activation of growth factor receptors like EGFA, IGF-1 A, Insulin Receptor (lnsA) 

promote antiestrogen resistance by activatmg PI3K/AKT/mTOA pathway on one 

hand and MEK/EAK pathway on the other, which have also been implicated in 

promoting antiestrogen resistance [135, 136,137, 138]. IGF1 and IGF2 are 

secreted in all epithelial cells and binding of IGF1 to the IGF receptor increases 

tumor growth and development [139]. IGF-1 R 1s over-expressed in the majority of 

BCs (9D-95%) and is often co-expressed with EA. Moreover, estrogens induce 

the expression of IGF-1 Rand IGF-1, thereby reinforcing resistance to hormonal 

therapy [60, 140]. High circulating plasma concentrations of IGF-1 are a marker 

for an increased risk of relapse under treatment with adjuvant anti-estrogen 

therapy [141] . A number of small chem1cal inhibitors and antibodies targeting 
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IGF-1 R inhibitors have been developed and are 1n clinical trials [142). Therefore, 

targeting either PI3K/AKT/mTOR or MEK/ERK or both offers an attractive 

treatment strategy to increase sensitivity to hormonal therapy in breast cancer. 

P13K/AKT/mTOR: Results from preclinical studies indicate that inhibition of the 

PI3K/AKT/mTOR pathway can overcome or prevent resistance to hormonal 

therapy. Treatment with the dual PI3K/mTOR inhibitor BEZ235 has been shown 

to prevent progression of breast cancer cells towards resistance to hormonal 

therapy [138]. Analyses of patient data have associated activation of the 

P13K/AKT/mTOR pathway with poor outcomes to hormone therapy in patients 

with breast cancer [143). The efficacy of exemestane with or without everolimus 

(mTOR inhibitor) was evaluated in a Phase Ill study (BOLER0-2) and it was 

shown that the combination therapy had a better therapeutic response than 

exemstane alone in postmenopausal women with ER+ breast cancer who were 

refractory to aromatase inhibitor treatment alone [144). 

MEK/MAPK/ERK: In clinical samples of breast cancers, ERK1 /2 have been 

observed to be hyperactive and overexpressed in malignant breast tumors and 

their activation has been associated with poor response to antiestrogen therapy 

[145, 146). Brod1e et al have shown functional activation of the MAP Kinase 

pathway and a dependency on growth factor receptor s1gnahng 1n letrozole 

resistant cells isolated from a mouse xenograft model in which MCF-7 cells are 
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stably transfected with the aromatase gene (147]. In a recent study, it was 

demonstrated that PKD-1 whose expression is altered in breast cancer, when 

over-expressed in MCF-7 breast cancer cells or nude mice, promoted in vitro 

proliferation and tumor growth via a MEKIERK dependent pathway, thus 

supporting the use of MEKIERK pathway inhibition to target breast cancer cell 

proliferation [148]. 

Autophagy facilitates development of endocrine resistance: 

In recent studies, our laboratory has uniquely demonstrated that pro-survival 

autophagy facilitates the development of antiestrogen resistance [149, 150). 

Autophagy is a self digesting mechanism responsible for recycling of long-lived 

proteins, damaged organelles or malformed proteins during biosynthesis [151]. 

Additional studies by our laboratory [152] and others (153, 154,155,156, 157] 

show that blockade of autophagy sensitizes ER+ breast cancer cells to TAM 

therapy. Unpublished data from the laboratory in collaboration with Dr. Angela 

Brodie further shows that autophagy blockade in ER+ breast cancer cells can 

improve the cytotoxicity of the aromatase inhibitor letrozole (Schoenlein et. al. , 

manuscript in preparation). Cook eta/ showed that GRP78 is over-expressed in 

antiestrogen resistant breast cancer tumors and promotes anti-estrogen 

resistance by inducing pro-survival autophagy (158]. Exemestane was shown to 

induce pro-survival autophagy in aromatase over expressing MCF cell line (159]. 
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lnduct1on of autophagy also occurs in breast cancer cells in response to 

chemotherapy and has been determined to be a pro-survival autophagy mode 

because it delays apoptosis in chemotherapy-treated breast cancer cells [160]. 

Inhibition of autophagy through beclin-1 shRNA or 3-MA treatment in the ICI 

resistant, TAM cross-resistant breast cancer cells partially restored antiestrogen 

therapy effectiveness [161 ]. Intact aggressiveness of breast tumors has been 

correlated to autophagic status of the tumor. Punctate LC3 stainig was 

associated with high grade tumors and less favorable outcome [162]. Thus, there 

is a key role for autophagy in protecting breast cancer cells undergoing 

antiestrogen- and chemotherapy-induced stress. 

Autophagy also plays a pro-survival role under conditions of genotoxic stress in 

human skin tumor samples. Inhibition of autophagy sensitized the skin cancer 

cells to UVB induced apoptosis by increasing p62 dependent act1vation of protein 

kinase p38 [163]. 

Studies have shown that Endoplasmic Reticulum stress (ER stress) induced 

autophagy could be targeted for the treatment of breast cancer. Induction of 

autophagy was shown to be a resistance mechanism in breast cancer cells 

treated with the proteasome inhibitor, bortezom1b [164,165]. 

Thus, there 1s a strong rationale to target pro-surv1val autophagy in patients 

during initial ant1estrogen therapy to prevent the escape of cancer cells from the 

therapy. 
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Although autophagy is constitutively present at basal levels to maintain cellular 

homeostasis, it can be induced above the basal levels in response to many 

physiological stresses including nutrient starvation, cell growth control, 

eradication of microorganisms, cell death, tumor suppression, and inherent 

immunity (166]. There are different types of autophagy: 

Macroautophagy (autophagy): During macroautophagy (referred to as 

autophagy hereafter), a small portion of the cytoplasm is engulfed by an isolation 

membrane called a phagophore. This phagophore then elongates and fuses onto 

itself to form an autophagosome. The autophagosome then fuses with the 

lysosome to form an autolysosome. The engulfed contents and the inner 

membrane are then degraded and recycled in the acidic environment of 

autolysosome. 



Figure 3: A schematic depiction of the autophagic pathway in mammalian 

cells. 

1) Induction: Following external/internal stimuli (e.g. nutrient depletion) 

autophagy is induced as an isolation membrane or the phagophore 

2) Autophagosome formation: the phagophore then extends to form the 

autophagosome which can engulf the cytoplasmic components for autophagic 

degradation. 

3) Docking and fusion: During this phase, the autophagosome fuses with the 

lysosome, as a result the contents of the autophagosome are released into the 

lysosome for degradation by lysosomal enzymes. 

4) Breakdown of the autophagic vesicle: Following fusion of these two vesicle 

bodies, the autophagosome membrane is the broken down by the lysosomal 

enzymes 
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The entire process of autophagy involves several conserved autophagy genes 

(Atg) most of which were indentified in yeast and most of the Atg proteins have 

mammalian counterparts. Completion of the autophagic process requires 

coordinated function of several proteins/complexes at different steps. Initiation of 

autophagosome requires two complexes: Atg1 kinase complex (ULK1 /2 in 

mammals) and a complex that contains class Ill PI3K Vps34, Atg6/Beclin1 , Atg14 

and Vps15 [167, 168]. The elongation of the autophagosome involves two 

ubiquitin like conjugation systems: the Atg8/LC3 conjugation system and the 

Atg12 conjugation system. p62/sequestosome1 targets ubiquitinated proteins to 

the autophagosome [169]. All the steps of autophagy are tightly regulated by the 

upstream modulators to aid in fine-tuning the autophagic process [170, 171 , 172]. 

The autophagy has long been viewed as a non-selective mode of sequestration 

and degradation of cytoplasmic contents however with advances in our 

knowledge about autophagy it has become evident that cytoplasmic organelles 

can also be degraded selectively. For example, mitochondria can be degraded 

by selective autophagy termed mitophagy, whereby the outer mitochondrial 

membrane protems get ubiquitinated and these ub1qU1tinated mitochondria get 

incorporated into autophagosomes for subsequent degradation in the 

autolysosomes [173]. 
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Other types of selective autophagy have also been found and named according 

to the cargo that is degraded like for endoplasmic reticulum (ERphagy or 

reticu/ophagy) [174], lipids (lipophagy), nucleus (nucleophagy), peroxisomes 

(pexophagy) [175]. 

Microautophagy: Most of the knowledge about microautophagy has come from 

studies in the yeast and little is known about microautophagy in mammals. 

However, in mammalian systems it is viewed as a constitutively active form of 

autophagy that involves direct engulfment of cytoplasm by the lysosomes. The 

lysosomal membrane gets invaginated and differentiated into an autophagic tube 

to enclose portions of the cytoplasm [176]. Vesicles are formed at the tube and 

they bud off to be released into the lumen of the lysosome. The vesicle formed in 

microautophagy is functionally equivalent to the autophagosome formed during 

macroautophagy. Microautophagy plays an important role in maintenance of 

organellar size, membrane homeostasis and cell survival under nitrogen 

deprivation [177, 178]. Microautophagy can be either selective or non-selective. 

Non-select1ve microautophagy refers to random engulfment and degradation of 

cytosohc contents by the lysosomes. Whereas, selective microautophagy refers 

to selective degradation of organelles hke nucleus (micronucleophagy) [179], 

mitochondria (micromitophagy) [180] or perox1somes (micropexophagy) [181 ]. 



Figure 4: Types of Autophagy: 

Macroautophagy is mediated by autophagosome, by which a portion of the 

cytoplasm is enclosed. The outer membrane of the autophagosome then fuses 

with the lysosome, which allows lysosomal enzymes to degrade the sequestered 

cytoplasmic materials in autolysosomes. 

Special types of macroautophagy include autophagy against organelles such as 

mitochondria (mitophagy) and against intracellular bacteria (xenophagy). 

Chaperone-mediated autophagy, substrate proteins are recognized specifically 

by cytosolic chaperones and directly transported across the lysosomal 

membrane to the lumen. 

Microautophagy occurs by invagination of the lysosomal membrane itself into 

the lumen. 
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Chaperone Mediated Autophagy CMA: CMA targets only single prote1ns for 

degradation in the lysosome. The proteins that are degraded via CMA must have 

a pentapeptide (KFERQ) motif in their amino ac1d sequence. This pentapeptide 

motif is recognized by hsc70 (heat shock cognate protein of 70 kDa) which is a 

constitutively expressed member of the hsp70 family of chaperones. The 

substrate protein is transferred to the lysosome for degradation via binding to 

LAMP-2A (lysosome associated membrane protein type 2A) [182, 183]. 

In order to target autophagy in breast cancer cells, one approach our lab is 

pursuing is to combine antiestrogen treatment with chloroquine (CQ), a lysotropic 

drug that impairs functional autophagic flux and blocks the degradation of 

contents within the autolysosome [155, 184, 185]. In pre-clinical studies, 

chloroquine has been utilized for other cancers and shown to improve efficacy of 

the therapy [155]. Interestingly CQ is being tested to attack the pre invasive 

carcinoma and breast cancer stem-like cells to create a state of intolerable stress 

for the preinvasive neoplastic cells and stop the cancer before it starts (186). 

However the results of clinical trials with CQ are not in yet and the efficacy of CQ 

in treatment of breast cancer is still a matter of debate. Also, our in vitro studies 

demonstrate primarily an increased cytostatic effect by chloroquine, with little 

promot1on of cell death med1ated by chloroquine plus ant1estrogen therapy 

compared to TAM monotherapy (Schoenlem et. al. , unpublished). Therefore, in 
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addition to blockade of autophagy, other death pathways need to be identified so 

that new and more cytotoxic targeted therapies can be designed to better treat 

patients with EA positive breast cancer. 

A previous study in the laboratory has uniquely demonstrated that targeting of 

the tumor suppressor protein Ab (Retinoblastoma protein), via siANA-mediated 

knockdown of Ab mANA, induced a robust cell death response in antiestrogen

treated breast cancer cells [72]. Since, TAM-treatment induces cytoprotective 

autophagy in breast cancer cells [187], these data support the hypothesis that Ab 

plays a key role in the survival of EA+ breast cancer cells undergoing hormonal 

therapy via a mechanism that involves the regulat1on of autophagy and 

suppression of specific death effector(s). Further, targeting this Ab-mediated 

pathway of cell survival to up-regulate specific death pathways may provide a 

more effective therapy against pro-survival autophagy than the utilization of CQ 

alone to block autolysosomal turnover. 

The retinoblastoma protein: 

The retinoblastoma protein (Ab) is a nuclear phospho protein [188]. Progression 

through the cell cycle requires phosphorylation or Inactivation of Ab and these 

phosphorylations are carried out by cyclin-dependent kinases (CDKs) complexed 

with the1r partner cyclins [189, 190] Dephosphorylated or active Ab arrests the 

cells in G(1 ) phase of cell cycle (F1gure 4). Interestingly, Ab dephosphorylation 

precedes Ab cleavage [191] and apoptotic cell death during antiestrogen 
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therapy. The study reported by our lab showing a survival role of Rb in ER 

positive breast cancer undergoing hormonal therapy has now been supported by 

two additional laboratories (192,193]. Further, a recent report demonstrates that 

the absence of pRb facilitates E2F1-induced apoptosis in breast cancer cells 

(194]. This pro-survival role of Rb is in contrast to studies by Bosco eta/ (195], 

showing that breast cancer cells lacking Rb are antiestrogen resistant and 

proliferate rapidly. However, Bosco et a/ analyzed cell lines that were derived 

through clonal selection following shRNA treatment. Thus, it is conceivable that 

clonal selections resulted in MCF-7 cells with mutations or epigenetic changes 

that compensated for Rb protein loss, a prediction that is consistent with the de

regulation of the Rb pathway associated with early recurrence following TAM 

monotherapy described in their report. In add1tion to the studies supporting the 

role for Rb loss in breast cancer cell death, Rb has been shown to be required for 

autophagy in other systems and this effect was mediated by repressing E2F1 

activity [196]. 

This study aims to determine if Rb regulates anti-estrogen induced pro-survival 

autophagy versus apoptosis in breast cancer cells and to identify which death 

pathway is blocked by active Rb to ultimately allow breast cancer cells to 

progress to resistance to hormonal therapy (Aim 3). We believe that such 

knowledge would allow the rationale design of approaches to "re-activate" the 

death effector(s). 



Figure 5: Role of Rb in the regulation of the G1/S retriction point of the cell 

cycle 

In the GO-G 1 phase of the cell cycle, hypophosphorylated retinoblastoma protein 

(pRB) forms complexes with transcription factors of the E2F family which 

prevents their ability to activate transcription. Cell-cycle-dependent 

phosphorylation by cyc/in-cyclin-dependent kinase (CDK) complexes releases 

E2F from pRB to activate transcription of target genes that are required for 

progression through the S phase of the cell cycle.[2] 
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In order to identify the death pathway that gets activated following Rb loss during 

hormonal therapy, first the death effector of hormonal therapy in ER+ breast 

cancer needs to be identified. (Aim1 ) 

BH3 only pro-apoptotic protein Bim: 

Bim is the BH3-only pro-apoptotic member of BCL2 family of proteins. Over 30 

proteins have been identified in this family which have been classified into three 

different groups based on the presence of up to four relatively short sequence 

motifs (less than 20 amino acid residues in length) termed BCL2 homology (BH) 

doma1ns. The anti-apoptotic group of BCL2 proteins like BCL2, BCL-XL, BCL-W, 

and MCL-1 contains 4 BCL2 Homology (BH) domains named BH1 -4. The pro

apoptotlc proteins of BCL2 family like BAX, BAK and BOK only have 3 BH

domains, namely BH1 , BH2 and BH3. The third group contains proteins like BID, 

BIM, BIK, BAD, BMF, HRK, DIVA, NOXA, and PUMA which contain only BH3 

domain and hence referred to as BH3-only proteins [197, 198]. 

Bim/BOD is an effector of cell death on growth-factor withdrawal in many cell 

types, includ1ng epithelial cells [199]. Bim is also Involved in inducing death upon 

serum withdrawal [200]. Bim upregulation triggers apoptosis by causing 

cytochrome C release from mitochondria, which consequentially leads to 

formation of apoptosome and activation of effector caspases [201 ]. Assessment 
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of Sim levels m tumor biopsies has been proposed to predict the degree of 

benefit from single agent kinase inhibitors in multiple oncogene addiction 

paradigms. In this study inhibition of Receptor Tyrosine Kinases (RTKs), MEK

ERK, PI3K-AKT was shown to require Sim express1on to effectively promote 

apoptosis [202]. Sim expression in a panel of breast cancer cell lines has been 

shown to correlate to Paclitaxel induced cell death. MCF7 cell line had a high 

level of Sim and therefore was more sensitive to Paclitaxel treatment as 

compared to T47D or MDA-MS-231 cell lines which had lower basal level of Sim 

[203]. There is an interplay between Sim and Puma proteins in regulating taxane

induced cell death in breast cancer cells. In th1s response, PUMA was shown to 

displace Sim from binding Scl2, so Sim is free to affect negatively the 

mitochondnal integrity and execute its pro-apoptotic function [204]. 

Transcriptional regulation of Sim is mediated by Forkhead-like transcription factor 

FOX03a [205]. Apoptotic stimuli like cytokine withdraw! or Paclitaxel treatment 

cause upregulation of Sim mANA through FOX03a activation [203,206]. Sim has 

three isoforms generated by alternate splicing: SimEL (Sim Extra Long), SimL 

(Sim Long) and SimS (Sim Short). SimS is the most cytotoxic and most short

lived form of S1m [207,208]. SimL and SimEL contain a reg1on that allows them to 

interact w1th dyenin light chain-1 (LC8) of the m1crotubules [209], thereby 
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sequestering them away from BCL2 and BCL-XL and probably account for 

weaker apoptotic potential than SimS. 

BimEL is the most abundant form and is widely expressed in hematopoietic, 

epithelial, neuronal and germ cells [21 0]. Our laboratory has shown that Bim EL is 

the most highly expressed form in MCF7 breast cancer cells undergoing 

hormonal treatment [211 ]. BimEL is regulated post-translationally by 

phosphorylation via ERK1 /2 or JNK. B1mEL has two ubiqUJnation sites, three 

ERK phosphorylation sites and one JNK phosphorylation site. JNK mediated 

phosphorylation leads to a decreased binding of Bim to BCL2 and thereby 

potentiates it apoptotic activity. On the other hand, activation of ERK1 /2 

phosphorylates BimEL, targeting it for ubiquination and thereby promoting its 

degradation via the proteasome and hence attenuating the pro-apoptotic action 

of Bim [212] (Figure 6). 



Figure 6: Regulation of BimEL by PKB (P/3K) and ERK1/2 

ERK1/2-catalysed phosphorylation of FOX03A promotes its proteasomal 

degradation, thereby preventing FOX03A-dependent expression of 81M. In 

addition, 81MEL, the most abundant 81M splice variant, is phosphorylated directly 

by ERK1/2 on at least three different sites. This promotes the dissociation of 

8/MEL from pro-survival proteins and targets 81MEL for poly-ubiquitination through 

the 26S proteasome. 
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HYPOTHESIS AND AIMS 

Hypothesis: These studies were focused on identifying the specific death 

effector of hormonal therapy in ER+ breast cancer cells. It is hypothesized that 

the retinoblastoma protein (Rb) plays a key role in the survival of ER+ breast 

cancer cells undergoing hormonal therapy via a mechanism that involves the 

regulation of autophagy and suppression of specific death effector(s) 

To test the hypothesis, the following aims w111 be conducted: 

Aim 1: Identify the death effector of antiestrogen and/or anti progestin in 

ER+ breast cancer models. 

1.1. Identification of the death effector by western analysis of proapoptotic 

proteins in ER+ breast cancer models treated with agonists, antagonists, 

small molecule inhibitors 

1.2. siRNA targeting of the death effector to analyse the effect on death elicited 

by hormonal therapy. 

Aim 2: To determine if the modulated expression of the death effector 

regulates antiestrogen and or antiprogestin-induced autophagy. 

2.1 To use small molecule inhibitor (UO 126) to act1vate the death effector and 

characterize effects on autophagy 
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2.2 Over-express the death effector and analyze effects on autophagy. 

Aim 3: Determine if Rb blocks the expression of death effector. 

3.1 Characterize/correlate hormonal modulation of Rb expression/function 

relative to induction of death. 

3.2 siRNA mediated knockdown of Rb and its affect on the death effector. 



MATERIALS AND METHODS 

Cell culture: 

MCF-7 and T-470 ER+ breast cancer cells, purchased from American Type 

Culture Collection (ATCC, HTB-22 and HTB-133 respectively), were routinely 

passaged in DMEM-F12 medium (Invitrogen, Carlsbad, CA, USA; 99-5006EC), 

supplemented with 5% and 10% (for T -470) dextran-coated charcoal stripped 

fetal bovine serum (DCC FBS) (Hyclone, Logan UT, USA; SH30068.03), 2% 

antibiotics-antimycotics (Invitrogen; 15240-062), 1% sodium pyruvate (Invitrogen; 

11360-070), and 10 J,Jg/ml insulin (Sigma-Aldrich, St Louis, MO, USA; 10516). For 

hormonal treatments, cells were seeded either rn the absence or presence of 

insulin, allowed to adhere to the culture vessel for 16 to 24 hours, and then 

treated with one of the following: 1 OnM estradiol (E2; Sigma), 10 nM E2 plus 1 

J,JM 4-0HT in the presence or absence of 10 IJM MIF (Sigma Aldrich). In the first 

condition, insulin was washed out 24 h prior to hormonal treatment to place MCF-

7 cells in a relatively synchronous, growth-arrested population as previously 

described [72]. In the second condition, rnsulin was not removed from the culture 

medium until the time of treatment to maintain a relatively asynchronous dividing 

cell population For experiments in which cells were seeded in medium 

containing 1nsulin, cells were washed with 1 XHBSS three times to remove 

38 
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insulin, before administration of hormonal treatment. As indrcated in the text and 

figure legends, hormonal treatments also were conducted in the presence of the 

following agents alone or in combination: 10 ~g/ml Insulin (Sigma), 1-20 ng/ml 

IGF-1 (Novozymes/Gropep, North Rocks, NSW, Australia), 5 ~M U0126 (EMD 

Biosciences, Billerica, MA, USA), 25 or 50 ~M PO 98059 (Calbiochem), and/or 

500 ~M vitamin E (Sigma Aldrich). 

Protein harvest and lmmunoblotting: 

Following treatments, cells were collected, centrifuged at 2,000 rpm for 10 min, 

and re-suspended in hot lysis buffer [5% ~-mercaptoethanol (Bio-Rad), 0.12 

moi/L Tris (pH 6.8; Fisher Biotech), 20% glycerol (Fisher Brotech), and 4% SDS 

(Bio-Rad)] and benzonase nuclease was added to shear the DNA (Novagen; 

70746). The cell lysates were resolved under denaturing, reducing conditions in 

Tris-Giycine SDS gels. Resolved proteins were transferred to PVDF membrane 

(Biorad; 162-0177) and the membrane was blocked in 5% non-fat milk in TBS 

containing 0.5% tween. lmmunoblotting was conducted according to the 

manufacturer's protocol using primary antibodies to: LC3 (ab48394), p62 

(ab56416), cleaved lamrn A (ab52300) [Abeam]; cleaved PARP (9541 ), phospho

p44/42 MAPkinase (Thr202/Tyr204, 91 06), total MAPK (91 02), Akt (9272), 

phospho-Akt (Ser473, 9271 ), MEK1 (9124), pBim (4581 ), and Bim (2819) (Cell 

Srgnaling] ; pERK1 2 (SC-7383), ERa (SC- 8002), and IGF-1 R (SC-713) [Santa 

Cruz Brotechnology], Rb (554136) (BD Pharmrngen] ; and p-actin (A5441 ) 

[Sigma]. 
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Secondary antibodies included antimouse lgG (715-035-150) and anti-rabbit lgG 

(711 -035-152) [Jackson lmmunoResearch]. lmmunodetection was performed by 

using the ECL detection system (34080; Thermo Scientific Pierce) and HyBiot CL 

autoradiography film (E3012, Denville Scientific Inc., Parsippany, NJ, USA). 

Densitometry was used to compare signal intensity among samples by using P

actin and/or total MAPK as the loading control. 

Cell counts and clonogenic assay: 

Cells were evenly seeded in triplicate at a density to attain 50% to 70% 

confluence within 24 hours and treated with drugs and/or hormones, as 

described 1n the figure legends. For cell counts of the detached cell population, 

detached cells were collected, concentrated by centrifugation, and counted using 

a hemacytometer. Adherent cells were washed twice with cold 1 x PBS, 

trypsinized, diluted in lsoton II , and counted with a Coulter Counter. For total cell 

counts, the adherent, monolayer cells were released from the culture dish by 

trypsinization and pooled with the detached cells collected from the medium. 

Before all cell counts, the cells were syringed 3 times with a 25 7/8-gauge needle 

to obtain single-cell suspens1on. Where indicated 1n the figure legends, trypan 

blue (0.08%; Sigma Aldrich) was added to the cell suspension for the 

identification of dead cells; trypan blue-positive cells demonstrate compromised 

plasma membrane integrity in dying or dead cells. Cell counts are graphed as the 
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mean ± SO values, and statistically significant differences between treatment 

groups are described in the figure legends. 

Detection of cleaved cytokeratin 18: 

Evenly seeded adherent cells were treated with the drugs and/or hormones for 

48, 72, and 96 hours. Detached and adherent cells were collected and lysed in 

ice-cold lysis buffer (1 0 mM Tris-HCI, pH 7.4/10 mM MgCI2/ 150 mM NaCI/0.5% 

NP-40), and the cleavage of cytokeratin 18 was measured in the cell extracts by 

using Peviva M30-Apoptosense ELISA, according to the manufacturer's protocol 

(OiaPharma, West Chester, OH, USA). Three independent experiments were 

performed for each treatment group. Values expressed as the mean ± SO and 

statistically significant differences between treatment groups are described in the 

figure legends. 

Mitochondrial membrane depolarization assay: 

The mitochondrial depolarization assay was conducted using the compound 

5,5',6,6- Tetrachloro-1 ,1',3,3'-tetraethyl-benzimidazolylcarbocyanine also referred 

to as JC-1 (Biotium, Inc. , 30001 ) according to the manufacturer's protocol. This 

assay is commonly used to determine the loss of mitochondrial membrane 

potential which is a hallmark of apoptosis (213]. Cells were seeded (2 x 1 05/ml), 

cultured for 24 h, and treated as described in the f1gure legends. Cells were 

collected by trypsinization, mcubated 1n medium for 1 0 min, and subjected to 

centrifugation for 5 minutes at room temperature at 400xg. Cells were re

suspended in 0.5ml fresh medium contaming 1 X JC-1 reagent solution and 
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incubated at 370C in a 5% C02 incubator for 15 min. After the incubation, the 

cells were pelleted by centrifugation (400xg for 5 min), followed by two wash 

steps with 2.0 ml culture medium, re-suspended in 0.5ml fresh culture medium, 

and analyzed immediately using a C6 flow cytometer (AccuriTM). Both red (em, 

590 nm for FL2- H) and green (em, 527 nm for FL1 -H) fluorescence emissions 

were analyzed by fluorescence-activated cell sorting (FAGS) at an excitation 

wavelength of 488 nm. Mitochondria containing red JC-1 aggregates in healthy 

cells were detected in the FL2 channel, and green JC-1 monomers in the 

cytoplasm of apoptotic cells were detected in FITC channel (FL 1 ). All 

experiments were performed in triplicate, and the results were expressed as the 

mean ± S.D. values. Statistical significance was determined by using the 

student's t test. Statistical significance was defined as p value of <0.05. 

Statistically significant differences between treatment groups are described in the 

figure legends [152]. 

A.-phosphatase treatment: 

For phosphatase experiments, cell lysates were prepared in a triton- based lysis 

buffer (25mM Hepes, 5mM MgCI2 1 mM EGTA, 0.5% Triton-X supplemented with 

1 mM DTI and protease inhibitor cocktail). The lysates (50 1-1g protein) were 

incubated for 20 minutes or 1 hour with lambda phosphatase (A.-PPase (15 

1-1g 200 U) (NEB; P0753S) or calf alkaline phosphatase (CIP, 50 U) (NEB, 

M02909), according to the manufacturer's recommendations and analysed by 

SDS/PAGE. 
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Reactive oxygen species (ROS) determination: 

MCF-7 cells (5 x 104 cells in 200 ~I per well of a 96- well dish) were seeded. After 

24 hours to allow cell attachment, cells were treated with the drugs and/or 

hormones for various times. At the end of the experimental period, the cells were 

washed with 1XHBSS and loaded with 25 ~M 5(6)-carboxy-2',7'

dichlorofluorescein diacetate (CM-H2DCFDA, C6827; Invitrogen) for 30 minutes. 

This nonfluorescent ester CM-H2DCFDA enters the cells and is deacetylated to 

non-fluorescent -5-( and-6)-ch loromethyl-2', 7' -dichlorodi hydrofluorescein 

(CMH2DCF) by cellular esterases. ROS rapidly oxidizes CMH2DCF to the highly 

fluorescent 5- (and 6-) chloromethyl- 2',7'-DCF (CM-DCF). After 30 minutes of 

incubation, intracellular ROS levels are d1rectly proportional to CM-DCF 

generation. To quantify the level of intracellular CM-DCF, the cells were washed 

with HBSS to remove extracellular CM-DCF, treatment medium was replaced, 

and cells were incubated at 370C for a short recovery period (0 to 5 minutes). 

CM-DCF fluorescence was measured at an excitation wavelength of 485 nm and 

emission at 520 nm on a fluorescent plate reader (Tecan Spectraflour Plus). 

Values are expressed as mean ± SO of three independent experiments, and 

statistically sigmficant differences between treatment groups are described 1n the 

figure legends. 

Targeted down-regulation of MEK1 , Bim or Rb with RNA interference: 

RNA interference (RNAi) targeted to MEK1 (Dharmacon; M- 003571 -00), Bim 

(Dharmacon; M004383-02-0020 or Santacruz; 29802) or Rb (Dharmacon; L-
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aa3296-aa-aa1 a) was carried out by using Oligofectamine (Invitrogen; 12252-

a11 ) according to the manufacturer's protocol. For controls, cells were treated 

with scrambled RNAi, which had the same nucleotide sequence as the target 

gene but not in the same order as designed for the specific siRNA to gene of 

interest (Dharmacon; D-aa181 a-1 a-2a or Santacruz; sc37aa7) . Briefly, cells were 

seeded in DMEM-F12 medium containing 5% DCC FBS (antibiotic free) in a six

well dish. MCF-7 cells were seeded at a density of 4 x 1 as cells/well and T-470 

cells at 8 x 1 as cells/well. 16 to 24 hours after seeding, 4aaul of transfection mix 

per well was prepared by mixing Solution A (1 au I of siRNA + 36aul of serum-free, 

antibiotic-free medium) and Solution B (4ul of oligofectamine + 26ul of serum

free, antibiotic-free medium). The two solutions were mixed and incubated for 2a 

min which allows the oligonucleotide to complex with the ohgofectamine reagent. 

At the end of 2a min incubation, 6aaul of serum-free, antibiotic-free medium was 

added to the transfection mix. The cells were washed 3 times with 1 X HBSS and 

1 ml of transfection mix was added to each well and incubated for 6h. 1 ml of 

medium containing 1 a% FBS-DCC was added to each well and incubated for 24 

or 48 hours. At the end of transfection period, the cells were treated with drugs 

and/or hormones for various times, and harvested for either protein analysis or 

cell counts. 

Over-expression of MEK1 or BimEL cDNAs: 

MEK1 GFP plasmid expression vector [33) was purchased from Addgene 

(Plasmid 14746; Billerica, MA, USA), and the pEGFP-N1 parent vector from 
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Clonetech (6085-1) Figure 7a and b. BimELcDNA expression vector and vector 

control were purchased from Genecopoeia (EX-00071-M02, EX-Neg-M02) 

Figure 8. The plasm1ds were isolated using Qiagen midi-prep kit (Cat # 12143) 

following manufacturer's protocol. For experiments, 24 hours before transfection, 

MCF-7 cells were seeded in DMEM-F12 medium containing 5% DCC FBS 

(antibiotic free) to yield approximately 50% confluence. Cells were then 

transfected with plasmids (4.0 IJg) by using lipofectamine L TX (Invitrogen) for 

MEK1 transfections and lipofectamine 2000 (Invitrogen; 11668-019) or X-fect 

(Ciontech; 631317) for BimEL transfections. Transfections were performed 

accord1ng to the manufacturer's protocol. Each new lot of lipofectamine 2000 was 

titrated for toxicity by performing transfections at three different concentrations of 

lipofectamine 2000. Briefly, in experiments for transfections with lipofectamine 

2000, 300ul transfection mix per well was prepared for cells seeded in a six-well 

dish the day before. Solution A (3ul DNA (1 ug/ml DNA) and 150ul serum-free, 

antibiotic-free medium) and Solution B [1 Oul lipofectamine 2000 and 150ul 

serum-free, antibiotic-free medium] were mixed and incubated for 20 minutes to 

allow the vector to form a complex with lipofectamine. 



Figure la: Vector map for MEK1-GFP 

Downloaded from www.addgene.org 
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Figure 7a: 
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Figure 7b: Vector backbone map for MEK1-GFP 

Downloaded from www.addgene.org 
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Figure 8: Vector backbone map for BimEL eDNA 
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Then 700ul of serum-free, antibiotic free medium was added to the mix. Cells 

were washed 3 times with HBSS and incubated for 6h with the transfection mix. 

At the end of incubation 1 ml of 2X FBS-DCC medium was added to each well. 

For transfections with X-fect, transfection mix was prepared [9Sul reaction buffer 

+ Sui (1 ug/ml) + 1 .Sui X-fect polymer], incubated for ten minutes, cells were 

washed with HBSS, 900ul of S% FBS-DCC DMEM F-12 medium with antibiotics 

was added followed by 1 OOul of X-fect transfection mix. The cells were incubated 

in this transfection mix for 4h. At the end of transfection period, the medium was 

removed and fresh S% FBS-DCC DMEM F-12 medium was added. The 

transfected cell population was maintained in culture medium for 24 hours, 

treated with drugs for various times, and harvested for either ROS 

determinations, mitochondrial membrane permeabilization, or protein analysis. 

Infections with recombinant adenovirus expressing MEK1 : 

Recombinant adenovirus [214] expressing dominant negative MEK1 (Ad-CMV

MEK1 ON, Cat 116S; Vector Biolabs) or the Ad-CMV-Null control vector (Ad CMV, 

Cat 1300; Vector Biolabs) [21S] was used to infect cells at an estimated 

multiplicity of infection (MOl) of 1 00, which results in > 80% infection of ER+ 

breast cancer cells. Twenty-four hours after infection, cells were treated with 

hormones and or drugs for various times, and harvested for either ROS 

determinations, mitochondrial membrane permeab1hzat1on, or protein analysis. 
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Adenoviral over-expression of Rb 

MCF-7 cells were seeded for 24 hour and then infected with Ad-CMV-Rb (Vector 

Biolabs; Cat# 1 043) as well as Ad-CMV-GFP (Vector Biolabs; Cat# 1 060) at MOl 

of 1 00. Twenty four hours post infection the cells were treated with E2 (1 OnM) +/-

4-0HT (1 uM) to be harvested at 120h for protein analysis. 

Proteolysis: 

Proteolysis assay was performed to measure the turn-over of long-lived proteins 

v1a autophagy as described previously [152). Breifly, cells were seeded for 24 h 

in DMEM-F12 with 5% DCC FBS plus insulin 1 0 ug/ml, and log-phase cells were 

incubated with 0.2 uCi/mL [14C (U)] L-valine (Moravek Biochemicals, MC-277) 

for 24 h at 370C. Unincorporated radioisotopes were removed by three PBS 

washes. Cells were then incubated with 1 0 mM unlabeled valine (Sigma, V0500) 

plus hormonal treatment with or without U0126 in the presence or absence of CO 

for 2 h to allow short-lived protein turnover as previously described [216). 

Medium was aspirated and cells placed 1n fresh medium containing 1 0 mM 

unlabeled valine in the presence and absence of hormonal treatments to allow 

long-lived prote1n turnover to proceed 
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At different time points, the medium was collected from the cells. The medium 

with detached cells was precipitated with 1 0% (v/v) trichloroacetic acid (TCA; 

Sigma, T9159) at 4 OC for 30 min. 

The attached (monolayer) cells were also treated with 1 0% (v/v) TCA at 4 OC for 

30 min to precipitate protein. The TeA-precipitated protein from detached and 

attached cells were combined and centrifuged at 600xg for 1 0 min to separate 

the precipitated proteins from the soluble radioactivity in the supernatants. The 

collected supernatants were added to Sc1ntiverseTM 80 cocktail (Fisher, SX18-

250) and this mix constituted the TCA-soluble radioactivity. The precipitated 

proteins isolated from detached and attached cells were dissolved in 1 0% SOS + 

4% NaOH (Fisher), and dissolved in ScintiverseTM 80 cocktail ; this mix 

constitutes the TCA precipitated radioactivity. Radioactivity was quantified by 

liquid scintillation counting (Beckman Coulter LS6500). The total protein 

degradation (% proteolysis) was measured by dividing the TCA-soluble 

radioactivity by the radioactivity in the precipitated proteins. A schematic of this 

procedure is shown in figure 9. 



Figure 9: Schematic representation of the proteolysis assay used for measuring 

long-lived protein turnover as an indicator of active autophagic flux. 
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Autophagic Flux analysis using CQ 

CO is known to inhibit autophagy as it raises the pH 1nside the lysosomes 

thereby preventing degradation of contents ins1de the autolysosomes [217], 

therefore it was used to study the effect of MEK inhibition on autophagic flux. For 

these experiments MCF-7 cells were seeded without insulin for 24h and treated 

with hormonal therapy with or without U0126 for different time points. CO was 

added at the beginning of the treatment followed by fresh CO added everyday till 

the day of harvest. 

Cells were harvested and the lysates were analyzed by immunoblotting to 

determine the change in amount of LC3 following different treatments. 

Statistical analyses: 

For all experiments in which data are graphed as the mean ± SO values, a 

minimum of three independent experiments was performed. Comparisons were 

made between treatment groups, and statistically significant differences were 

determined by one-way ANOVA by using Sigma Plot 11 for Windows, as 

identified in the figure legends. 



RESULTS 

Aim 1: Identify the death effectors of antiestrogen and/or anti progestin in 

ER+ breast cancer models. 

Rationale: Aim1 sought to identify the death effectors of hormonal therapy in 

ER+ breast cancer cell models. This aim was part of a larger collaborative study 

designed to identify new molecular targets to improve the efficacy of hormonal 

therapy in breast cancer patients that have a poor response to hormonal therapy, 

in part, due to h1gh Circulating levels of unbound insulin-like growth factor-1 (IGF-

1) [218,219,220). Also, in an effort to circumvent the development of acquired or 

intrinsic resistance and to enhance the cytotoxicity of antiestrogen therapy, our 

lab has shown that the efficacy of antiestrogen therapy can be improved by in 

combining it with antiprogestin therapy. The rationale for this approach is that 

progesterone binding to PR also stimulates the proliferation of breast cancer cells 

[221 ,222,223,224,225]. Studies have shown that antiprogestins possess a potent 

anti-tumor activity in hormone dependent breast cancer models 

[226,227,228,229]. M1fepristone (MIF) also called RU486 [230,231] is the most 

commonly used antagonist of the PR. MIF was initially developed as an anti

progestational agent in reproductive processes [232,233). Stud1es from our lab 

54 
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and others have shown that 4-0HT is more effective when used in combination 

with MIF when compared to each monotherapy in both in v1tro and tn animal 

models of breast cancer [72,234,235,236). Moreover, in vitro and animal model 

studies have demonstrated an antitumor activity of MIF as a monotherapy 

[237,238]. Further, a protective effect of MIF on the breast epithelium was 

recently reported in a clinical study in which a significant reduction in breast 

epithelium proliferation following exposure to MIF was demonstrated [239]. 

Therefore, combination hormonal therapy was utilized in this aim to identify the 

death effectors that might get attenuated due to the presence of unbound IGF-1, 

wh1ch 1s the form that is responsible for impart1ng survival advantage to breast 

tumor cells. 

Experimental Approach: IGF-1-mediated effects on cytostasis and apoptotic 

cell death were determined with cell counts conducted in the presence and 

absence of trypan blue; enzyme-linked immunosorbent assays to determine the 

intracellular levels of cleaved cytokeratin 18, a marker of epithelial cancer cell 

apoptos1s; and immunoblot analysis to determine the levels of cleaved poly-ADP 

ribose polymerase (PARP) and lamin A that result from caspase-dependent 

apoptos1s. Cytotoxicity was further characterized by determination of the levels of 

reactive oxygen species (ROS) and the percent of mitochondnal membrane 

depolarization in cell populations treated with the different hormones in the 
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presence and absence of IGF-1. To Identify key IGF-1 downstream pro-survival 

effectors small molecule inhibitors of the dual-spec1f1city protein kinase MEK1 , 

MEK1 siRNA, Bim siRNA, and vectors over-expressing MEK1 wild type and 

mutant, dominant negative eDNA were utilized. 

Physiological levels of IGF-1 inhibit 4-0HT- and MIF-induced cell death by 

reducing the levels of oxidative stress in MCF-7 breast cancer cells. 

In past studies, the lab reported that 4-0HT and/or MIF treatment induces MCF-7 

cell detachment from the monolayer and demonstrated that the detached cells 

were undergoing caspase-dependent apoptosis with cleavage of PARP, laminA, 

and high- molecular- weight DNA as measurable apoptot1c markers [72,234,236]. 

However, the mechamsm of death was not determined. Also, these past stud1es 

were conducted in phenol red-free DMEM/F12 medium supplemented with 5% 

FBS that was depleted of endogenous steroid hormones through charcoal 

stripping. However, if hormonal treatments are conducted in this medium plus 

1 011g/ml insulin, as recommended by the ATCC for optimal growth of MCF-7 

cells, cell detachment and cell death are not detected (Fig. 10 A-C). because 

th1s concentration of 1nsuhn is supra-phys1olog1cal and insulin at high doses can 

bind to and act1vate the IGF-1 R [240]. We predicted that IGF-1, at physiological 

doses, would similarly attenuate the cytotoxic act1on of 4-0HT and or MIF which 

otherwise would have been mediated through death effectors that get activated 

during growth factor withdrawal conditions. 



Figure 10: Insulin protects ER+ breast cancer cells from 4-0HT and MIF

induced cytotoxicity. 

(A-B) Insulin blocks 4-0HT- and/or MIF-induced cell detachment. MCF-7 cells 

were treated in the presence or absence of insulin (10 J.Lg/ml) with E2, E2 + 4-

0HT, E2 + MIF, and E2 + 4-0HT + MIF. At 96 h treatment, representative live 

images of cells were captured at 200 x magnification using phase contrast 

microscopy and showed a high level of cell detachment in cells treated with 4-

0HT plus MIF therapy (A). At the times indicated, adherent monolayer cells were 

harvested and counted using a Coulter counter. Detached cells in the culture 

medium were collected, concentrated by centrifugation, and counted using a 

hemacytometer. Cell number is the sum of the detached and monolayer cells (B). 

(C) Insulin blocks 4-0HT- and/or MIF- induced cell death. At the indicated times, 

cells were collected and protein lysates prepared for SDS/PAGE and 

immunoblotting to determine levels of cleaved PARP relative to {3-actin levels 

which served as the loading control. Data shown is representative of at least 

three independent experiments. Data in (B) are expressed as mean :t S.D. (n=3). 

The following designations show significant differences in adherent cell number 

for treatments compared to: 8 E2 +1- Insulin, b4-0HT +1- Insulin; or CMIF +! 

Insulin; and significant difference in detached cell number for treatments 

compared to: dE2 +1- Insulin, e4-0HT +1- Insulin, and 'MIF +1- Insulin. The symbol 

*denotes significance at P < 0.05. 
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To test this prediction, experiments were conducted rn varying concentrations of 

IGF-1 used 1n combination with the hormonal treatments. These studies showed 

that IGF-1 at 10 and 20ng/ml also attenuated 4-0HT- and/or MIF-induced cell 

death as evidenced by a reduction in the number of detached, dying cells, while 

enhancing E2-mediated cell growth by approximately 50% (Fig. 11 A). However, 

cell counts did show that 4-0HT, MIF, and 4-0HT plus MIF treatments conducted 

in the presence of IGF-1 did effectively reduce overall cell number, with the 

combination of 4-0HT plus MIF most effectively inhibiting cell proliferation (Fig. 

11 A). Western blot analysis further showed predominantly the 

hypophosphorylated form of Rb11 0 in the cells treated with 4-0HT plus MIF rn 

IGF-1 supplemented medium, in contrast to s1gn1f1cantly h1gher levels of the 

hyperphosphorylated, inactive Rb11 0 present in the cells treated with either 4-

0HT or MIF (Fig. 11 B, compare lanes 8 to 5-7). As discussed previously, active, 

dephosphorylated Rb is known to play a key role in 4-0HT- and/or MIF-induced 

growth arrest of ER+ breast cancer cells in the G1 phase of the cell cycle, figure 

5 [72,236]. So, in the presence of IGF-1, the combined treatment of 4-0HT plus 

MIF was able to effectively induce cytostasis, but did not appear to affect a 

significant death response. 

Once we established that 20ng ml IGF-1 max1mally induced cell proliferation, 

while blocking cell detachment (Fig. 11 A), this concentration was used in all 

subsequent expenments including the experiments shown in Figure 1 0 (Panels 

B, C & D) in which we further characterized IGF 1 's pro-survival action. 



Figure 11 : IGF-1 attenuates the cytotoxicity of hormonal treatments in ER+ 

breast cancer cells. A) Cell number for the adherent versus detached cell 

population treated with hormones in the presence or absence of various 

concentrations of IGF-1. B) Relative levels of active, dephosphorylated Rb110 

protein, designated Rb, relative to levels of the inactive, phosphorylated Rb 110, 

designated pRb (top panel), cleaved PARP (middle panel), and cleaved laminA 

(bottom panel) in cells undergoing hormonal treatments in the presence and 

absence of IGF-1. Protein was isolated from cells undergoing the designated 

treatments at 48, 72 and 120h and immunoblot analysis determined the levels of 

Rb, pRb, cleaved PARP and cleaved laminA; {3-actin served as a loading control. 

(C) Relative levels of cleaved cytokeratin 18 after 72 h of the hormonal 

treatments in the presence and absence of IGF-1. (D) The percent of 

mitochondrial membrane depolarization in cells undergoing hormonal treatments 

in the presence or absence of IGF-1 . Adherent and detached cells were 

combined, stained with JC-1 mitochondrial membrane dye, and examined using 

flow cytometry. (A, C &D) Data are expressed as mean ± S.D. (n=3). 

Comparisons were made between treatment groups and a statistically significant 

difference was identified in cell number when compared to groups treated with: 

8 E2; bE2 + IGF-1; cE2 + 4-0HT + IGF-1; dE2 + MIF + IGF-1; 8 E2 + 4-0HT; f E2 + 

MIF. The symbol * represents significance at P<0.001. 
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Specifically, IGF-1-treated cells showed very low levels of cleaved PARP and 

lamin A (Fig. 11 B). Further IGF-1 blocked the ab1hty of 4-0HT and/or MIF 

treatment to affect the cleavage of cytokeratin 18 (Fig. 11 C) and depolarize the 

mitochondrial membrane (Fig. 11 D). Cytokeratin 18 cleavage, in particular, 

occurs during caspase-dependent apoptosis in epithelial cells and tumors 

derived from epithelial cells [241 ]. Thus, IGF-1, at physiologically-relevant 

concentrations, blocks 4-0HT -and/or MIF- induced apoptotic cell death, which 

has been partially characterized in previous studies done in the lab and involves 

the activation of caspase-9, -8 and -6 [149,236]. Because oxidative stress can 

be an upstream effector of caspase act1vat1on [242,243]. and 1s suppressed by 

IGF-1 in breast cancer cells [244]. we further determined the levels of ROS in 

cells undergoing the hormonal treatments in medium supplemented with or 

devoid of IGF-1. ROS levels were determined at vanous times following 

treatment and in multiple independent experiments. These experiments showed 

that ROS levels were significantly higher in cells treated with 4-0HT and/or MIF 

compared to E2-treated cells, but significantly reduced if IGF-1 was in the 

treatment medium. Figure 12A shows representative levels of ROS in cells 

treated with hormones for 24 h in the presence and absence of IGF-1. An 

essential role of ROS in mediating cell death was demonstrated by utilizing the 

antioxidant vitamin E. When vitamin E was added to the treatment medium, 

there was no Significant increase in ROS levels 1n cells treated with 4-0HT 

and/or MIF at any time point analyzed (Fig. 12B). 



Figure 12: IGF-1 attenuates 4-0HT and/or MIF-induced cell death by 

reducing ROS levels. A-B) ROS levels in cells undergoing hormonal treatments 

in the presence or absence of IGF-1 (A) or vitamin E (B). (C) The percent 

mitochondrial membrane permeabilization in cells undergoing hormonal 

treatments in the presence or absence of vitamin E. (D) The levels of cleaved 

PARP and laminA in cells treated with 4-0HT and/or MIF in the presence and 

absence of vitamin E. fold diff., the levels of cleaved PARP or laminA relative to 

levels in E2-treated cells which were arbitrarily assigned a value of 1.0; {3-actin 

served as a loading control. (A-D) MCF-7 cells treated with E2, E2 + 4-0HT, E2 

+ MIF, E2 + 4-0HT + MIF in the presence or absence of IGF-1 (20ng/ml) or 

vitamin E (500 JiM) for the indicated times were harvested tor determination of 

ROS levels, percent mitochondrial membrane permeabilization, or levels of 

cleaved PARP and laminA as described in Materials and Methods. Values are 

expressed as mean :t S.D (n=3). Statistically significant differences are identified 

between comparisons of the following treatment groups: a E2 versus E2 +vitamin 

E; b E2 + 4-0HT versus E2 + 4-0HT + IGF-1 or E2 + 4-0HT + vitamin E; c E2 

+MIF versus E2 + MIF+IGF-1 or E2 + MIF+ vitamin E; d E2 + 4-0HT + MIF 

versus E2+ 4-0HT + MIF + IGF-1 or E2 + 4-0HT + MIF + vitamin E. The symbol 

.. represents significance at P<0.001. 
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Further, mitochondrial membrane permeability (Fig. 12C) and the cleavage of 

PARP and lamin A were minimally affected (Fig. 120) by hormonal therapy 

conducted in the presence of vitamin E. Thus, the pro-apoptotic action of both 

4-0HT and MIF require ROS and the IGF-1-mediated anti -apoptotic action 

involves a mechanism that, in large part, reduces ROS in hormonally-treated 

breast cancer cells. 

Blockade of MEK1 activity with small molecule inhibitors abrogates the 

anti-apoptotic effects of IGF-1 in hormonally treated ER+ MCF-7 breast 

cancer cells. 

MEK1 signaling has been shown to protect aga1nst breast cancer cell death more 

effectively than PI3K/Akt signaling under certain cell contexts, i.e. nutrient 

deprivation [148,245). Thus, we sought to determine if MEK1 was a key 

downstream effector of the IGF-1/IGF-1 A pro-survival signaling that protected 

MCF-7 cells from 4-0HT and/or MIF-induced death. Our read-out of MEK1 

activ1ty was the phosphorylation/activation of the mitogen activated protein 

kinases MAPK1 /2 that are activated by MEK1 -med1ated phosphorylation [246). 

Under our treatment conditions and at multiple time po1nts analyzed, cells treated 

with IGF-1 and E2 showed higher levels of MAPK1 '2 phosphorylation 

(designated pMAPK), than E2-treated or IGF-1-treated cells (Fig. 13A & Fig. 138, 

compare lane 5 to lane 1 ). 



Figure 13: The /GF-1/MEK signaling axis blocks the cytotoxic action of 4-

0HT and/or MIF-treatments of ER+ breast cancer cells. (A) Graphic 

representation of western blot data showing pMAPK112 levels in cells treated 

with hormones in the absence and presence of IGF-1. The pMAPK1/2 level in 

E2-treated cells were arbitrarily set to a value of 1 00%; total MAPK levels served 

as the loading control. (B) Effective and selective blockade of MAPK1/2 

phosphorylation by the MEK1 inhibitor PO 98059. Total MAPK1/2 and AKT levels 

served as loading controls. (C-D) PO 98059 blocked the proliferative effects of 

IGF-1 and restored the ability of 4-0HT and/or MIF therapy to induce cell 

detachment and cleavage of PARP (apoptosis) m the MCF-7 cell populations 

treated with 4-0HT and/or MIF. fold diff., levels of cleaved PARP after correction 

for dtfferences in protein loading; p-actin levels served as loading controls. (A

D) Cells were treated for the indicated time periods with hormones as indicated in 

the absence or presence of IGF-1 @ 20 ng/ml and/or PO 98059 @ 25J.1glml and 

harvested for immunoblotting or cell counts as described in Materials and 

Methods. Values are expressed as mean ::t S.O (n=3). Treatment effects on total 

cell number were determined to be significant when compared to: 8 E2; bE2 + 

IGF-1; cE2 + 4-0HT + IGF-1; d E2 + MIF + IGF-1; 8 E2 + /GF-1 +PO 98059. The 

symbol" represent significance at P<0.001. 
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Further, 4-0HT and MIF used as a single agent or in combination did lead to a 

Significant reduction 1n pMAPK1 /2 phosphorylation in these cells (Fig. 13A). 

Nonetheless, at multiple time points analyzed , there were still detectable levels of 

pMAPK1 /2 in the 4-0HT and/or MIF treated cells detectable by western blot (Fig. 

138, compare lanes 6-8 to lane 5), indicating that MEK1 action is only 

moderately suppressed by these hormonal treatments. Even when treatments 

were conducted in the absence of IG F-1 , active, phosphorylated MAPK 1 /2 were 

detected in 4-0HT- and/or MIF-treated cells at multiple time points, including 6 h 

(Fig. 13 8 , compare lanes 2-4 to lane 1 ). Thus, MEK1 appears to be active in a 

large percentage of cells undergoing 4-0HT and or MIF treatments. 

To determine if the apparent MEK1 /MAPK1 /2 activities imparted a growth or 

surv1val advantage to 4-0HT- and/or MIF- treated cells, we combined the small 

molecule MEK1 inhibitors PO 98059 [247] or U0126 (248] with the hormonal 

treatments. In initial experiments, we determined that PO 98059 effectively 

blocked IGF-1-and E2-induced MEK1 activity as evidenced by the lack of 

detectable MAPK1 /2 phosphorylation, with minimal affect on Akt phosphorylation 

(Fig. 138, compare lanes 9-12 to lanes 5-9). Importantly, PO 98059 treatment 

restored the basal and 1nduced level of cell detachment (Fig. 13C) and cleavage 

of PARP m the (Fig. 130) cell populations undergomg 4-0HT and or MIF 

treatment, in addition to reducing cell proliferation m all treatment groups (Fig. 

13C). 
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Treatment with U0126 also blocked the pro-survival effects of IGF-1 and restored 

the cytotoxic action of 4-0HT and MIF, which included enhancing ROS levels 

and increasing the percent of mitochondrial membrane depolarization (Fig. 14 A

B). Treatment with vitamin E again reduced the levels of ROS, mitochondrial 

membrane depolarization, and cleavage of PARP and lamin A resulting from 

MEK1 blockade (Fig. 14 C-E). Considered together, these data show that small 

molecule inhibitors of MEK1 effectively block the proliferative and anti-apoptotic 

action of IGF-1 and enhance the ability of 4-0HT and MIF to mduce an ROS

dependent apoptosis in ER+ MCF-7 breast cancer cells. 



Figure 14: U0126, a selective inhibitor of MEK1, induces ROS-dependent 

apoptosis in MCF-7 cells undergoing hormonal treatments in the presence 

or absence of IGF-1. (A-8) U0126 (5pM; 30 min pretreatment) significantly 

enhanced ROS levels (A) and the percent of mitochondrial depolarization (B) in 

cells treated with hormones in the presence of IGF-1 (20nglml). (C-E) Vitamin E 

(500 pM, 30 min pretreatment) blocked 4-0HTand/ or MIF- induced ROS (C), 

and reduced the percent of mitochondrial membrane depolarization (D) and 

cleavage of PARP and laminA (E) in cells treated in medium supplemented with 

E2 +1- U0126 (5pM; with 30 min pretreatment). fold diff., the increase in s1gnal 

intensity of cleaved PARP or lamin A relative to the s1gnal intensity in E2 + 

U0126-treated cells (lane 1), arbitranly set to a value of 1.0; corrections for 

loading were based on /]-actin signal intens1ty per sample. Values are expressed 

as mean + S.D. Significant differences between treatments are designated as 

follows: 11E2 versus E2 + U0126 (+1-IGF-1); bE2 + 4-0HT versus E2 + 4-0HT + 

U0126 (+1-/GF-1); cE2 + 4-0HT+ MIF versus E2 + 4-0HT + MIF + U0126 (+1-

/GF-1); dE2 + MIF versus E2 + MIF + U0126 (+1-IGF 1); "E2 + U0126 (+1- vitamin 

E); 1E2 + 4-0HT + U0126 (+1- vitamin E); 9E2 + M/F + U0126 (+1-vitamm E); hE2 

+ 4-0HT + MIF + U0126 (+1- vitamin E) The symbol fl and flfl represent statistical 

sigmf1cance at P<0.001 and P<0.05, respectively. 
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MEK1 function is required to reduce ROS, which is a prerequisite of 

antiestrogen- and/or antiprogestin-induced cell death. 

To conf1rm the role of MEK1 in regulating hormonally-induced ROS and 

apoptosis, we utilized RNAi to downregulate MEK1 mRNA, a dominant negative, 

mutant MEK1 eDNA to block the action of MEK1, and a wild type MEK1 eDNA to 

force MEK1 overexpression. In these experiments, targeting MEK1 expression 

with siRNA effectively reduced MEK1 protem levels in all treatment groups (Fig. 

15A, compare lanes 4-6 to 1-3). This reduction in MEK 1 expression significantly 

increased both the ROS levels (Fig. 158) and mitochondrial membrane 

depolarization (Fig. 15C) in cells subjected to 4-0HT and or MIF treatment in 

IGF-1-supplemented med1um. Similar results were obta1ned when MEK1 act1on 

in MCF-7 cells was blocked by over-express1on of a mutant, MEKDN (Fig. 16A

C). In stark contrast the over-expression of MEK1 wild type eDNA, which led to 

detectable increases in MEK1 protein in the transfected cells (Fig 15D), reduced 

both the levels of ROS and mitochondrial membrane depolarization in cells 

undergoing 4-0HT and/or MIF treatment (Fig. 15 E & F, respectively). Thus, 

MEK1 over-expression m 4-0HT and or MIF treated cells mimicked the pro

survival effects of IGF-1. Further, these MEK1 express1on studies were 

consistent with the results obtained with the small molecule inhibitors of MEK1 

and confirmed a key anti-apoptot1c role of a MEK1 dependent pathway in MCF-7 

breast cancer cells undergoing 4-0HT and/or MIF treatments. 



Figure 15: MEK1 regulates oxidative stress and mitochondrial membrane 

function in ER+ breast cancer cells. (A-C) MEK1 downregulation blocked the 

pro-survival effects of IGF-1 and enhanced ROS and mitochondrial membrane 

depolarization in hormonally-treated breast cancer cells. (A) Western blot shows 

effective RNAi targeting of MEK1 which was carried out for 48 h before cells 

were treated with E2, E2 + 4-0HT, or E2 + 4-0HT + MIF for 24 h. Protein was 

isolated from cells and analyzed for MEK1 expression by immunoblot analysis. 

(8-C) Cell populations with reduced MEK1 expression were analyzed at 6 and 72 

h for ROS and mitochondrial membrane depolarization, respectively. (D-F) MEK1 

overexpression reduced ROS and mitochondrial membrane depolarization in 

hormonally-treated breast cancer cells. Transient transfection of MEK1 eDNA 

(MEK1 -GFP vector) increased MEK1 expression above levels seen in vector

only (pEGFP-1 )-transfected control cells at 24 and 48 h as determined by 

immunoblot analysis (D), and reduced ROS levels and mitochondrial membrane 

depolarization at 24 and 72 h, respectively, (E-F). Values are expressed as mean 

:t S.D (n = 3). Significant differences are designated as follows: a Scrambled 

versus SiMEK, E2 (+1- IGF-1); b Scrambled versus SiMEK, E2 + 4-0HT (+1-

IGF-1 ); c Scrambled versus SiMEK, E2 + MIF (+1- IGF-1 ) ; d Scrambled versus 

SiMEK, E2 + 4-0HT + MIF; e pEGFP-N1 versus MEK1 -GFP. E2 + 4-0HT; 1 

pEGFP-N1 versus MEK1-GFP, E2 + MIF; g pEGFP-N1, E2 + 4-0HT + MIF 

versus MEK1-GFP, E2 + 4-0HT + MIF. The symbols * represent statistical 

significance at P<0.001. 
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Figure 16: Overexpression of a MEK1 dominant negative mutant protein 

(MEKDN) induces ROS dependent apoptosis in MCF-7 cells undergoing 

hormonal treatments in the presence or absence of /GF-1. 

(A-B) ROS levels were determined for MCF-7 cells infected wtth Ad-CMV alone 

or Ad-CMV-MEK1 ON. (C) The percent of mitochondrial membrane depolarization 

was determined for MCF-7 cells infected with Ad-CMV or Ad-CMV-MEKON. (A

C) Cells were infected with either Ad-CMV alone or Ad-CMV-MEK1 ON for 24 h, 

after which cells were treated with E2, E2 + 4-0HT, E2 + MIF, or E2 + 4-0HT + 

MIF in presence of IGF-1 (20ng/mL). The cells were harvested for ROS 

determination or mitochondrial membrane depolanzat10n levels as described in 

materials and methods at 6 h (A) and 24 h (B) and 72 h (C). The Values are 

expressed as mean :t S.O (n=3). Statistical sigmficance was determined by One

Way ANOVA usmg sigma plot 11 for windows. Significant dtfferences are 

indtcated between treatment groups as follows: 8 E2 + IGF-1 (Ad-CMV- versus 

Ad-CMVMEK1 ON-infected); bE2 + 4-0HT + IGF-1 (Ad-CMV- versus Ad-CMV

MEK1 ON-infected; cE2 + MIF + IGF-1 (Ad-CMV- versus Ad-CMV-MEK1 ON

infected); dE2 + 4-0HT + MIF + IGF-1 (Ad-CMV- versus Ad-CMVMEK10N

infected). The symbol .. represent stattstical significance at P<O 001. 
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MEK1 blockade in antiestrogen and antiprogestin treated breast cancer 

cells induces ROS and cell death via a Bim-dependent mechanism. 

The pro-apoptotic protein Sim/SOD, a member of the SH3-only group of Scl-2 

family members, is a key effector of cell death upon growth factor withdrawal in 

many cell types, including epithelial cells (199). Further, MEK1 /MAPK1 /2 

signaling regulates SimEL expression via phosphorylation that facilitates SimEL 

degradation by the proteasome (212]. Thus, we considered Sim to be a strong 

candidate for the death effector mediatmg the cytotoxicity in hormonally-treated 

MCF-7 cells with compromised MEK1 act1v1ty. Sim has three isoforms due to 

alternative sphcmg: SimEL. Siml, and SimS [249], w1th S1mEL being the most 

abundant form expressed in MCF-7 cells under our treatment conditions (Fig. 

17 A, top panel). SimS which is the most cytotoxic Sim isoform and transiently 

expressed during apoptosis in other cell types [208] was the most difficult to 

detect. The Sim L isoform was seen at higher levels in cells treated with MIF in 

comparison to E2-or 4-0HT-treated cells (Fig. 17 A, top panel : compare lanes 3-4 

to 1 & lanes 7-8 to 5). So, MIF, but not 4-0HT appeared to be inducing Sim L. 

Close 1nspect1on of a lighter exposure of the SimEL signal (Fig. 17 A, middle 

panel) Identified a doublet band, with the upper band bemg the predominant form 

in cells treated with E2 plus IGF-1 (Fig 17 A, lane 5). The lower SimEL band, 

which is a faster migrating SimEL protein , was consistently detected at higher 

levels in cells treated w1th U0126 as a single agent or in combmation with 4-0HT 
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(Fig. 178, compare lanes 3-4 to lane 1-2 and lanes 7-8 to lanes 5-6) , and/or MIF 

treatment (Fig. 17C and data not shown). In addition, th1s lower band was often 

detected at higher levels than the upper BimEL band in cells treated with 4-0HT 

and/or MIF for 60 h or longer in medium devoid of IGF-1 (data not shown). 

Overall, the relative increase in the levels of the lower BimEL band correlated to 

the timing of 4-0HT- and/or MIF- induced cytotoxicity in MCF-7 populations and 

we predicted that the lower BimEL band was the dephosphorylated form of 

B1mEL known to be more stably maintained in cells. To determine if 

phosphorylation was regulating the levels of either BimEL form, we treated cells 

with MG 132 a commonly used proteasome 1nhib1tor wh1ch blocks the degradation 

of ub1qU1tinated proteins by the proteasome [250]. In these experiments, the 

upper BimEL protein accumulated in cells treated with MG132 plus E2, 4-0HT, 

and/or MIF (Fig. 170, compare lanes 5 & 6 to lanes 1 & 2 & data not shown). In 

contrast, in the cell populations treated with PO 98059 or U0126, the 

phosphorylation of BimEL was impaired and did not significantly increase due to 

MG132 treatment (Fig. 170, compare lanes 7 & 8 to lanes 5 &6). Further, the 

dephosphorylated status of the lower BimEL band was established when protein 

lysates isolated from cells exposed to the different hormones were subjected to 

calf-intestinal-phosphatase (data not shown) or 1\ phosphatase. Figure 17E 

shows representative results of 1\ phosphatase treatments conducted for 20 min 

and 1 h that resulted in increased levels of the lower BimEL band (Fig. 17E, 

compare lane 1 to lanes 2 & 3, respectively). 



Figure 17: Blockade of MEK1 increases the levels of dephosphorylated 

BimEL in MCF-7. (A-C) Western blot shows the expression level of the Bim 

isoforms (EL, extra long; L, long, and/or S, short) in cells treated with hormones 

plus and minus IGF-1 (A), with two apparent size variants of BimEL- a high

molecular-weight BimEL (top band, denoted by the dash) and a low-molecular

weight BimEL (bottom band, denoted by the arrow) (8-C). fold diff., fold 

difference in signal intensity of the lower-molecular-weight BimEL band divided 

by the signal intensity of the high-molecular-weight BimEL band using the total 

MAPK signal intensity per lane as the loading control. (D-E) Western blot shows 

the accumulation of the upper Bim EL band when cells with active MEK1 are 

treated with the proteasome inhibitor MG 132, and preferential loss of the upper 

BimEL band, concomitant with accumulation of the lower molecular weight Bim 

EL form following A protein phosphatase treatment of the protein lysates. The A 

protein phosphatase digestion (described in Materials and Methods) was carried 

out for 20 min (lanes 2 & 5) or 1 h (lane 3) on protein lysates isolated from breast 

cancer cells undergoing E2 treatment for 24 h. lmmunoblotting determined the 

levels of BimEL and pMAPKt/2; total MAPK served as loading control. (F) 

Western blot shows that TAM- and/or U0126- treated cells show significantly 

higher levels of BimEL protein than E2-treated cell, with the highest levels of 

dephosphorylated Bim EL, correlating directly to the cleavage of PARP 

detectable by 72 h. 
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The increase in the lower BimEL band occurred with a concomitant loss of the 

upper B1mEL band (Fig. 17E, compare lane 1 to lanes 2 & 3, respectively) and 

was similar in size to the BimEL form generated by treatment of cells with U0126 

(Fig. 17E, compare lanes 2-4). In comparison, the A phosphatase treatment of 

protein isolated from cells treated with U0126 only modestly increased the levels 

of the lower BimEL band (Fig. 17E, compare lanes 5 to lane 4) . As an internal 

control, the loss of pMAPK signal as a result of CIP (data not shown) and A 

phosphatase treatment was apparent in all expenments (Fig. 17E, lanes 2 & 3 

compared to lane 1 & lanes 5 compared to lane 4). Thus, these experiments 

identify the lower BimEL band as the dephosphorylated from of BimEL. 

Because studies of CYP2D6 polymorphisms do not clearly show that 4-0HT is a 

key metabolite involved in the antitumor effects of TAM treatment in patients 

[251], we also performed similar experiments with TAM at a dose of 5.0 11m that 

is commonly used for pre-clinical in vitro studies [130]. The results of these 

experiments showed that IGF-1 also reduced the ability of TAM, used as a single 

agent or in combination with MIF, to induce cell death (Fig. 17F, lane 3 

compared to lane 7 and data not shown); targeting MEK1 with inhibitors led to a 

robust increase 1n the levels of dephosphorylated BimEL, with a concomitant 

decrease in the levels of phosphorylated BimEL; and that the levels of 

dephosphorylated Bim EL correlated directly to the cytotoxicity of MEK1 blockade 
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as evidenced by increased PARP cleavage in cells by 72 h of treatment (Fig. 

17F, lanes 8 & 9 compared to lanes 6 & 7). 

To confirm that 8im played a key role in apoptotic cell death induced by 

antiestrogen and antiprogestin treatments when conducted in the presence and 

absence of MEK1 blockade, we utilized siRNA to downregulate 8im expression 

in MCF-7 cells. These experiments were performed in medium supplemented 

with or devoid of IGF1. The siRNA targeting of 8im was very effective in 

reducing 8imEL protein expression when conducted in cells growing in medium 

devord of IGF-1 , (Frg. 18A, compare lanes 4-6 to lanes 1 3). 8im downregulation 

under these growth conditions reproducrbly attenuated the abrlrty of 4-0HT 

and or MIF, in the presence or absence of U0126, to induce the cleavage of 

PARP and lamin A (Fig. 18A, compare lanes 4-6 to lanes 1-3). 8im 

downregulatron also srgnificantly reduced ROS levels in the cells treated with 4-

0HT and/or MIF (Fig. 188). In fact, the ROS levels in cells treated with 4-0HT, 

MIF, and/or U1 026 were reduced to levels present in the control E2-treated cells 

(Fig. 188). When IGF-1 was in the treatment medrum, siRNA targeting also 

effectively reduced 8im levels rn MCF-7 cells (Fig. 18C). The reduction in 8im 

expressron robustly reduced the pro-apoptotrc actron of U0126 rn cells of all 

treatment groups, but most effectrvely in the E2 and 4-0HT-treated cells (Frg. 

180, compare lane 5 to lane 2). The srRNA data shown in Figure 18A and 8 are 

representative of at least 3 independent experiments in which cells were treated 

in medrum devord of IGF-1 or supplemented with IGF 1, respectively. 



Figure 18: RNAi targeting of 8/M expression protects MCF-7 cells from 

apoptotic cell death induced by 4-0HT, MIF, and/or U0126 treatments. (A & 

C) 81M expression was reduced in all treatment groups by RNAi targeting. MCF-

7 cells were seeded in DMEMIF12 medium containing 5% DCC F8S and, after 

24h, transfected with scrambled or 81M-targeting RNAi. Forty-eight hours after 

transfection, the cells were treated with E2, E2 + 4-0HT, or E2 + 4-0HT + MIF in 

the absence (A) or presence of IGF-1 (20ng/ml) (C & D) and/or U0126 (5/LM). 

Cells were harvested for protein at 48 h (A & C) or 72 h (D) after treatment and 

subjected to immunoblot analysis to determine levels of 8im, cleaved PARP, 

cleaved laminA. {3-actin levels served as a loading control. (8) 81M knockdown 

via siRNA targeting reduces the levels of ROS generated by 1 h treatment with 4-

0HT and/or MIF. Values are expressed as mean :t S.D. Statistical significance 

was identified between the following treatment groups: a scrambled E2 + 4-0HT 

versus si8imE2 +4-0HT; b scrambled E2 + MIF versus si8im E2 + MIF; c 

scrambled E2 + 4-0HT + MIF versus si8im E2 + 4-0HT + MIF; d scrambled E2 + 

4-0HT + U0126 versus si8im E2 + 4-0HT + U0126; 9scrambled E2 + MIF + 

U0126 versus si8im E2 + MIF + U0126 ; 'scrambled E2 + 4-0HT + MIF + U0126 

versus si8im E2 + 4-0HT + MIF + U0126. The symbols *represent statistical 

significance at P<0.001. 
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These data provide strong evidence that Bim is a key death effecter for 4-0HT 

and/or MIF induced cell death, as well as the increased cytotoxicity provided by 

treatment with MEK1 inhibitors. 

The inherent expression level of BimEL in ER+ breast cancer cells 

correlates to the magnitude of apoptosis induced by 4-0HT and/or MIF 

treatments conducted in the presence or absence of MEK1 blockade. 

T-470 1s an independent breast cancer cell model that expresses ER and PR 

and is commonly used for studies analyzing the effects of antiestrogen blockade 

of ER funct1on (149,152,236]. In companson to MCF-7 cells, T-470 cells show 

lower basal levels of BimEL and this reduced level of BimEL expression has 

been correlated to a reduced level of paclitaxel-induced apoptosis (203]. Thus, 

we characterized the level and phosphorylation status of BimEL relative to the 

induction of cytostasis, and cytotoxicity in T-470 cells by 4-0HT and/or MIF 

treatment in the presence and absence of IGF-1 and under conditions of MEK1 

blockade. Cell counts showed that IGF 1 stimulated T-470 cell growth above 

proliferation levels seen in the E2-treated population and that PO 98059 

effectively reduced the IGF-1-med1ated proliferation (Fig. 19A). However, there 

was no detectable increase 1n the number of trypan blue cells within T-470 cell 

populations as a result of any of the treatments, even after extended periods of 

treatment (i.e. 144 h) (Fig. 198). By 72 h of treatment, cleavage of PARP could 
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be detected in T-470 cells treated with 4-0HT plus MIF plus U0126 (Fig. 19C, 

compare lane 6 to lanes 1-5), concom1tant with a reduction in the levels of pro

caspase 3, Indicative of its activation. The 4-0HT-treated T-470 cells never 

showed evidence of apoptotic cell death ; neither cleavage of PARP nor lamin A 

was detected in 4-0HT-treated cells even after 216 h of treatment. In comparison 

to the cytotoxic effect on MCF-7 cells, T-470 cells appeared essentially resistant 

to apoptosis, with absence of cleavage of PARP and Lamin A in T-470 cells 

treated with 4-0HT and/or MIF in the absence or presence of U0126 for 48 h 

(Fig. 190, compare lanes 1-4 to lanes 5-8, respectively). The reduced ability of 

T -4 70 cells to undergo apoptotic cell death correlated to an approximate two-fold 

lower level of basal BimEL express1on m T-470 cells compared to MCF-7 cells. 

This difference can be readily seen in Figure 80 where equal load1ng of lysates 

shows no detectable level of Bim EL in T 4 70 cells compared to readily 

detectable BimEL expression in MCF-7 cells (F1g. 190, compare lanes 5-8 to 

lanes 1-4). ROS levels in 4-0HT and/or MIF-treated T-470 also were less than 

those mduced in MCF-7 cells (Fig. 19E). 

Although apoptot1c death was m1nimally induced in T-470 cells, treatment with 

U0126 effectively reduced the levels of pMAPK1 '2 in T-470 cells, which were 

inherently higher than pMAPK1 2 levels in MCF 7 cells (Fig. 190). Because 

pMAPK1 2 levels were at least 2-fold higher in T-470 cells than in MCF-7 cells. 

we performed experiments w1th MG 132 to determine if the intrinsic turnover rate 

of BimEL was higher in T-470 cells than in MCF-7 cells. 



Figure 19: 8imEL expression levels vary between ER+ breast cancer cell 

models and correlate to apoptotic outcome in response to hormonal 

treatments and MEK1 blockade. (A-8) Cell number determinations showed 

that IGF-1 stimulated T-470 cell growth v1a a MEK1-dependent proliferation 

pathway. T-470 cells were treated with the indicated hormones in the presence 

or absence of IGF-1 (20 ng/ml) plus and minus PO 98059 for 216 h (A) or U0126 

for 144 h (8). (C) Western blot showed BimEL levels relative to the levels of 

cleaved PARP in T-470 cells treated with hormones in the absence or presence 

of U0126 for 72 h. The levels of ER and PR are provided for validation of the ER 

and PR status of T-470 and MCF-7 cells used in this study. (D) Western blot 

compared the levels of BimEL in MCF-7 versus T-470 cells treated with 

hormones plus or mmus U0126 for 48h. (E) ROS levels were determined forT-

470 and MCF-7 cells treated with the md1cated hormones in the presence or 

absence of /GF-1 plus or minus MEK1 blockade with U0126. (F) Western blot 

showed that treatment with MG 132 caused an accumulation of phosphorylated 

Bim EL in MCF 7 cells, but not in T-470 cells. (A-F) As described in Materials 

and Methods, at the indicated times, cells were harvested and analyzed either for 

cell counts (A-8), protein express1on by SDS PAGE and immunoblotting for 

BimEL, pB1mEL, pro-caspase-3, pMAPK, and total MAPK or {3-actin, which were 

used as loading controls (C-D), or for ROS determination (E) 
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Figure 20: Schematic representation of the role of BimEL and induction of 

apoptosis in ER+ breast cancer cells. This model is a summary of data 

showing that MEK1 blockade, in addition to hormonal treatment (antiestrogen or 

antiprogestin treatment) will activate Bim via dephosphorylation and induce an 

ROS-dependent apoptotic cell death in some ER+ breast cancer cells, 

particularly if IGF-1-induced IGF-IR signaling is active. 
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MG132 treatment did not increase the intracellular levels of BimEL in T-470 cells 

(Fig. 19F, compare lanes 7 & 8 to lanes 3 & 4). These data show that the basal 

level of BimEL expression can vary between ER+ breast cancer cell models by 

mechanisms independent of MEK1 /MAPK12-mediated phosphorylation and 

proteasomal turnover. Thus, MEK1 targeting may only be effective in ER+ breast 

cancer cells with high intrinsic levels of BimEL (schematically summarized in Fig. 

20). 

Conclusion of Aim 1: 

The study conducted in this aim has demonstrated that: 1) siRNA mediated 

knockdown of Bim attenuates the death elicited by hormonal therapy in the 

presence or absence of MEK inhibition. 2) MEK blockade in antiestrogen and 

antiprogestin treated breast cancer cells induces ROS which could be reversed 

by the addition of vitamin E to the therapy. 3) MEK blockade in addition to 

hormonal treatment activated Bim via dephosphorylation and induced an ROS

dependent apoptotic cell death in MCF-7 breast cancer cells. 
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Aim 2: To determine if the modulated expression of the death effector, 

BimEL regulates pro-survival autophagy in breast cancer cells treated with 

hormonal therapy and/or MEK1 /MAPK1 /2 blockade. 

Rationale: Autophagy has been linked to cell survival and cell death in cancer 

cells [252]. A study from our laboratory established that antiestrogen treatment of 

ER+ breast cancer cells induces pro-survival autophagy [149]. In Aim 2, to better 

understand the mechanism of death induced by dephosphorylated BimEL, we 

sought to determine the effect of BimEL on autophagy 1n ER + breast cancer 

cells undergoing hormonal therapy with or without MEK inhibition. 

Experimental Approach: BimEL expression was modulated by two approaches. 

First, over expression of BimEL was performed by transfection and transient 

ectopic expression of a BimEL eDNA. Second, the small molecule inhibitor 

U0126 was used to treat breast cancer cells. Treatment with the small molecule 

inhibitor (U0126) ultimately leads to the dephosphorylation of BimEL; 

dephosphorylated BimEL is unable to be ubiquitinated so it is not turned over in 

the proteasome so levels of dephosphorylated BimEL increase in cells. For 

these studies, MCF-7 cells were treated with hormones in the presence and 

absence of U0126. At appropriate times cells were harvested for analysis of 

autophagy markers and levels of cleaved PARP and LaminA (surrogate markers 

of apoptosis). Importantly, to evaluate effects on autophagy, autophagic flux was 
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momtored by utilizing chloroquine (CQ). CQ elevates the pH of lysosomes, so 

the turnover of proteins and the autolysosome 1tself is blocked. For 

determination of flux, total cellular protein was harvested from cells at appropriate 

times following the various treatments and subjected to PAGE/SDS and 

immunoblotting analysis for the levels of the lip1dated form of LC3 (LC311). LC311 

is an established marker for determination of autophagic flux; it gets 

incorporated into autophagosome membranes and 1s subsequently degraded in 

the autolysosome [253] [254]. 

Ectopic (over-expression) of BimEL eDNA induces cell death and blocks 

autophagic flux in ER + breast cancer cells. 

The first approach to analyze the effect of BimEL on autophagy was to directly 

modulate its expression by transfecting MCF-7 breast cancer cells with BimEL 

eDNA followed by treatment with hormonal therapy with or without MEK1 

inhibition. In independent experiments, we utilized the BimEL eDNA expression 

vector (designated Ex-00071 -M02) to transiently transfect MCF-7 cells and over

express BimEL. BimEL over-expression consistently 1nduced cell death (Figure 

21 B lanes 4-6). 

Interestingly. ectop1c express1on of BimEL eDNA 1n MCF-7 cells, pnmanly and 

consistently resulted in the express1on of dephosphorylated BimEL, supporting 

our conclusions in A1m 1 that dephosphorylated BimEL is the death-inducing 

form of BimEL. 
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An example of the level of BimEL over-expression is seen 1n Figure 20A at 24 

and 36h post transfection (Figure 21 A, lanes 2 and 4). MCF-7 breast cancer 

cells transfected with the expression vector without BimEL eDNA cloned into it 

(vector only) served as the control for these experiments and did not lead to 

BimEL over-expression. In some experiments performed, (three of four 

independent experiments), BimEL over-expression in cells led to increased LC311 

levels 1n cells (F1gure 21 B compare lanes1 -3 to lanes 4-6), providing strong 

evidence that BimEL over-express1on affected autophagy. However, from these 

experiments we were unable to establish if the elevated LC311 resulted from an 

increase in the expression of LC3 or a blockade in the degradative phase of 

autophagic process. 



Figure 2 1: BimEL over-expression enhances the death and LC3 level in 

MCF-7 cells treated with hormonal therapy with or without MEK1 blockade. 

(A-8 ) MCF-7 cells were seeded in DMEM/F12 medium containing 5% DCC FBS 

and Insulin (1 Oug/ml) and after 24h, the cells were washed 3 times with HBSS 

and transfected with vector only or BimEL eDNA using Lipofectamine 2000 as 

described in Materials and Methods. Twenty-four hours after transfection, the 

cells were treated with E2, E2 + 4-0HT, or E2 + 4-0HT + UO 126. Cells were 

harvested for protein at 24 and 36h after transfection and at 16h after treatment. 

Lysates were subjected to immunoblot analysis to determine levels of BimEL, 

LC3, cleaved LaminA, cleaved PARP and p-MAPK. Total MAPK levels served as 

a loadmg control. Arrow represents dephosphorylated form of BimEL and dash 

represents the phosphorylated form. (C) Graphtcal representation of fold change 

in LC3 II following 16h of treatment when compared to E2 treated, vector only 

transfected group, arbitrarily set to 1. 
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To determine if the increased LC3-II levels in MCF-7 cells transiently over 

expressmg BimEL was due to blockade of autophagic flux or increased 

express1on of LC3, we performed an autophagic flux assay. For this assay, we 

treated cells with hormones plus and minus MEK1 blockade plus and minus ca. 

ca blocks the degradation in the autolysosome so there is no LC311 turnover in· 

cells, leading to increased levels of LC31 and II in cells. Thus, treatment with ca 

will identify the total levels of LC31/II expression in the treated cell populations. 

This assay is widely used to distinguish between increased autophagy or 

blockade 1n autophagic process [255]. The results of these experiments showed 

that the addition of ca to BimEL transfected cells d1d not lead to a significant 

increase in the amount of LC3 II above the levels seen 1n B1mEL transfected cells 

not treated with ca. This can be seen in Figure 22A (compare lanes 4-6 to 10-

12). In Figure 228, a graphical representation of the levels of LC311 in each 

treatment group is shown. This graph was generated by using LC311 signal 

intensity from a single experiment. These data were derived from densitometry 

where the levels of LC311 in E2 treated, vector-only transfected cells was 

assigned an arbitrary value of 1.0. In addition, we used a formula to further 

analyze these data where we compared autophagic flux between treatment 

groups (Fig 22C) 
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The formula and calculations used for the graph shown in Figure 22C are shown 

in Table 1. In comparison to cells in treatment groups not including CO, cells 

transfected with BimEL and treated with E2, E2 + 4-0HT or E2 + 4-0HT + U0126 

show a reduction of flux of 6%, 21 % and 31 %, respectively. Our interpretation of 

these data is that there is an overall decrease in the percent autophagic 

degradation (flux) of LC311 in the presence of BimEL over expression (Figure 

22C). These data suggest that the presence of BimEL in excess in the cells is 

reducmg the overall amount of autolysosomal turnover. The mechanism of 

reduction in autophagic degradation by 81mEL is only partial, many cells in the 

population are still undergoing active autophagy. Why there IS only partial 

inhibition by 81mEL overexpression and the mechamsm of BimEL-mediated 

blockade of autophagic flux is currently under investigation in the laboratory. 
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Table 1 

Treatment Calculation % Autophagic Flux that 
Group would have occurred in the 

absence of CQ 
Vector Only 

lk on _ Fluxed LCJ II =( ___!::_C3 11 , .gnal•nten, llyof t~11ent )xtOO ~ Au ' ed LCJ II • tOO-(~ ~on - Flu, edLCl lt ) Transfected LC3 11 signal inten,llyof treatment + CQ 
Population 

E2 E2 (1 )/E2CQ(1.3) X 100 = 76.9 100 - 76.9 = 23% 

E2 + 4-0HT E2+4-0HT (0.9)/E2+4-0HT -CO (1.6) X 100 = 56.2 100 - 56.2 = 44% 

E2 + 4-0HT E2+4-0HT -U0126 (0.5)/E2+4-0HT -U0126-CQ (1.4) X 100- 35.7 = 64% 
+ U0126 100 = 35.7 
BimEL eDNA 
Transfected 
Population 
E2 E2 (1 )/E2CQ(1.2) X 1 00 = 83.3 100 - 83.3 = 17% 

E2 + 4-0HT E2+4-0HT (1)/E2+4-0HT-CO (1.3) X 100 = 76.9 100 - 76.9 = 23% 

E2 + 4-0HT E2+4-0HT-U0126 (0.8)/E2+4-0HT-U0126-CQ (1.2) X 100 - 66.6 = 33% 
+ U0126 100 = 66.6 

-



Figure 22: BimEL over-expression impairs autophagic flux. 

(A) MCF-7 cells were seeded in DMEM/F12 medium containing 5% DCC FBS 

and insulin (10ug/ml) for 24h, washed 3 times with HBSS and transfected with 

vector only or BimEL eDNA using LP2000. Twenty-four hours after transfection, 

the cells were treated with E2, E2 + 4-0HT, or E2 + 4-0HT + UO 126 with or 

without CO and harvested for protein at 20h after treatment and subjected to 

immunoblot analysis to determine levels of BimEL, p-MAPK and LC3. Total 

MAPK levels served as a loading control. Arrow represents dephosphorylated 

form of BimEL and dash represents the phosphorylated form. (B) Graphical 

representation of fold change in LC3 II following different treatments compared to 

E2 only. (C) Graphical representation of percent autophagic flux in each 

treatment group. 
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MEK1 blockade in antiestrogen and antiprogestin treated breast cancer 

cells attenuates autophagic flux. 

89 

To analyze effects of BimEL on autophagy in hormonally treated breast cancer 

cells in a physiological setting, we compared the levels of LC311 in cell 

populations where MEK1 blockade was used to dephosphorylate BimEL. Initially 

we ran a time course to determine the optimal timing of BimEL 

dephosphorylation during MEK1 /MAPK1 /2 inhibition with U0126. 

MEK1 /MAPK1 /2 inhibition resulted in BimEL dephosphorylation as early as 4-8 

hours (Figure23 lanes 3-4 and 7 -8). By 24h of treatment, immunoblotting showed 

that the majority of BimEL was dephosphorylated. Thus the effects of 

MEK1 /MAPK1 /2 inhibition on autophagy were determined at several times 

following treatment, with a focus on 24 and 48h. These experiments showed that 

at 24h and 48h of treatment, 4-0HT and/or MIF treatment induced autophagy; i.e 

in cells treated with 4-0HT compared to 4-0HT plus CQ, the levels of LC311 as 

determined by densitometry are 0.6 and 3.6, respectively. Similarly, in cell 

treated with 4-0HT + MIF compared to 4-0HT + MIF plus CQ, the levels of LC3 

are 0.5 and 3.3, respectively (Figure 24A lanes 2-3 and 8-9). 



Figure 23: MEK1 blockade dephosphorylates BimEL as early as 4-Bh. 

MCF-7 cells were seeded in DMEM/F12 medium containing 5% DCC FBS and 

after 24h, treated with E2, E2 + 4-0HT or E2 + 4-0HT + UO 126. The cells were 

harvested for protein at 4, 8, 24 and 72h following treatment and analyzed for 

BimEL phosphorylation status over time by immunoblot analysis. Arrow 

represents dephosphorylated form of BimEL and dash represents the 

phosphorylated form. 
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Figure 24: MEK1 blockade results in a reduction in autophagic flux induced 

by hormonal treatments: (A) MCF7 cells treated with E2, E2 + 4-0HT, E2 + 4-

0HT + MIF or E2 + 4- OHT/MIF + U0126 with or without CO, were harvested for 

protein at 24h after treatment. Change in LC3 levels was determined by 

immunoblot analysis. (B) Graphical representation of fold change in LC3 II signal 

intensity following different treatments compared to E2 only. (C) Graphical 

representation of percent autophagic flux in each treatment group. Percent 

difference was determined by calculating the difference in LC311 between a 

treatment group versus treatment+ CO group as described for figure 21. 
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In contrast, in U0126 treated cell populations although there is turnover of LC311 

(compare lanes 4-6 to 1 0-12), the overall percent of autophagic flux of LC311 is 

less than in treatment groups that were not treated with U0126 (24C). For 

example, E2 + 4-0HT or E2 + 4-0HT + MIF treated cells had 22% and 29% 

more autophagic flux respectively, when compared to the similar treatment 

groups with U0126. 

Studies were also carried out in T-470 cells, a 2"d independent model of ER+ 

breast cancer cells. In these cells, we determined the optimal amount of CO by 

generating a saturation curve (Figure 25A). Using 5uM CO, we were able to 

show that treatment with UO 126 effectively reduced MAPK 1/2 phosphorylation 

and robustly blocked autophagic flux (Figure 258) . The graph in 258 was 

generated by densitometric analysis of LC311 from single western blot. UO 126-

induced blockade of autophagic flux correlated directly with increased levels of 

8imEL expression (Figure 25 C and D). Overall, the data from these flux 

assays show that the MCF-7 and T-470 cell populations undergoing 

MEK1 /MAPK1 /2 inhibition do show significant levels of impaired autophagic flux. 
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Since the flux assays show that MEK1 inhibition, particularly in combination with 

antiestrogen and antiprogestin treatment, does decrease the overall percentage 

of autophagic degradation, we postulate the dephosphorylated BimEL is only 

able to impair autophagic flux in some (a subpopulation) but not all cells in the 

treated cell populations. Ongoing studies in the laboratory are addressing the 

mechanism of BimEL mediated inhibition of autophagic flux and identifying 

factors which influence (actually block) the ability of BimEL to carry out this 

function , i.e. sequestration by Bcl2, BciXL, and or Mcl1. 



Figure 25: U0126 inhibits autophagic flux in T47D cells concomitant with 

up-regulation of BimEL. T470 cells were treated with E2, E2 + 4-0HT in the 

presence or absence of U0126, with or without CO for 24 h. (A) Cells were 

harvested for determination of LC311 levels which are quantified by densitometry 

(8). (C) Autophagic flux was determined as described in Table 1. (D) Cells 

treated for 48 h show increased levels of BimEL concomitant with increased 

levels of LC31/. 
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Autophagy in ER + breast cancer cell populations treated with MEK1 

inhibitor is prosurvival, not cytodestructive. 

Because autophagy is ongoing in MCF-7 and T470 cells undergoing MEK1 

blockade with U0126, we sought to determine if the autophagy was 

cytodestructive (required for the death inducing effects of U0126 and 

dephosphorylated BimEL) in antiestrogen and/or antiprogestin-treated cells. To 

test this, viable and non-viable cell number was determined in MCF7 cell 

populations treated with hormonal therapy plus and minus U0126, in the 

presence and absence of CQ. If blockade of autophagic flux with CQ results in 

an overall increased viability of the treated cell populations then autophagy is 

required for U0126-induced cell death. In addition, independently treated cell 

populations were harvested for total protein which was subjected to PAGE/SDS 

followed by immunoblotting with appropriate antibodies to determine the levels of 

cleaved PARP and Lamin A as an indication of the levels of active apoptosis in 

the treated cell populations. Figure 26 shows that CQ treatment modestly, but 

reproducibly, reduced cell number for all treatment groups in three independent 

experiments. In cell populations undergoing blockade of autophagy with CQ, the 

number of trypan blue positive (dead cells) following 144h of treatment was also 

modestly increased in all treatment groups. 



Figure 26: Autophagy induced following treatment with hormonal therapy 

in combination with MEK1 inhibitor is not cyto-destructive. 

After seeding for 24h, MCF-7 cells were treated with E2, E2 + 4-0HT/MIF or E2 

+ 4-0HT/MIF + U0126 in the presence or absence of CQ. (A) The cells were 

harvested at 144h for analysis of death by trypan blue assay as described in 

Materials and Methods. (B) Cells were harvested at 48h and 72h after treatment 

and subjected to immunoblot analysis to determine the levels of cleaved Lamin A 

and cleaved PARP. Total MAPK and /]-actin were used as loading controls. (C) 

Graphical representation of fold change in cl PARP at 72h after treatment. 



Figure 26: 

A 
&I) 300 

~ 
0 144h 
~ 250 )( 

b ... 
G) 200 

. 

,g a b 

B 

cl Parp-

cl LaminA-

P-actin

cl Parp-

cl LaminA-

MAPK-

E2 
4-0HT 

MIF 
U0126 

E 150 

i 
::l 
c 

100 
G) 

(.) 50 

0 
E2 ++ ++ ++ ++ 

4-0HT ++ ++ 
MIF ++ 

U0126 ++ 
CQ - + -+ - + - + 

1 2 3 4 5 6 7 8 9 10 11 12 --- - -- ---
1 5 30 19 37 54 54 10 37 12 33 48 

--.... --. -~-- 48h 

1 1 0 2.6 1.6 2.9 5.1 28 22 3 1 2.5 2,9 60 

--- - ---- -
1 u 2.1182.6 2.8 0.4 1 3 25 2.3 5 99 - -- ----------- 72h 
1 3.1 18 1.7 3.7 3.4 OS 2.4 2.7 2.4 31 4.3 

-- _. ... ~~- --------
+ + + + + + + + + + + + 

- + + - + + - + + - + + 
- + - - + - - + - + 

- - + + + - + + + 

-CQ +CQ 

a b a b 

++ ++ 
++ ++ 

++ 
++ ++ 
- + ++ 

c 
12 

10 
0. 8 a:: 
< 6 
0. 

u 4 

2 

0 
E2 

4-0HT 
MIF 

U0126 

96 

72h 

~ 

++++++ ++++++ 
-++-++ - ++-++ 
- -+--+ --+--+ 
-- -+++ -- - ++ + 

-CQ +CQ 



97 

Further, western blot analyses of cleaved PARP levels in particular showed that 

blocking autophagy by CQ enhances apoptotic death induced by hormonal 

therapy in combination with U0126 at 72h. Figure 26 shows results from one of 

the three independent experiments in which cleaved PARP levels were increased 

by the addition of CQ to the treatments (Figure 268 compare lanes 4-6 to 1 0-12). 

Under these treatment conditions, CQ treatment had little effect on Lamin A 

cleavage. We further demonstrated that spautin-1 (Specific and Potent 

Autophagy lnhibitor-1) [256] also enhanced death induced by hormonal therapy 

with MEK1 inhibition. In fact, Figure 27 shows that after 72h of treatment, spautin 

combined with hormonal therapy plus and minus U0126 robustly increased 

cleavage of PARP and Lam in A (Figure 27 compare lanes 4-6 to 1 0-12). Spautin 

which inhibits autophagy by promoting degradation of Beclin1, blocks autophagy 

at an earlier stage than CQ. The data with CQ and spautin provide strong 

evidence that he cytotoxic efficacy of MEK1 inhibitor via BimEL 

dephosphorylation (Aim1) in not dependent on autophagy. 

Our interpretation of these data is that autophagy in MCF-7 cell populations 

treated with MEK1 inhibitors in which dephosphorylated BimEL is at high levels is 

cytoprotective. That is, autophagy is being induced in the cell populations as an 

initial stress response primarily to promote cell surv1val. This stress reponse is 

most probably increased ROS levels or ER stress induced by MEK1 /MAPK1 /2 

inhibition. 



Figure 27: Blockade of autophagy by Spautin enhances the death induced 

by MEK1 inhibition in combination with hormonal therapy. 

After seeding for twenty four hours, MCF-7 cells were treated with E2, E2 + 4-

0HT/MIF or E2 + 4-0HT/MIF + U0126 in the presence or absence of spautin for 

72h. Cell lysates were prepared for western blot analysis to determine the 

change in levels of cleaved PARP, LaminA, and pMAPK. Total MAPK was used 

as the loading control. 
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Conclusion of Aim 2: 

The study conducted in this aim has demonstrated that over expression of BimEL 

eDNA (1) induces apoptosis of MCF-7 cells with cleavage of PARP and LaminA 

as measurable apoptotic markers, (2) impairs pro-survival autophagic 

(autophagic flux) in hormonally-treated cells, but also shows that the treated 

populations of cells still have a significant level of ongoing pro-survival 

autophagy. In addition, these studies are consistent with a recent study showing 

that BimEL can actually bind Beclin 1 and block autophagy in cancer cells. [257]. 
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Aim 3: Determine if expression/function of BimEL is regulated by Rb in ER 

+ breast cancer cells treated with hormonal therapy. 

Rationale: A published study from our lab showed that knockdown of Rb in ER 

positive breast cancer cells undergoing antiestrogen and antiprogestin treatment 

significantly increases the cytotoxicity of the therapy (72]. Rb is typically known to 

arrest the cells at the G1-S phase of cell cycle [258]. Because autophagy plays a 

key role in the survival of growth arrested ER + breast cancer cells undergoing 

antiestrogen treatment, we hypothesized that Rb is required for antiestrogen

sensitive, ER + breast cancer cells to activate pro-survival autophagy and loss of 

Rb in autophagic cells induces a BimEL dependent death pathway. 

Experimental Approach: Expression of Rb was modulated in MCF7 cells by: 

1. siRNA mediated knockdown 

2. Adenoviral mediated over-expression 

3. G FP tagged Rb expression vector 

The effect of Rb modulation on autophagy and BimEL protein level was 

determined following treatment with 4-0HT plus or minus U0126. MG 132 was 

also used to stabilize BimEL by blocking its degradation via the proteasome. 

Effects on autophagy were determined by western blot analysis of LC311 and 

measurement of long-lived protein turnover by proteolysis assay. Effects of Rb 

modulation on death were determined by measuring ROS, mitochondrial 

membrane depolarization and cleavage of PARP and LaminA. 
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Hormonal treatment of ER + breast cancer cells reduces total Rb protein 

levels over time and this reduction correlates with the cytotoxicity of the 

therapy. 

In initial studies, effect of hormonal therapy on Rb was analyzed by a time-course 

study with E2 and/or 4-0HT in MCF-7 cells. Cell lysates were harvested at 

multiple time points to analyze Rb levels. Figure 28A shows a decrease in total 

Rb protein in a time dependent manner, with E2 treatment leading to Rb loss 

around 120h. Treatment with E2 plus 4-0HT caused a decrease in Rb as early 

as 48h. To confirm that the decrease in Rb prote1n was not merely a decrease in 

the phosphorylation status of Rb, fold change in hypophosphorylated Rb was 

also quantified across time (Figure 288). Treatment with 4-0HT lead to 

conversion of Rb to hypophosphorylated Rb in addition to a decrease in total Rb 

protein across time. Next, the effect on cleavage of Lamin A was determined at 

multiple time points in ER + cells following treatment with E2 or E2 + 4-0HT. 

Cleavage of Lamin A directly correlated to loss of Rb protein levels. In cells 

treated with E2, maximal onset of cleavage of Lamin A was seen at 120h, 

whereas in E2 plus 4-0HT treated cells Lamin A was cleaved at 48h (Figure 

29A-B). These data provided strong correlative evidence that Rb loss across time 

leads to a more robust death response to hormonal therapy in ER positive breast 

cancer cells. 



Figure 28: Treatment of ER positive breast cancer cells with anti-estrogen 

therapy leads to dephosphorylation and loss of total Rb protein across 

time. 

MCF-7 cells seeded in DMEM/F-12 with 5% DCC FBS for twenty four hours were 

treated with E2 or E2 + 4-0HT and harvested for protein at indicated time points. 

lmmunoblot analysis was performed to determine the change in amount of Rb 

protein across time. /]-actin served as loading control. (A) Decrease in amount of 

Rb protein starts at 72 hours in cells treated with E2 and at 48 hours in cells 

treated with E2 + 4-0HT. (B) The decrease in Rb protein is due to loss of total 

protein and not just because of loss of phosphorylation across time. (C) The 

graph shows fold change in hypophosphorylated Rb across time when compared 

to the amount of Rb in E2 alone or E2 + 4-0HT treated cells at 36 h, set at 1 

arbitrarily. 
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Figure 29: Rb downregulation induced by antiestrogen treatment correlates 

to increased cleavage of Lamin A. 

MCF-7 cells seeded in DMEM/F-12 with 5% DCC FBS for twenty four hours were 

treated with E2 or E2 + 4-0HT and harvested for protein at indicated time points. 

lmmunoblot analysis was performed to determine the change in amount of Rb 

protein and cleaved LaminA across time. P-actin served as loading control. (A) 

Increase in cleavage of Lamin A starts at 120 hours in cells treated with E2 and 

at 48 hours in cells treated with E2 + 4-0HT. (B). The graph shows fold change 

in Rb and cleaved Lamin A across time when compared to the amount of Rb/cl 

Lamin A in E2 alone or E2 + 4-0HT treated cells at 0 hour, set at 1 arbitrarily. 

Cleavage of Lamin A coincides with the loss of Rb following antiestrogen 

treatment. 
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Hormonal treatment of ER + breast cancer cells leads to induction of Rb 

dependent autophagy. 

The effect of antiestrogen treatment on LC311 was analyzed by a time-course 

study with E2 and/or 4-0HT in MCF-7 cells. Cell lysates were harvested at 

multiple time points to analyze LC311. Figure 30A shows that treatment with E2 + 

4-0HT leads to an increase in LC311 accumulation as early as 2-4 h (Figure30A 

lane 2-3) and this increase reaches a peak at 12-24h (Figure30A lane 5-6), after 

which the LC311 levels start decreasing. Treatment with E2 alone also leads to an 

increase in LC311 but the peak is seen at 72-96h (Figure30A lane 9-1 0) indicating 

that in E2 treated cells, autophagy is induced at a later time as compared to E2 + 

4-0HT treated cells. When the increase in LC311 was graphed relative to Rb 

levels in MCF-7 cells treated with E2/ E2 + 4-0HT, it was apparent that LC311 is 

induced at time points when the cells have Rb expression.(Figure 308 and C). 



Figure 30: Antiestrogen treatment of breast cancer cells induces autophagy 

at a time when Rb is present in the cells. 

MCF-7 cells were seeded without insulin and treated with E2 or E2 + 40HT for 

indicated time points. (A) Cell lysates were analyzed by immunoblotting to 

determine the levels of LC31 and II at multiple timepoints. f3-actin served as 

loading control. (8-C) Signal intensities for Rb and LC311 were graphed to 

determine the correlation between Rb expression and LC31/ induction in 

hormonally treated breast cancer cells 



Figure 30: 

A 

LC3 1-
II-

f3-actin
E2 

LC3 1-
11-

0 2 4 6 12 24 36 48 72 96 120144 hours 

--..=.==---------
1 .8 .9 1 1 .9 .9 1 1.6 2 2 1.7 

------------------------------
+++ +++++++ ++ 

- -- -------------
1 1.3 1.4 1.3 1.8 1.8 1.4 1 1.2 1.1 1.2 1.4 

f3-actin- -------
E2 + + + + + + + + + + + + 

4-0HT + + + + + + + + + + + + 

B 

2.2 

2.0 

1.8 
Q) u= 1.6 c::-
Q)M ._u 

1.4 ~...J 
· - Cl) c> 1.2 
-c.c -o:: 1.0 o_ 
~ 

0.8 

0.6 

0.4 

c 
2.2 

2.0 

1.8 
Q) 

1.6 u= c::-
Q)M 1.4 ._u 
~...J 
·- Cl) 

1.2 
C> 
-c.c 1.0 
-o:: o_ 0.8 ~ 

0.6 

0.4 

0.2 

E2 Treated MCF-7 cells 

-Rb 
.• -o .. 

···0·· LC311 0 0 

·o 

0 

. ·o .. 

Oh 24h 36h 48h 72h 96h 120h 144h 

E2 + 4-0HT Treated MCF-7 cells 

.o . -Rb 
···O·· LC311 

·o. ... · <> 

Oh 24h 36h 48h 72h 96h 120h 144h 

105 



106 

The following figure shows that at timepoints when LC311 levels are induced, Rb 

is present in the cells, while a progressive decrease in Rb expression coincides 

with increased cleavage of Lamin A. These data provides strong correlative 

evidence that Rb is required for the induction or maintenance of pro-survival 

autophagy in breast cancer cells treated with antiestrogen treatment and that 

loss of Rb in autophagic cells results in an increase in apoptosis as evident from 

increased cleavage of LaminA (Figure 31 ). 

To analyze the role of Rb in antiestrogen induced autophagy, a more direct 

approach was used whereby, Rb was down-regulated via siRNA targeting and 

the autophagic flux was measured by the long-lived protein turn-over assay as 

shown in Figure 32A. siRNA targeting of Rb in cells treated with E2 + 4-0HT 

significantly lead to a decrease in the autophagic degradation of long-lived 

proteins. We also measured p62 protein, which is known to recognize protein 

aggregates and mediate their degradation in the autolysosomes. Blockade in the 

degradative phase of autophagy leads to accumulation of p62 (259] . Following 

siRNA targeting to Rb in MCF-7 cells that were treated with antiestrogen 

treatment. Figure 328 shows that siRNA targeting Rb leads to an increase in p62 

in MCF-7 cells that were treated with E2 + 4-0HT (compare lanes 3 and 4), 

indicating that loss of Rb in hormonally treated breast cancer cells leads to an 

impairment in the degradative phase of autophagy. 



Figure 31 : Autophagy is induced in response to antiestrogen treatment 

when Rb is present and loss of Rb coincides with decrease in LC311 and 

increased cl LaminA. 

MCF-7 cells treated with E2 or E2 + 4-0HT were harvested at multiple time 

points and the cell lysates were subjected to immunoblot analysis to determine 

the changes in cl LaminA, LC31/ and Rb. The signal intensities as determined by 

densitometry were graphed to establish a correlation between Rb expression, cl 

LaminA and LC311. 
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Figure 32: siRNA mediated knockdown of Rb impairs the autophagic flux in 

breast cancer cells treated with antiestrogen treatment. 

MCF-7 cells were seeded in DMEMIF12 with 5% DCC-FBS for 24h, transfected 

with siRNA to Rb or scrambled RNA using oligofectamine for 48h. Post 

transfection, cells were treated with E2 or E2 + 4-0HT for indicated times and 

harvested for long-lived protein turn-over assay (proteolysis) or protein for 

SDSIPAGE analysis. (A) siRNA targeting of Rb impairs long-lived protein tun

over in breast cancer cells treated with anti-estrogen treatment. (B) Loss of Rb 

increases the amount of p62, indicative of blockade in autophagic flux. Values 

are expressed as mean r S.D. Statistically significant differences between 

treatments are designated as follows: • E2-4-0HT-stRb versus E2-4-0HT

scrambled RNA 
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siRNA mediated Rb loss increases the expression of total BimEL and also 

enhances the cytotoxicity of antiestrogen therapy with or without MEK1 

blockade. 

Next, Rb expression was knocked down via siRNA to Rb and MCF7 cells were 

treated with E2 or E2 plus 4-0HT. siRNA to Rb effectively knocked down Rb and 

this loss of Rb lead to a significant increase in death in 4-0HT treated breast 

cancer cells as evident by the increase in cleavage of LaminA and PARP (Figure 

33A compare lane 3-4). Change in the mitochondrial membrane potential and the 

amount of ROS generated were also determined as rndicators of death induced 

following Rb down regulation. siRNA med1ated down-regulation of Rb elicited a 

significant increase in amount of ROS (F1gure 338) and mitochondrial membrane 

permeabilization (Figure 33C) in MCF7 cells treated with E2 plus 4-0HT. 



Figure 33: siRNA mediated knockdown of Rb enhances the toxicity of 

antiestrogen therapy. 

Rb expression was significantly reduced via siRNA mediated knockdown which 

lead to increased cleaved lamin A and cleaved PARP in 4-0HT treated cells. 

MCF-7 cells were seeded in DMEMIF12 with 5% DCC-FBS for 24h, transfected 

with siRNA to Rb or scrambled RNA using oligofectamine for 48h. Post 

transfection, cells were treated with E2, E2 + 4-0HT/ MIF for indicated times and 

harvested for protein, ROS measurement or mitochondrial membrane 

permeabilization assay at indicated timepoints. (A) siRNA mediated Rb 

knockdown increased the amount of cleaved PARP and Lamin A in 4-0HT 

treated cells. Celllysates were subjected to immunoblot analysis to determine the 

levels of cleaved LaminA, cleaved PARP, Rb and P-actin as the loading control. 

(B) loss of Rb lead to a significant increase in the amount of ROS. MCF-7 cells 

treated with hormonal therapy for 1 h were incubated with DC FDA to measure the 

amount of ROS generated. (C) Rb loss also resulted in an increase in 

mitochondrial membrane permeabilization in E2 + 4-0HT treated MCF-7 cells. 

Percent change in mitochondrial membrane permeabilization was measured at 

120h following treatment. Values are expressed as mean :t S.D. Statistically 

significant differences between treatments are designated as follows: a E2-siRb 

versus E2-scrambled RNA, b E2-4-0HT-siRb versus E2-4-0HT-scrambled RNA. 
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Since we had identified 8imEL to be the key death effector of hormonal therapy 

in ER + MCF7 breast cancer cells in Aim1 [211 ]. In this part of Aim 3, we sought 

to determine if the mechanism by which Rb loss leads to more robust death was 

via the blockade of expression/function of 8imEL. To fulfill this aim, Rb 

expression in MCF7 cells was down-regulated by using siRNA to Rb followed by 

treatment with hormonal therapy with or without MEK inhibition (Figure 34). At 

120h down-regulation of Rb in 4-0HT treated breast cancer cells showed an 

increase in the expression of 8imEL (Figure 34A). However, in the presence of 4-

0HT + U0126, there was only a minimal change in 8imEL expression following 

48h of treatment in a second independent experiment (Figure 348). When 

MG132, which blocks proteasome mediated degradation of 8imEL, was used as 

a control there was an increase in the total amount of 8imEL suggesting that Rb 

down-regulation is causing an increase in the expression of 8imEL (Figure 348 

compare lanes 5 and 1 0). Figure 34C shows a graphical representation of the 

amount of total 8imEL in MG132 treated cells as compared to E2 treated cells 

with or with Rb knockdown. 



Figure 34: siRNA mediated Rb knock down results in an increase in total 

BimEL protein. (A) MCF-7 cells were subjected to RNAi to Rb or scrambled 

RNA for 48. At the end of transfection period, cells were treated with E2 or E2 + 

4-0HT and harvested for protein at 120h after treatment. Lysates were subjected 

to immunoblot analysis to determine the change in levels of BimEL. Total MAPK 

was used as a loading control. (B) MCF-7 cells transfected with siRNA to Rb or 

scrambled RNA were treated with E2, E2 + 4-0HT, E2 + 4-0HT + UO 126 or E2 + 

MG 132 and harvested for protein at 48h after treatment. Lysates were subjected 

to immunoblot analysis to determine the change in levels of Rb, cleaved PARP, 

BimEL and p-MAPK. Total MAPK was used as a loading control. (C) Graphical 

representation of fold change in amount of BimEL in scrambled or siRb 

transfected, E2-MG 132 treated cells when compared to E2 treated scrambled 

RNA transfected cells. 
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Rb over-expression decreases the expression of BimEL and protects 

against antiestrogen therapy induced cell death. 

Rb was over-expressed to determine if its over-expression can protect against 

hormonal therapy induced cell death. Rb was over-expressed via adenoviral 

mediated infection (Figure 35A) as well as via Rb-GFP-FL plasmid transfection 

(Figure 358). Over-expression of Rb abrogated the 4-0HT induced cell death 

(compare lanes 2 to 4 in 35A and 2 to 6 in 358) but there was not a significant 

protection observed in U0126 treated cells. However, there was a slight decrease 

in the protein expression of 8imEL in cells over-expressing Rb (Figure 35C). 

Taken together, these data suggest that Rb protects ER positive breast cancer 

cells against anti-estrogen therapy via regulation of 8imEL expression and the 

mechanism by which Rb regulates 8imEL expression needs further investigation. 



Figure 35: Rb over-expression attenuates death induced by antiestrogen 

therapy. 

(A) Adenoviral mediated over-expression of Rb protects against 4-0HT induced 

cell death: MCF-7 cells seeded for twenty four hours were infected with 

adenovirus containing GFP tag or Rb + GFP at MOl of 100. Following 24h 

infection, cells were treated with E2 or E2 + 4-0HT and harvested for protein at 

120h. Lysates were analyzed by immunoblotting to determine the levels of Rb, 

cleaved PARP, cleaved Lamin A. /]-actin served as a loading control. (B) 

Transfection with Rb-GFP-FL vector protects against 4-0HT induced cell death 

but does not protect against U0126 induced death: MCF-7 cells seeded for 

twenty four hours were transfected with Rb-GFP-FL vector or vector only control 

using ltpofectamme 2000. Following thirty six hour transfectton, cells were treated 

with E2 or E2 + 4-0HT or E2 + 4-0HT + U0126 and harvested for protein at 4Bh. 

Lysates were analyzed by immunoblotting to determine the levels of Rb and 

cleaved PARP. Total MAPK served as a loading control. (C) Over-expression of 

Rb decreases BimEL expression. Rb was overexpressed in MCF-7 cells via 

adenoviral infection and treated with E2 or E2 + 4-0HT for indicated timepoints 

Celllysates were analyzed by immunoblotting for levels of BimEL and Rb. Total 

MAPK was used as the loading control. 
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Conclusion of Aim 3: 

The study conducted in this aim has demonstrated that: 1) Hormonal therapy 

leads to loss of Rb protein over time which correlates with increased death in ER 

positive breast cancer cells. 2) Rb is required for induction of autophagy in 

hormonally treated breast cancer cells 3) siRNA mediated knockdown of Rb 

enhances the cytotoxicity of antiestrogen therapy as evidenced by increased 

cleaved lamin A, cleaved PARP, mitochondrial membrane depolarization and 

ROS generation in ER positive breast cancer cells. 4) Over-expression of Rb 

protects against antiestrogen therapy induced death. 5) Down-regulation of Rb 

increased the expression of BimEL protein 



Discussion 

Specifically, this study demonstrates the following key data: 

Aim 1: BimEL is a key death effector of antiestrogen- and/ or antiprogestin 

treatment and MEK1 blockade increases the cytotoxicity of these anti-hormonal 

treatments in ER positive breast cancer cells. 

Aim 2: Modulation of BimEL via BimEL eDNA over-expression initially induces 

LC3 II expression in MCF-7 breast cancer cells undergoing anti-hormonal 

treatments, but ultimately impairs autophagic flux. The impairment of autophagic 

flux by BimEL is less obvious in cell populations treated with MEK1 inhibitor. In 

fact, at initial time points MEK1 blockade results in increased autophagic flux in 

the cell population. Ultimately, however, cell populations treated with small 

molecule inhibitors of MEK1 show an apparent reduction in autophagic flux 

induced by hormonal treatments. 

Aim 3: Rb may be a key modulator of BimEL expression in hormonally treated 

breast cancer cells. 

116 
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We believe these data are novel because prior to this study, the role of BimEL in 

mediating death of ER positive breast cancer cells undergoing hormonal therapy 

had not been described. Knowledge of BimEL being involved in antiestrogen 

induced death is important because the potential role of BimEL down regulation 

can be investigated in antiestrogen resistant cell lines and in patients with 

acquired resistance to hormonal therapy. 

Our studies in Aim1 also showed that IGF-1 blocks the cytotoxic action of 

hormonal treatment in ER positive breast cancer cells via the MEK1 /MAPK 

signaling axis. MEK1 /MAPK signaling IS well described in the regulation of cell 

growth and/or differentiation, but is not typically thought of as a key antiestrogen 

resistance mechanism or as a key effector of cell survival 1n breast cancer cells 

undergoing hormonal therapy [260]. Prior to our study, there was one report by 

the Eastman laboratory showing a more critical role of MEK1 /MAPK signaling in 

breast cancer cell survival than that of Akt signaling was demonstrated [245). Our 

study, however, is quite distinct from the study by the Eastman laboratory, which 

d1d not use hormonal therapy, or identify the key role of the pro-apoptotic BimEL 

protem in med1at1ng death 1n response to MEK1 blockade in hormonally treated 

breast cancer cells. Most importantly, MEK1 activation and subsequent 

phosphorylation of the MAPKs is associated with a poor response to anti

hormonal therapy and decreased patient surv1val in clinical breast cancer 

[145,261 ). Further, a recent study determined that blockade of MAPK affects co-
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repressor recruitment and potentiates 4-0HT action [262). Thus, MEK1 appears 

to be a key to breast cancer cell survival and proliferation both in vitro and in 

vivo. 

In our study, combining a MEK1 inhibitor with antiestrogen and/or antiprogestin 

treatment very effectively blocked the proliferative and antiapoptotic effects of 

IGF-1 in MCF-7 cells. More importantly, it appears that the conversion of 

phosphorylated BimEL to the dephosphorylated form is a key to the BimEL 

proapoptotic action. In other tissue systems, BimEL expression/function is known 

to be down-regulated by the presence of growth factors like IGF-1 via activation 

of MEKIMAPK pathway and subsequent phosphorylation of BimEL, followed by 

proteasomal degradation [263). We believe that overcoming the pro-survival 

effects of growth factors may be particularly crit1cal to the successful treatment of 

breast cancer because activation of growth factor receptors like EGFR, IGF-1 R, 

Insulin Receptor (lnsR) promote antiestrogen resistance by converging on either 

activating PI3KIAKT/mTOR pathway or MEKIERK pathway, which have also 

been implicated in promoting antiestrogen resistance [264). Further, our study 

shows that the intrinsic level of BimEL expression is critically important to the 

cytotoxic act1on of BimEL. This is apparent 1n our studies using the T-470 breast 

cancer cells. We show that T-470 cells express lower levels of basal BimEL 

protein and do not readily undergo hormonally induced apoptot1c cell death , even 

when cells are treated with a MEK1 inhibitor. So, targeting MEK1 may not yield 
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optimal BimEL-induced apoptosis in all breast cancer patients undergoing 

endocrine therapy for ER+ breast cancers. Additional studies will be needed to 

identify the various mechanisms regulating BimEL expression in ER+ breast 

cancer cells and T-470 cells and other breast cancer cell models which express 

low levels of BimEL will be critical to these studies. 

To identify the breast cancer patients that will benefit from MEK1 targeting, it will 

be important to determine the expression level and phosphorylation status of 

BimEL. In breast cancer tissue from patients, the downregulation of Bim 

expression has been associated with breast cancer progression, but only in 

conjunction with down regulation of SIAH1 expression (265]. However, we are 

unaware of any studies analyzing Bim expression levels relative to endocrine 

efficacy in patients. Interestingly, Butt and colleagues (130) recently reported that 

PUMA levels in a small cohort of breast cancer patients predict patient outcome 

and tamoxifen responsiveness. PUMA, like Bim, is a BH3-only protein of the Bcl2 

family of proteins and an apoptotic regulator. PUMA downregulation was shown 

to mediate an apoptotic response to TAM in human breast cancer cells, but 

manipulation of PUMA levels alone was unable to ameliorate completely TAM

induced apoptosis. Butt and colleagues proposed that there is a "complex 

interplay between numerous apoptotic regulators in coordinating the cytotoxic, 

endocrine response." Our data are in full agreement with this prediction and 

support the conclusion that dephosphorylated BimEL will be one of the apoptotic 
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regulators important in predicting endocrine response. An already-known 

interplay exists between Bim and Puma proteins in regulating taxane- induced 

cell death in breast cancer cells. In this response, PUMA displaces Bim from 

binding Bcl2, so Bim is free to affect negatively the mitochondrial integrity and 

execute its proapoptotic function [204]. Our study, combined with these recent 

studies, allows us to predict that regulation of Bim, along with PUMA in breast 

cancer cells, will be pivotal to their response to hormonal therapy and some 

chemotherapies. 

Aim 2 provides evidence that dephosphorylated B1mEL attenuates autophagic 

flux in breast cancer cells under conditions where the dephosphorylated form of 

BimEL predominates. A potential role tor BimEL in modulating autophagy is of 

key interest because earlier published studies from our laboratory demonstrated 

that autophagy plays a key role in facilitating the development of acquired 

resistance to antiestrogen treatment [150]. At early time points after MEK1 

blockade with the small molecule inhibitor U0126, we were able to detect 

measurable active autophagic flux in breast cancer cells treated with hormonal 

treatment. However, at later time points autophagic flux was thwarted. One 

explanation for the effect on flux be~ng dependent on the timing of treatment is 

that blocking the MEK1 pathway results 1n primarily dephosphorylated BimEL 

within cells (i.e. within 4-8 hours of treatment with U0126) which can bind Bcl2 

and release of Beclin from a Bci2/Beclin complex. The ability of 
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dephosphorylated BimEL to sequester Bcl2, which is known for its anti

autophagic action via sequestering Beclin 1 (266], would allow ''free" Beclin 1 to 

mediate autophagosome formation and hence promote autophagy under 

conditions of MEK blockade. BimEL is known to be phosphorylated by the MEK 

pathway on at least three Ser-Pro motifs and the first effect of this 

phosphorylation is dissociation of BimEL from Bcl2 [200]. Further, a recent study, 

Hayashi et a/., showed that sorafenib which is a known inhibitor of MEK/ERK 

pathway induces autophagy in hepatoma cell lines and tumor xenograft models 

via the inhibition of mTORC1 [267], supporting our results of autophagic activity 

under conditions of MEK1 blockade. 

In our more direct approach to analyze the effect of B1mEL on autophagy, we 

over expressed BimEL eDNA in MCF-7 cells. Transfected cells, which were 

treated with hormones (i.e. E2, 4-0HT and MIF) with or without MEK inhibition, 

showed an increase in LC3 II expression. However, there was not a measurable 

increase in LC3 II buildup when CO was added, suggesting that direct over

expression of BimEL eDNA is attenuating the degradative phase of autophagy. It 

is critical to note that when the BimEL IS over-expressed in MCF7 cells, BimEL is 

primanly expressed as the dephosphorylated form and this form is bound to Bcl2 

(data not shown). Thus, death is induced, while the mechanism by which 

dephosphorylated BimEL impairs autophagic flux IS currently being investigated 

in the laboratory. 
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In aim 1, we demonstrated that knockdown of BimEL by siRNA targeting 

significantly decreased the generation of ROS during hormonal therapy and/or 

MEK inhibition and protected against apoptotic death. It is known that ROS can 

induce autophagy through different mechanisms including upregulation of 

Beclin1 , oxidation of ATG4 or by causing mitochondrial dysfunction (268,269]. 

Thus, our data are consistent with BimEL overexpression inducing high levels of 

ROS and increased autophagy induction (270]. In fact, our treatments with CO 

support the fact that MEK1 blockade induces autophagy which is not 

cytodestructive, but in fact cytoprotective. However, the pro-survival pathway of 

autophagy is ultimately unsuccessful in protecting cells from the cytotoxic effects 

of over-expressed BimEL. Other reports have shown Bim to be involved in the 

control of autophagy. Rubinsztein eta/. , demonstrate that BimEL and Biml can 

bind beclin 1. They propose that in normal conditions Bim binds to LC8 of 

microtubules and sequesters beclin 1 and inhibits autophagosome formation. 

However, when the cells are stressed via starvation, JNK mediated 

phosphorylation on T116 of BimEL which is equ1valent to phosphorylation on 

T156 of Biml disrupts this interaction and therefore Beclin is free to induce 

autophagosome formation and BimEL is free to mediate apoptos1s (257]. Khaled 

eta/. , further show that Bim deficient T-cells have impairment of the degradative 

phase of autophagy. In particular, they highlight the role of Biml in acidification of 
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lysosomes and lysosomal positioning that may be required for the formation of 

degradative autolysosomes. 

Prior to the studies that have established BimEL as a key death effecter, our lab 

showed that Rb loss either due to prolonged hormonal treatment or direct Rb 

down-regulation, significantly enhanced the cytotoxicity of the treatment. 

Therefore studies conducted in Aim 3 were to determine if BimEL expression is 

regulated by Rb. Experiments conducted with direct modulation of Rb via siRNA 

or over-expression suggest that Rb is modulating expression of BimEL in 

hormonally treated ER positive breast cancer cells. 

The E2F family of transcription factors is known to interact with Rb. This 

interaction is critical for suppressing the transcription of genes controlling S

phase progression. However, under some conditions, including Rb loss, E2F-1 

will drive cells towards the apoptotic pathway [271 ]. Bim that has been identified 

as a key pro-apoptotic protein in mediating death in response to MEK1 blockade 

in hormonally-treated breast cancer cells (Aim 1) is also known to be regulated 

by E2F1 to drive apoptosis in neuronal cell cultures [272], fibroblasts and 

osteosarcoma cell lines [273]. Therefore 1t is conceivable that loss of Rb during 

hormonal therapy results in deregulated E2F activity which in turn up regulates 

Bim express1on and drives the cells towards apoptosis. 
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Other studies have shown that E2F 1 leads to apoptosis in mammary epithelial 

cells (normal or tumor) in the absence of Rb [194]. In addition to that, Rb was 

shown to be degraded during epithelial to mesenchymal transition in breast 

cancer cells which is a hallmark of metastasis and therefore Rb was shown to be 

critical for the maintenance of epithelial morphology. However it was also shown 

in this study that siRNA mediated down regulation of Rb lead to a suppression of 

cell growth which was primarily due to increased cell death (192]. Thus 

supporting our published study that Rb loss can drive the cells to apoptosis. 

While the data generated in each of the aims are v1ewed as significant 

contribution toward the ever growing body of literature on mechanisms of 

endocrine resistance, the experiments conducted in each aim have generated an 

equivalent number of key questions that need to be addressed key experiments 

need to be performed which are discussed as follows: 

Aim 1: In this aim we established a key role for IGF-1 in attenuating the cytotoxic 

potential of hormonal treatment in ER positive breast cancer cells via 

MEK1 /MAPK pathway. However, we did not explore the role of AKT/PI3K 

pathway in mediating protection against hormonal treatment in our system. The 

role of AKT may be particularly 1mportant because IGF-1 binding to IGF-1 R 

activates downstream MEK1 /MAPK and PI3K/AKT s1gnahng (274] which can 

ultimately increase breast cancer cell proliferation [275] and survival (276]. 
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Importantly, AKT-mediated signaling is also viewed as a determinant in a breast 

cancer response to antiestrogen treatment (138]. A key role for AKT signaling in 

endocrine response is supported by the recent clinical study in which the 

targeting of mTOR, a downstream effector of AKT, sensitized ER+ breast 

cancers to aromatase inhibitors (277]. Among several substrates of AKT, 

members of the FoxO subfamily of Forkhead transcription factors are particularly 

important because Bim is a direct transcriptional target of Fox03a. 

Phosphorylation of FoxOs by AKT inhibits their transcriptional function and 

thereby prevents transcriptional activation of Bim [278,279]. Intact upregulation of 

Fox03a by Paclitaxel has been shown to increase Bim dependent apoptosis in 

breast cancer cells [203]. 

It would be interesting to explore the effects of blocking both AKT and 

MEKJMAPK signaling axis in hormonally treated ER positive breast cancer cells. 

The prediction would be that blocking both the survival pathways would 

synergistically enhance the cytotoxic action of hormonal treatment and also 

would be more effective in cell lines where combining hormonal treatment with 

MEK1 inhibitor alone was not able to increase the cytotoxic response. 

Aim 2: In this aim we have transiently transfected BimEL eDNA 1n MCF-7 cells. 

BimEL overexpression predominately expressed as the dephosphorylated form 

and robustly induced apoptosis. However, the role of dephosphorylated BimEL in 
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regulation of autophagy needs to be confirmed by utilizing mutant BimEL eDNA, 

in which the phosphorylation site specific for MEK/MAPK has been mutated so 

that BimEL cannot be expressed in the dephosphorylated form. Also, 

experiments need to be performed in BimEL inducible MCF-7 and T47D cell lines 

so that BimEL expression can be turned on at specific times after treatment and 

the effect on different stages of autophagy can be monitored closely. 

Another way to get a clear 1nsight into regulation of autophagy by BimEL would 

be to conduct 81mEL and ptf-LC3 vector co-transfection experiments. Ptf-LC3 

vector contains tandemly tagged mRFP-GFP-LC3 [280]. Ptf-LC3 vector allows 

the determination of LC3 II expression. The principle behind the use of dual 

labeled LC3 is that the green signal form GFP fades out in the acidic 

environment of autolysosomes whereas the red signal from RFP is not sensitive 

to acidic pH. Therefore the cells that are undergoing active autophagic flux 

should have less GFP fluorescence as compared to the population that has 

defective autophagosome-lysosomal fusion and hence less autophagic flux. 

Initial co-transfect1on experiments were done in the lab but no conclusive data 

could be gathered because the BimEL vector used for the experiments has no 

tag that would show the actual population of cells that got transfected with 

BimEL. Therefore there was no direct evidence for BimEL over-expression 

affecting autophagic flux in hormonally treated breast cancer cells. Future 

experiments 1n the lab will be focused at analyzing the effect of BimEL over-
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expression on autophagy by using western blot analysis to determine the change 

in GFP when MCF-7 cells are co-transfected with BimEL and ptfLC3 vectors. The 

prediction would be that BimEL over-expression would result in more GFP 

buildup because of an impairment in the autophagic flux. 

Aim 3: Rb is known as a tumor suppressor protein and its function is known to 

be deregulated via several independent mechanisms in 50-60% breast cancers 

[281 }. Given the frequent disruption of RB function in breast cancer, an 

understanding of the effect of this event upon the response to therapeutic agents 

is necessary for the optimal design of treatment strategies. 

Therefore, knowledge of key death effectors regulated by Rb in hormonally 

treated breast cancer cells will be pivotal in designing more cytotoxic therapeutic 

interventions. This study shows that BimEL expression is regulated by Rb in 

hormonally treated breast cancer cells. However, further studies are needed to 

elucidate the mechanism of regulation of BimEL via Rb. 

Most importantly, a double knockdown of Rb and BimEL is needed to confirm 

that the enhanced death that is seen following siRNA targeting of Rb is mediated 

via BimEL. The predicted outcome of this experiment would be that the double 

knockdown would abrogate the death elicited by Rb down-regulation in breast 

cancer cells treated with hormonal treatment. 

lmmunoprecipitation of Rb in breast cancer cells followmg prolonged treatment 

with hormonal therapy would be critical to elucidate the critical time points at 



128 

which E2F1 is sequestered by Rb. Since E2F1 is known to regulate Bim 

expression, transcriptionaly, immunoprecipitat1on studies would be key in 

understanding the RB/E2F1 mediated Bim regulation in response to hormonal 

treatment. 

As shown in Aim 3, Rb over-expression could not overcome death elicited by 

MEK1 inhibitor. This study was done using a small molecule inhibitor of MEK1 

which can have off target effects. So a more appropriate approach to determine if 

Rb protects against death induced by inhibiting MEK pathway would be to down

regulate MEK1 via siRNA and then analyze the effect of Rb over-expression 



Summary 

The studies herein have furthered our knowledge in understanding the underlying 

basis of hormonally-induced cell death in ER positive breast cancer cells. 

Cellular, molecular and biochemical approaches were used to identify the key 

death effector of hormonal treatment in the ER positive breast cancer cell model. 

Specifically, in Aim 1 the studies have shown that BimEL 1s a key death effector 

of antiestrogen- and/ or antiprogestin- treatment and MEK1 blockade increases 

the cytotoxicity of these hormonal treatments in ER positive breast cancer cells. 

Of particular interest, these studies show that not merely the level of BimEL can 

predict the cytotoxic outcome of hormonal treatment. Importantly, the conversion 

of phosphorylated form of BimEL to dephosphorylated form is a key to the BimEL 

pro-apoptotic action. Intrinsic level of BimEL expression is also important as 

evident from the studies done in T470 cell line, which express low levels of 

BimEL and hence is more resistant to hormonal treatment. 
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In Aim 2 studies were conducted to modulate BimEL expression either by MEK1 

inhibitor or BimEL eDNA over-expression and the effect on autophagy was 

characterized Data generated for aim 2 has demonstrated that modulation of 

BimEL expression via MEK1 inhibitor induces cytoprotective autophagy, however 

there seems to be an impairment in the degradative phase of autophagy as 

determined by the change in percent degradation of LC3 II. 

Direct over-expression of BimEL eDNA also seems to impair the degradative 

(flux) phase of autophagy. 

In Aim 3 experiments were designed to determme whether Rb regulates BimEL 

express1on in ER positive breast cancer cells undergoing hormonal treatment. 

Modulation of Rb either by siRNA mediated knockdown or over expression 

showed that Rb regulates BimEL expression in breast cancer cells undergoing 

antiestrogen treatment. 

Overall, our studies have identified BimEL as the key effector of hormonal 

treatment induced cell death in ER positive breast cancer cells. Knowledge of 

key targets like BimEL is very cntical in order to des1gn better therapeutic 

interventions for a successful treatment of breast cancer pat1ents. 
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