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Abstract  

 
Antiestrogen treatment is often the therapy of choice for women with estrogen 

receptor-positive (ER+) breast cancer.  Tamoxifen (TAM), one of the most widely 

used antiestrogens in breast cancer therapy, improves disease-free as well as overall 

survival in most ER+ breast cancer patients. The steroidal antiestrogen, ICI 182,780 

(ICI), is a pure antagonist of the ER and is often effective as a second-line treatment 

for women who do not respond to TAM. Unfortunately, the development of resistance 

to both of these antiestrogen therapies is an overwhelming concern in the clinic.  We 

and others have demonstrated that antiestrogens can regulate apoptosis by altering the 

expression of BCL2 family members, but the effects of TAM and ICI are not always 

consistent.  Therefore, we hypothesize that the deregulation of Bcl-2 expression is a 

critical step in developing antiestrogen resistance, but that these antiestrogen-resistant 

breast cancer cells are now more susceptible to cell death induced by Bcl-2 inhibitors.  

We now report that baseline and antiestrogen treated expression of the anti-

apoptotic proteins Bcl-2 and Bcl-w is increased in the ICI/TAM-resistant breast cancer 

cells, with deregulation of expression occurring at the level of transcription.  We also 

observed that AP-1, a transcription factor with binding sites on the Bcl-2 promoter, is 
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overexpressed in ICI treated resistant cells.  After examining antiapoptotic Bcl-2 

protein expression in a model of TAM only resistance, we found that there is no 

change in Bcl-2 or Bcl-w in the TAM-resistant MCF7/RR cell line as compared to 

MCF7 cells. 

We also determined that the inhibition of Bcl-2 and Bcl-w increases ICI sensitivity 

in sensitive cells and restores ICI sensitivity in the resistant cells, with no effect seen 

following TAM treatment.  However, in ICI-resistant cells we found that co-inhibiting 

Bcl-2 and Bcl-w increased both autophagy and necrosis, not apoptosis.   We also found 

that inhibiting autophagy does not further decrease cell proliferation; however, there is 

a decrease in necrosis and an increase in apoptosis.  Thus, we conclude that the altered 

expression of Bcl-2 family proteins may promote the development of acquired 

antiestrogen resistance by allowing breast cancer cells to evade cell death when 

undergoing antiestrogen treatment.  
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Chapter 1:  Introduction 

 

1.1   Breast Cancer Statistics and Risk Factors 

Over the last decade, much progress has been made in the treatment and prevention 

of breast cancer; however, this type of cancer remains a major health problem for many 

women around the world.  More than one million cases of breast are diagnosed 

worldwide every year (1).  As the most commonly occurring neoplasm in women, 

breast cancer accounts for one-fifth of the estimated cancer diagnoses in females and is 

also the most common female cancer in both developing and developed countries (1, 

2).  The highest incidence rates occur in northern and western Europe, northern 

American, Australia, New Zealand, and southern countries of South America (1).   In 

2008, it was predicted that 54,020 new breast cancer cases would be diagnosed in the 

United States alone (3).  This type of cancer is predicted to account for 26% of new 

cancer cases among women in the United States (4).  Breast cancer is also shown to be 

an age-associated cancer and incidence increases exponentially with age until the onset 

of menopause (5)   The National Cancer Institute (NCI) reported that from 2002 to 

2006 the median age of breast cancer diagnosis was 61 (6). 

Despite the high numbers of newly diagnosed breast cancer cases around the world 

each year, breast cancer incidence rates have decreased 3.5% per year, from 2001 to 

2004, after a steady increase since 1980 (7, 8).   Similarly, breast cancer death rates in 

women decreased approximately 3% from 2004 to 2005 (4).  Several factors contribute 
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to the decrease in the breast cancer mortality rates observed in the United States in 

recent years.   Advanced treatments such as antiestrogen therapy, Tamoxifen (TAM) 

and ICI 182,780,  increase disease free and overall survival among many women 

across the world (9).  Similarly, several aromatase inhibitors show strong activity 

against breast cancer and are now widely used in the clinic (10).  Increased use of 

screening mammography in the United States contributes to the early detection and 

treatment of breast cancer (11).  Randomised controlled trials have shown that 

screening by mammography reduces the mortality of breast cancer by 40%, with the 

greatest benefit seen in women ages 50 to 70 (12).  Combined data from multiple 

Swedish trials report a reduction in breast cancer mortality of 29% in women above the 

age of 50 during a 12 year follow up (12, 13). More recent studies have shown that 

screening mammography reduces breast cancer mortality by approximately 15% and 

this form of screening can lead to overdiagnosis and overtreatment (14).  However, 

mammography continues to be the mainstay of breast cancer screening and there is no 

evidence that clinical examination, breast ultrasonography, or self examination 

contributes to early detection or the decreased breast cancer mortality rate (12). 

While researchers and clinicians make great strides in detecting and treating breast 

cancer, significant disparities exist amongst ethnic and racial groups in the United 

States.  Differences in cancer survival are also found when comparing population 

groups with different socioeconomic status (15).  In the United States, Caucasian 

women have a higher incidence of breast cancer than African American women, 
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Hispanic women and other ethnic groups (16-18).    Based on cases diagnosed from 

2002 to 2006, the incidence rates per 100,000 women per year were 127.8 for 

Caucasian women, 117.7 for African American women, 89.5 for Asian/Pacific 

Islanders, 74.4 for American Indians and Alaskan Natives, and 74.4 for Hispanic 

women (6).  However, from 1998 to 2002 the breast cancer mortality rate, per 100,000 

breast cancer cases, was 26.2 for Caucasian women, 34.7 for African American women 

and 16.7 for Hispanic women (17).  Also the proportion of women diagnosed with 

regional- and distant-stage disease is higher amongst African American, Hispanic, and 

American Indian/Alaskan natives when compared to Caucasian and Asian American 

women (15).  In particular, African American women are more likely to present with 

advanced stage disease at diagnosis and have a worse prognosis than other ethnic 

groups in the United States. African American women also have 5-year survival rates 

that are 15% lower in comparison to Caucasian women in the United States (19).   

Several reasons are proposed for these disparities among ethnic groups in the 

United States.  Access to health care, use of screening mammography, child bearing 

age, use of hormone replacement therapy (HRT)  and socioeconomic status are all 

thought to be contributing factors (11, 19, 20).  Greater use of HRT and later child 

bearing age might contribute to high breast cancer incidence amongst Caucasian 

women in the United States (20).  Also, there are many studies examining breast 

cancer and its affect on the Asian American population in the United States.  Results 

have shown that Asian groups, Japanese American women in particular, have a lower 
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breast cancer survival rate when compared to other ethnic groups (21, 22).   Many 

members of minority groups in the United States, African American and Hispanic 

women in particular, are from socioeconomically disadvantaged backgrounds and 

suffer from a variety of socioeconomic factors, which include poverty, low education 

level, and insufficient health coverage (17, 19).  Studies examining the effect of 

education and income on racial disparities are conflicting (17, 23).  However, sufficient 

health care and early detection of breast cancer via mammography contribute to the 

disparities that exist in cancer stage at diagnosis (17, 24-26).   

Amongst all racial and ethnic groups, many risk factors contribute to the incidence 

of breast cancer in the United States and around world.  Factors shown to play a role in 

the development of breast cancer are estrogen exposure, nutrition and diet, and 

environmental factors.  During a woman’s lifetime, exposure to endogenous estrogen 

plays a role in the development of female sex organs and secondary sex characteristics, 

regulation of the menstrual cycle, and regulation of the reproduction (27, 28).  

However, the stimulatory actions of estrogen on the mammary gland are linked to the 

promotion and growth of breast cancer (29, 30).  Reproductive factors, such as 

nulliparity (having no children), low parity, delayed age at first full term birth, and late 

onset of menopause increase a woman’s risk of developing breast cancer (31).  

However, late onset of menarche, early onset of menopause, and early loss of ovarian 

function (as a result of bilateral oophorectomy or due to menopause) decrease breast 
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cancer risk (28, 32).  This suggests that the duration of exposure to estrogen is directly 

related to risk (28, 33, 34).   

In addition to endogenous estrogen exposure, exogenous exposure to estrogen also 

plays a role in the development and progression of breast cancer.  In the last fifty years, 

exposure to exogenous estrogens has become more common.  Hormonal 

contraceptives, HRT, and xenoestrogens are three forms of exogenous estrogens that 

are common in today’s society (28).  Data from several studies brought together in a 

pooled analysis shows that women who were taking the combined oral contraceptive 

pill, containing estrogen and progesterone, had a slightly higher risk of a breast cancer 

diagnosis up to nine years after discontinuing use (28).  Women treated with HRT had 

a 2.3% risk of a breast cancer diagnosis for each year of use (28).  These findings are 

comparable with the risk of delaying menopause by one year (28).  Xenoestrogens are 

industrial compounds that exhibit estrogenic activity, alter the metabolism of 

endogenous estrogen, and contain phenols and organochlorine contaminants (35, 36).   

Studies of the effects of xenoestrogens on breast cancer risk are conflicting; therefore, 

additional data must be collected to determine how these compounds impact breast 

cancer incidence.  

It is suggested that diet and nutrition are environmental determinants of breast 

cancer and some dietary components are estimated to contribute to up to 50% of newly 

diagnosed breast cancer cases each year (37, 38). Studies have examined alcohol 

consumption, caffeine intake, and obesity to determine their effects on breast cancer 
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risk.   Alcohol consumption is an established breast cancer risk factor.  The effect of 

alcohol is thought to increase cancer risk by increasing endogenous estrogen levels 

(38).  Intervention studies have shown that in both premenopausal and postmenopausal 

women, the consumption of one to two alcoholic beverages a day increased estrogen 

levels (38, 39).  The evidence for caffeine intake increasing breast cancer risk is 

conflicting.  However, prospective studies have shown that caffeine intake does not 

increase cancer risk (38, 40).  Studies on obesity determined that mid-life weight gain 

increases the risk of breast cancer; however, prospective studies do no support the 

theory that mid-life high fat intake contributes to breast cancer risk (38).   Additional 

studies have shown that there is an inverse relationship between dietary fat and 

survival in patients that have been diagnosed with breast cancer (41).  It is important to 

note that these findings are largely dependent upon whether a patient is pre-

menopausal or post-menopausal.  Studies have shown that obesity increases breast 

cancer risk in post-menopausal women; however, there is an inverse relationship 

between obesity and breast cancer risk in  pre-menopausal women (42-46). 

Good nutrition and several dietary components have the ability to decrease breast 

cancer risk.   Dietary components, phytoestrogens, dietary fiber, and antioxidants are 

linked to decreased breast cancer risk in the United States and around the world.  

Phytoestrogens are considered to be a form of exogenous estrogen; however, studies 

examining phytoestrogen’s effect on breast cancer risk are conflicting (28).  

Phytoestrogens are naturally occurring, biologically active plant compounds that can 
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modulate potent endogenous estrogens by weakly binding to the estrogen receptor and 

preventing the transcription of growth promoting genes that can enhance the 

development of cancer (28).  These compounds have been shown to structurally mimic 

17β-estradial (33, 47). The four main classes of compounds that are classified as 

phytoestrogens are isoflavones, stillbenes, coumestans, and lignans (33, 47, 48).   

Extensive research has been done to examine the effect of isoflavones on cancer risk.  

Isoflavones, like selective estrogen receptor modulator TAM, act as both estrogen 

agonist and antagonist depending on dosage and tissue type (37, 49). These compounds 

are found in foods containing soy and there effect on breast cancer risk is largely 

dependent upon timing, dosage, and duration of exposure (49-51).  The protective 

effects of phytoestrogens are seen in the women living in Asia, where a large part of 

the diet includes soybeans, who have a three-fold lower risk of breast cancer than 

women in the United States (33). 

 The consumption of diets that are high in fiber has also been shown to decrease 

breast cancer risk.  A high fiber diet is hypothesized to decrease the risk of breast 

cancer by preventing intestinal reabsorption of biliary excreted estrogens (38).  Data 

from a Swedish trial supports this hypothesis with reports that high fiber intake 

decreases postmenapausal breast cancer risk (43).  However, additional studies have 

not observed any link between fiber intake and breast cancer risk (52, 53).  

Antioxidants are substances that may protect cells from damage, caused by free 

radicals, which could ultimately lead to tumorigenesis (38).    The effect of 
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antioxidants, vitamin A, vitamin D, vitamin C, and selenium, on breast cancer risk has 

been examined in several studies.  Of the antioxidants listed, vitamin A, has shown the 

most positive results.  Found in fruit and vegetables, vitamin A is potent antioxidant 

composed of preformed vitamin A and carotenoids (38).  Several clinical trials have 

shown an inverse relationship between vitamin A intake and breast cancer risk (54).  

Additional studies have shown that low blood levels of carotenoids correlate with a 

two fold increase in breast cancer risk (38). 

 In addition to diet and nutrition, environmental factors also contribute to breast 

cancer risk.  In the study of environmental contaminants, there are both conclusive and 

inconclusive results on the effect on breast cancer risk.  However, several studies have 

suggested that environmental factors, for example exposure to pesticides, 

electromagnetic fields, and occupational contaminants, can increase breast cancer risk 

(55).  Organochlorine pesticides are persistent in the environment and have the ability 

to concentrate in the adipose tissue of animals and humans (56).   The most widely 

studied pesticide, dichlorodiphenyltrichchloroethane (DDT), is an insecticide that has 

been in use since World War II (56).  In vivo studies have shown that the estrogenic 

metabolite of DDT can support growth of estrogen-dependent tumors (56). The ability 

of these compounds to exhibit estrogenic activity put them in the category of 

xenoestrogens (36).  The use of DDT was banned in the United States, due to its 

toxicity, in 1972 (56).  However, years later DDT contamination was observed in 

agricultural regions in the United States (57).   Its use in third world countries was not 
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banned until the 1980s and 1990s and its use is still allowed for vector control  (56).  

Early studies have shown a positive relationship between serum or adipose levels of 

DDT and breast cancer risk (56). 

 The risk of breast cancer in industrialized regions of the world is higher than less 

industrialized regions (58).  Industrialization often brings about economic growth and 

prosperity; however, increased use of electric power and exposure to electromagnetic 

fields (EMF) is thought to contribute to breast cancer risk (59).  It is hypothesized that 

exposure to EMF may reduce melatonin and this reduction may increase the risk of 

breast cancer (60).  Epidemiological data does not provide strong support of this 

hypothesis (60).  However, there are studies investigating residential EMF exposure, 

defined by proximity to power lines, that provide evidence of increased breast cancer 

risk with high exposure (61, 62).   

 Exposure to occupational contaminants has prompted a number of epidemiological 

studies to determine if exposure increases cancer risk.  However, there have been few 

occupational studies of breast cancer risk in women (63).  In recent years, several 

studies have provided weak evidence that ethylene oxide may increase the risk of 

breast cancer in nurses (63, 64).  Additional studies also provide evidence of exposure 

to mammary carcinogens benzene, polycyclic aromatic carbons, and some organic 

solvents (63).   Additional studies must be done to determine the effect of occupational 

contaminants on breast cancer risk. 
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1.2   Prevention and Treatment of Breast Cancer 

 Many advances have been made, over the last thirty years, in both the treatment 

and prevention of breast cancer.  Currently breast cancer treatment consists of primary 

treatment, surgery, to remove the tumor, followed by a form of adjuvant therapy.  

There are several forms of adjuvant therapy that are used in addition to surgery to kill 

residual breast cancer cells and prevent the cancer from returning.  Adjuvant therapy 

can be local (targeting a specific location) or systemic (targeting the entire body). 

There are four types of adjuvant therapy, radiation, chemotherapy, hormonal therapy, 

and targeted therapy, that can be used alone or in combination (65, 66).    Breast cancer 

prevention can fit into three categories, lifestyle and diet, eliminating certain risk 

factors, and the use of chemotherapeutic agents (65, 66). However, chemoprevention is 

currently under extensive investigation, with many preventative agents in preclinical 

and clinical trials (67, 68).   

 Radial mastectomy, breast amputation with or without excision of the pectoral 

muscle, to remove a breast tumor was the standard of care for newly diagnosed breast 

cancer patients for many years (69).  This type of surgery was widely accepted and 

thought to improve disease free survival (70).  However, since the 1970s, the 

increasing knowledge of the biology of breast cancer resulted in the use of breast 

conserving surgery (71).  There are currently studies examining noninvasive 

procedures that use image guided ultrasound for the ablation of benign and metastatic 
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breast tumors (69).  However, breast conserving surgery followed by radiation therapy 

remains the preferred method of breast cancer treatment (69, 72).   

The type of adjuvant therapy that a patient receives depends on several factors that 

both the clinician and patient have to consider.  Age, size of primary tumor, 

microscopic appearance of tumor cells, hormone sensitivity of tumor cells, HER2 

status, and the spread of tumor cells to lymph nodes are determining factors when 

choosing the appropriate form of adjuvant therapy (66).   Radiation therapy, a form of 

local adjuvant therapy, typically involves irradiation of the whole breast over a five to 

six week period (72).  However, efforts are currently being made to switch to 

accelerated (less than six weeks of therapy) partial breast irradiation (72, 73).  

Adjuvant chemotherapy, a form of systemic therapy, is administered directly after 

surgery and before radiation therapy (74).  In cases of patients diagnosed with large 

tumors (larger than 5 cm), preoperative chemotherapy is administered in order to 

shrink the tumor before surgery (74).   Chemotherapeutic agents, for example 

paclitaxel, docetaxel, cyclophosphamide, and doxorubicin, all target tumor cells by 

killing actively proliferating cells (75) The greatest  benefit of chemotherapy is seen in 

younger women with adverse prognostic factors (i.e., estrogen receptor (ER) negative 

tumors and tumors with a poor histological grade) (76).   High dose chemotherapy 

consists of escalating the dosages of chemotherapeutic agents given over a period of 

three to six months (77).  The success of high dose therapy in leukemia and lymphoma 

prompted its use for breast cancer in the adjuvant setting; however, in breast cancer, 
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efforts are being made to switch from high dose therapy to dose-dense therapy, which 

consists of a condensed treatment schedule (77).  In addition to the switch in dosage 

many clinicians, depending upon the tumor’s estrogen and progesterone receptor status 

(ER and PR), opt to combine chemotherapy with a form of adjuvant hormonal 

treatment (78). 

If a patient’s tumor is proven to be hormone sensitive, hormonal adjuvant therapy 

is administered.  The two types of hormonal treatment currently used in a clinical 

setting are antiestrogens and aromatase inhibitors.  There are two types of 

antiestrogens, selective estrogen receptor modulators (SERMs) and selective estrogen 

receptor downregulators (SERDs) (79, 80).  SERMs, for example, TAM, exhibit mixed 

tissue dependent agonist/antagonist activity and in breast cancer they function as 

antagonists by competing with estrogen for the estrogen receptor and preventing the 

transcription of growth promoting genes (81).  SERDs, for example, ICI 182,780 (ICI; 

Faslodex; Fulvestrant), are considered pure antiestrogens and are devoid of agonist 

activity (79).  Like SERMs, SERDs can bind to the ER preventing estrogen from 

promoting transcription; however, they also increase the turnover and prevent nuclear 

localization of the ER (79).  

Aromatase inhibitors suppress estrogen biosynthesis by reducing aromatase activity 

(82).  Currently, third generation aromatase inhibitors, letrozole, anastrozole, and 

exemestane, are excepted as alternatives to TAM as the first line of therapy in 

postmenopausal patients with hormone sensitive advanced breast cancer (83-86).  
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There are two categories of aromatase inhibitors, nonsteroidal and steroidal, that differ 

in the modes of interaction with the aromatase-enzymatic complex (84).  Nonsteroidal 

inhibitors, anastrozole and letrozole, form a reversible bond with the cytochrome P-450 

moiety of aromatase by competing with endogenous substrates (84).  In contrast, 

steroidal inhibitor, exemestane, irreversibly inhibits aromatase by competing with 

endogenous testosterone and androstenedione for access to the cytochrome P-450 

moiety (84, 85). 

Unlike the previously mentioned therapies, targeted adjuvant breast cancer therapy, 

also known as biological therapy, attempts to target only specific cancer cells.  On the 

forefront of targeted therapy are agents that target breast tumors that exhibit 

overexpression of human epidermal growth factor receptor (HER)2 tyrosine kinase 

receptor (87, 88).  Elevated levels of HER-2 are typically associated with a poor 

prognosis and reduced disease free survival (89, 90).  Approximately 20-25% of 

invasive breast cancer cases exhibit overexpression of HER-2. The  monoclonal 

antibody directed against HER-2 is proven to be effective in improving survival and 

quality of life when given as a monotherapy or in combination with chemotherapeutic 

agents (91). 

As previously mentioned, diet, nutrition, and other lifestyle factors have been 

found to influence breast cancer risk.  However, many researchers and clinicians are 

examining the use of chemotherapeutic agents in breast cancer prevention.  

Chemoprevention is classified as the inhibition or reversal of a carcinogenic process by 
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chemical means and is most often administered to patients who have been successfully 

treated for a malignant tumor and are at risk for developing an additional malignancy 

(92).  Additionally TAM chemotherapy is used to prevent breast cancer in women with 

high breast cancer risk, but who are otherwise healthy (93).  There are many potential 

side effects of TAM chemoprevention, which include the increased risk of menopausal 

abnormalities, bone loss, sexual dysfunction, cataracts, and uterine cancer (94, 95).  

Therefore the benefit of breast cancer chemoprevention in women with no prior 

diagnosis of breast cancer remains unclear (96).  However, in addition to TAM 

thereapy, there are classes of new chemoprevention agents currently under 

investigation are aromatase inactivators/inhibitors, gonadotrophin releasing hormone 

agonist, monoterpenes, and tyrosine kinase inhibitors (96).   

 

1.3   Mechanism of Estrogen Action in Mammary Tumorigenesis 

 As previously mentioned, estrogen plays a significant role in the sexual 

development, reproduction, and other physiological processes in tissues throughout the 

body (97).  Three types of enzyme complexes are involved in the synthesis of estrogen 

in peripheral tissues (98).  Aromatase is responsible for the aromatization of 

androstenedione to estrone, estrone sulfatase catalyzes the formation of estrone from 

estrone sulfate, and estradiol-17β-hydroxysteroid dehydrogenase catalyzes the 

reduction of estrone to estrogen (98).  In mammary gland development, estrogen act as 

a mediator of ductal morphogenesis (beginning at the onset of puberty) (99).  The 
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signaling of estrogen through the binding of the ER is involved in the regulation of 

genes responsible for cell proliferation, differentiation, and apoptosis (100).  This 

signaling is required for the proliferation of terminal end buds, which leads to ductal 

elongation in the mammary gland (99).   

Estrogen is an essential component of mammary gland development; however, 

increased expression of growth promoting genes and inhibition of proapoptotic genes, 

through estrogen-ER signaling, is also involved in mammary tumorigenesis (97).  The 

majority of breast tumors are initially dependent upon estrogen for growth and survival 

in both premenopausal and postmenopausal women (98).  Therefore, several studies 

suggest that, in estrogen-responsive mammary tissue, estrogen signaling may 

predispose nontransformed cells for carcinogensis or promote carcinogenesis in 

transformed cells (101). 

 

1.3.1   Estrogen Receptor and Tumorigenesis

 ERs are a type of nuclear receptor that act as a ligand-activated, transactivating 

transcription factor (102).  When estrogen binds to the ER, it undergoes a 

conformational transformation that allows it to bind tightly to estrogen response 

elements (EREs) within the DNA (103-106).  The ability of activated ER to interact 

with components of the transcriptional preinitiation complex stimulates transcription of 

estrogen responsive genes (107). In addition to the direct stimulation of transcription, 

ERs are also able to regulate gene expression by signaling indirectly through their 
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interaction with other DNA bound transcription factors, i.e. AP-1 and SP-1, which are 

present in the promoter regions of estrogen responsive genes (108). This interaction 

recruits coregulatory proteins (coactivator or corepressors) to the promoter and 

regulates the rate of transcription (109).  Approximately 7% of normal breast epithelial 

cells have measurable ER; however, approximately 70% of primary breast tumor cells 

overexpress ER (110).   Therefore, ER function in breast tumor cells has been 

examined and found to play a significant role in breast cancer initiation and 

progression (107).   

There are two isoforms of the ER, ERα and ERβ, that both belong to the family of 

steroid receptors and are encoded by independent genes (97, 111).  Both receptors have 

similar binding affinities for estrogen; however, they differ in their tissue distribution, 

type of transcriptional factors that they interact with, and in the way that they regulate 

gene expression (111).   Additionally, both isoforms’ DNA binding regions have 96% 

homology and bind to most estrogen response elements (ERE).  ERα and ERβ are both 

implicated in breast cancer; however, the role of ERα is more clearly defined (112).  

There is a low level of ERα is expression, restricted to a small portion of non-

proliferating luminal epithelial cells within normal breast tissue (100).  Unlike normal 

breast epithelial, there is overexpression of intracellular ERα protein in many 

precancerous and cancerous breast lesions (113).  ERα positive tumors that are 

hormone-dependent undergo regression in the absence of estrogen (111). Increased 

expression of this receptor is seen at early stages of ductal hyperplasia and the inverse 
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relationship between receptor expression and proliferation become deregulated (114).   

A diagnosis of a primary breast tumor that is ERα positive is often associated with a 

good prognosis and suggests that a patient will have a beneficial initial response to 

hormonal adjuvant therapy (111). 

Although, as previously mentioned, the role of ERβ in breast cancer is not as clear 

as ERα; however, ERα and ERβ are often coexpressed and their ligand bind regions 

have approximately 54% homology (115).   In vitro studies have also shown ERβ 

preferentially binds to phytoestrogen and the overespression of this isoform has been 

shown to decrease the endogenous transcriptional activity of ERα and inhibit 

proliferation (115).  In vitro studies in in breast cancer cells have shown that ERβ 

increases estrogen induced degradation of ERα  and also that ERβ increases the 

efficacy of TAM, Fulvestrant, and Raloxifene (115, 116). Additionally, clinical studies 

have also shown that in patients treated with TAM, higher levels of estrogen receptor 

beta (ERβ) predicts improved disease-free and overall survival; therefore, the role of 

ERβ appears to be protective against breast oncogenesis (117-119). 

 

1.3.1.1  ER Coregulators

 The function of the ER is regulated by a two classes of coregulatory proteins, 

coactivators and corepressors (120).  The primary function of coregulatory proteins is 

to mediate ER-dependent transcription; however, these proteins have been implicated 

and breast cancer progression and TAM resistance (121).   Coactivators (i.e. AIB1) 
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increase the transcriptional activity of the ER and corepressors negatively regulate 

receptor dependent gene expression (121).  Coactivator AIB1, also known as SRC3, is 

overexpressed in more than 50% of breast tumors (122-124) and breast cancer patients 

with high levels of this coactivator have poor diease free survival rates (121).  These 

data provide evidence of ER coactivators’ role in the progression of breast cancer.  

Unlike coactivators, corepressors (i.e. nuclear receptor co-repressor; NCoR and 

silencing mediator of retinoic acid and thyroid hormone receptor; SMRT) silence or 

suppress ER gene transcription in the presence of an ER antagonist (i.e. an 

antiestrogen) (121).  This repression has been shown to occur through the recruitment 

of proteins with histone deacetylase activity which helps to maintain a condensed 

chromosome state and impairs the binding of transcription factors (125-127). 

 

1.3.2   Estrogen Independence and Breast Cancer

 Estrogen independence has been examined and found to play a role in breast cancer 

progression and resistance to hormonal therapies.  The activation of the ER is not 

limited to ligand-binding and can be modulated by other signaling pathways (111).  

Activation of several signaling pathways, which include (but are not limited to) 

epidermal growth factor (EGF), insulin growth factor (IGF), phosphatidylinositol (PI) 

3-kinase/AKT, XBP1, and second messengers cyclic AMP (cAMP) and dopamine, 

influence ER transcriptional activity by targeting the receptor directly or by regulating 

coregulators (128, 129).    An example of this process is the activation of the epidermal 
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growth factor receptor (EGFR) by EGF which leads to p44/42 mitogen-activated 

protein kinase (MAPK) phosphorylating the serine 118 residue in the AF-1 domain of 

ERα (130, 131).  Phosphorylated ERα is then able to activate transcription by 

recruiting coactivator p68/p72 (130, 131).  In addition to activation by an independent 

signaling pathways, constitutively active ER variants have also been described and are 

thought to contribute to estrogen-independence in some breast cancer cells (132). 

 Estrogen independent growth of breast cancer cells is observed in many tumors that 

have undergone long-term antiestrogen therapy (107).  Studies have shown that the 

loss of the ER contributes to estrogen-independent growth and antiestrogen-resistant 

phenotype (129). It has also been shown that many of these tumors remain ER-

positive; however, to escape cell death and inhibition of proliferation by antiestrogens, 

the ER functions in a ligand independent manner (107, 133).  The development of 

estrogen-independent cell lines that retain ER expression have been used as a model to 

study both antiestrogen resistance and estrogen independence (107).  The use of these 

cell lines has also helped to examined the development of estrogen independent growth 

(129). 

 

1.4   Mechanism of Antiestrogen Action   

 Antiestrogens are nonsteroidal compounds that are used to treat breast cancer by 

preventing the transcription of estrogen induced genes (134).  In most hormone-

dependent breast cancer cells, these compounds decrease cell proliferation and 
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stimulate apoptotic cell death by antagonizing the action of estrogen (134).  Therefore, 

these synthetic compounds are proven to be effective in the treatment of ER-positive 

breast cancer.  At diagnosis, the majority of postmenopausal women present with 

breast tumors that express the ER (135).  As a result, following adjuvant cytotoxic 

chemotherapy, endocrine therapy is administered to the ER positive patients (135). 

 As previously mentioned, there are two types of antiestrogens, SERMs and SERDs, 

that are effective in the treatment of hormone-dependent breast cancer. Tamoxifen, 

raloxifene, and toremifene are examples of SERMs that are used within the clinical 

setting; however, tamoxifen is the most well known and most prescribed of the three 

(136).  ER-positive breast cancer’s intracellular responses to SERMs depend upon two 

ER regulated gene mechanisms:  liganded ER binds to promoter DNA at an ERE and 

ER has direct interaction with other promoter bound transcription factors (137),  

SERMs prevent the ERs interaction with estrogen and thus prevent gene regulation.  

Depending upon tissue type, SERMs can act as both antagonist and agonist to estrogen.  

They act primarily as estrogen antagonists in breast disease and as agonists in bone, 

liver, and the uterus (135).  The estrogenic activity of these compounds can be 

associated with a higher risk of developing endomentrial cancer and thromboembolic 

disease (138).  However, unlike tamoxifen, raloxifene is shown to be effective in the 

treatment of breast cancer with no increases in endometrial cancer (139).  SERMs are 

often administered as the first line of therapy in breast cancer treatment and they have 

also been approved for use as a chemopreventative agent (140). 
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 Unlike SERMs, SERDs are considered pure antiestrogens and are devoid of 

agonistic effects.  ICI is used in the clinical setting as a second line of therapy in 

patients with breast cancer that no longer responds to SERM therapy (141, 142).  

SERDs, like SERMs, have the ability to displace estrogen from the ER, ultimately 

blocking ER activation and the transcription of estrogen responsive genes (143).  

However, in addition to displacing estrogen, SERDs disrupt nucleocytoplasmic 

shuttling and increase the ubiquitin/protease mediated degradation of ERα (142).  The 

use of SERDs have proven to be an effective second line therapy within the clinical 

setting and their use as first line therapy (instead of SERMs) is currently under 

examination (141-143).  However, one of the challenges in using either antiestrogen 

treatment is the development of antiestrogen-resistance. 

 

1.5   Cell Death and Antiestrogens  

 Antiestrogens are effective in the treatment of breast cancer, in both premenopausal 

and postmenopausal women, in the adjuvant, metastatic, and chemopreventive setting 

(144, 145).  As previously mentioned, the primary function of antiestrogens in breast 

cancer is to prevent estrogen from binding to the ER and from regulating the 

transcription of estrogen-responsive genes.  When estrogen binds to the ER this 

signaling pathway promotes the proliferation of both normal and malignant mammary 

cells by modifying estrogen-responsive genes that are involved in the cell cycle and/or 

programmed cell death (146).  Therefore, through the direct interaction with the ER, 
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antiestrogens are able to decrease cancer cell proliferation by indirectly regulating the 

cell cycle and cell death signaling pathways (146).  The use of established breast 

cancer cell lines, for example the MCF-7 and T47D cell lines, have allowed 

researchers to examine the proteins that are regulated by estrogen and antiestrogens 

and to determine which of these proteins are involved  in cell cycle and/or programmed 

cell death (145). 

 

1.5.1  The Cell Cycle and Antiestrogen Action

 In mammary gland development and mammary tumorigenesis, estrogen and the ER 

signaling pathway regulate the processes controlling the entry into, progression 

through, and exit out of the cell cycle (147).  However, an antiestrogen’s 

antiproliferative activity is associated with inhibition of those processes.  The cyclin-

CDK complex, cyclin D1-cdk4, functions as an essential component of a cell cycle 

control mechanism by phosphorylating substrates (i.e., Retinoblastoma susceptibility 

gene pRB) that allow the initiation of DNA synthesis (147, 148).  In vitro studies, with 

the MCF-7 breast cancer cell line, have shown that stimulation with estrogen increases 

the expression and phosphorylation of cyclin D1, increases the cyclin D1-cdk4 

association and increases cdk4 activity (149-151).  Treatment of the breast cancer cells 

with antiestrogens, decrease pRB phosphorylation and downregulate the overall 

activity of the cyclin D1-cdk4 complex (146, 147). 
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The  nuclear phosphoprotein, c-Myc, belonging to the helix-loop-helix family of 

transcription factors, is also regulated by estrogen and antiestrogens (147).  c-Myc’s 

role in cell cycle progression involves its N-terminal region that contains a 

transcription regulation domain and this proto-oncogene product is necessary for the 

progression from G1 to S phase (147, 151). Studies have shown that estrogen regulates 

c-myc expression through the binding of ligand-dependent ER to an ERE within the c-

myc gene that is localized to a 116-base-pair (bp) region located from 25 to 141 bp 

upstream from the P1 promoter transcriptional initiation site (147, 151).  Estrogen 

stimulates c-myc messenger RNA (mRNA) and protein expression in breast cancer 

cells (152).  Additional studies have revealed that the inhibition of c-myc (with 

antisense oligonucleotides) inhibits the estrogen-stimulated growth of breast cancer 

cells (151). 

In addition to the cyclin D1-Cdk4 complex, estrogen and antiestrogens also 

regulate the expression and activity of the cyclin E-Cdk2 complex (147).  The cyclin 

E-Cdk2 complex is associated with G1/S phase transition and estrogen stimulates cell 

cycle progression by activating the cyclin E-Cdk2 complex (147, 153).  Estrogen 

rapidly activates the complex by preventing the inhibition by the natural Cdk inhibitor, 

p21CIP1, and accelerates the transition from G1 to S phase (146, 150, 151).  Following 

estrogen treatment, p21CIP1 is unable to associate with the cyclin E-Cdk2 complex 

(151).  The mechanism underlying the inhibitor’s inability to associate with the cyclin-

Cdk complex is unclear; however, studies suggest that the preceding increase in c-myc 
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expression may play a role (150, 151).    Antiestrogens inhibit the activity of cyclin E 

by increasing the expression of p21CIP1 (149, 154, 155).  Studies have confirmed 

antiestrogenic inhibition of cyclin E by revealing that the inhibition of p21CIP1 with 

antisense oligonucleotides maintains Cdk2 activity and prevents the antiestrogen 

mediated inhibition of the G1-S phase transition (154). 

 

1.5.2  Programmed Cell Death and Antiestrogen Action 

 Like the cell cycle, antiestrogens prevent the expression of estrogen-responsive 

genes involved in antiapoptosis.  In normal mammary gland development estrogen 

promotes proliferation by modifying the expression of genes involved in cell death 

(146).  In recent years it has been determined that the expression of apoptosis 

regulators, including several members of the Bcl-2 family of proteins, is regulated by 

estrogens during normal mammary gland development and in mammary oncogenesis 

(156). After long-term treatment of breast cancer cells with antiestrogens, 

mitochondria-mediated apoptosis is increased (157).  In vitro studies have also shown 

that some members of the antiapoptotic Bcl-2 family’s expression decreases and 

proapoptotic member’s expression increases following TAM treatment (158).  Studies 

have also determined that in the MCF-7 breast cancer cell line there is increased 

caspase 6, caspase 7, and caspase 9 activity resulting in increased intrinsic apoptotic 

cell death following antiestrogen treatment (157).  Both SERMs and SERDs influence 

caspase dependent apoptotic cell death with the formation of reactive oxygen species 
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(ROS).  Production of ROS is associated with the depolarization of the mitochondria 

and the release of mitonchondrial cytochrome c following treatment with TAM (146). 

In addition to intrinsic apoptosis, antiestrogens also increase extrinsic apoptotic 

pathways through the increased activity of caspase 8 (146).  Estrogen responsive cell 

lines, MCF-7 and T47D, express fully functional mediators of extrinsic apoptotic 

pathway, surface tumor necrosis factor (TNF), TRAIL, and FAS-L receptors (146).  

However, TNF mediated apoptosis is decreased in MCF-7 cells following estrogen 

treatment (159). Unlike estrogen, antiestrogens increase TNF production and 

expression on the cell surface and upregulate the expression of FAS-L (160).  These 

changes in the proteins increase extrinsic apoptotic cell death in antiestrogen treated 

breast cancer cells (146). 

Like the Bcl-2 family of proteins, antiestrogen are also able influence the 

expression and activity of other proteins involved in breast cancer cell death.   

Deregulation of the PI3K signaling pathway is linked to breast and other types of 

cancer (161).  Transcriptional activity of ERα is increased by one of PI3K’s 

downstream targets, AKT (161, 162).  However, treatment with the antiestrogen ICI 

inhibits this activity, suggesting that antiestrogens may target the PI3K pathway in 

breast cancer cells (163, 164).  

The tumor suppressor protein, p53, is inactive in approximately 30% of breast 

cancer tumors (146).  Wild type p53 can regulate apoptosis and the cell cycle in normal 

mammary gland development and in mammary oncogenesis.  Activity of the  
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proapoptotic Bcl-2 family member, Bax, is regulated by p53 and when there is an 

increase in p53 expression and activity, apoptosis is increased (146, 165).  The 

overexpression of p53 has also been found to downregulate Bcl-2 expression at the 

protein and mRNA level in MCF-7 cells (166).  In addition to the MCF-7 cell line, an 

inverse relationship between p53 and Bcl-2 was found in breast tumors and a panel of 

breast cancer cell lines.   Hurd et al. has shown that the induction of p53 by estrogen 

occurs before phosphorylation of pRB and can be blocked by antiestrogen treatment 

(167).   Studies have also shown that ERα binds to p53 and regulates its function; 

however, unlike PI3K and AKT, the exact mechanism of antiestrogen action on p53 is 

unclear (146).   

 

1.6   Resistance to Adjuvant Breast Cancer Therapy 

 The use of adjuvant breast cancer treatment has been an effective method of 

treatment for many women around the world.  With the increased use of 

chemotherapeutic and hormonal adjuvant therapies breast cancer mortality continues to 

decline (168).  However, the biggest setback in adjuvant therapy is resistance to 

treatment.  Currently, researchers are working to pinpoint the deregulation of signaling 

pathways that lead to resistance and to examine possible predictive markers that will 

allow more individualized breast cancer therapy. The use of  pharmacogenetics and 

pharmacogenomics, the study of genetically determined differences in drug uptake, 

distribution,  and disposal will allow researchers and clinicians to account for 
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differences in drug response by correlating it to the expression of predictive markers 

(168).  It is possible that the use of predictive biomarkers will help to identify and 

effectively treat patients that have tumors with a possible resistant phenotype. 

 Chemotherapy has been on the forefront of breast cancer treatment for many years.  

This type of treatment has proven to be effective as an adjuvant therapy in early breast 

cancer and also as a neoadjuvant therapy in patients with tumors that appear inoperable 

at the time of diagnosis (169).  Neoadjuvant chemotherapy, administered to patients 

with locally advanced breast cancer, can reduce tumor size in 80-90% of patients (170, 

171).   However, long term treatment with a chemotherapeutic agent often results in a 

recurrence of breast cancer that has acquired resistance to therapy.  There are many 

proposed mechanisms of resistance to chemotherapeutic drugs, for example increased 

expression of the ATP binding cassette (ABC) superfamily of membrane transporter 

proteins, deregulation of signaling pathways, and altered expression of apoptosis or 

cell cycle regulators (169, 172, 173).  However, it is very like that there are several 

factors that contribute to the chemotherapy resistance phenotype. 

 One of the most extensively studied mechanisms of resistance to chemotherapeutic 

drugs is function of the ABC family of transporter proteins.  The mechanism of 

resistance is based on the ABC family’s ability to prevent the intracellular 

accumulation of chemotherapeutic drugs by an efflux mechanism (169).  There are 49 

members of the ABC transporter family; however, three of these, P-glycoprotein (Pgp), 

multidrug resistance protein (MRP1), and breast cancer resistance protein (BCRP), 
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have been directly linked to drug resistant breast cancer (169).  Of these proteins, Pgp, 

a 170 kDa plasma membrane glycoprotein, has been the most thoroughly studied. Pgp 

functions as an anticancer drug transporter for taxanes, doxorubicin, vincristine, 

etoposide, teniposide, and actinomycin D, and contributes to the chemotherapy 

resistant phenotype (169, 174).  With a mechanism of action similar to Pgp, MRP1 and 

BCRP transport and confer resistance to several drugs which include (but are not 

limited to) anthracyclins, vinca alkaloids, high concentrations of methotrexate, and 

actinomycin D, and mitoxantrone (169, 174).  In the clinical setting, transporter 

expression occurs with various frequencies and thirty-one reports from a meta analysis 

found that increased expression after chemotherapy correlates with treatment failure 

(175).  

 In addition to the ABC transporter, the overexpression of HER-2 and Bcl-2 has 

been implicated in chemotherapy resistance.  Neoadjuvant chemotherapy studies of 

mitoxantrone, methotrexate, cyclophosphamide, epirubicin, and 5-flurouracil have 

determine that there is a negative association between HER-2 expression and response 

to therapy (172, 176).  Additional retrospective studies of metastatic breast carcinoma 

have shown that there is an inverse relationship between HER-2 expression and 

response to mitoxantrone or cyclophosphamide-Novantrone-fluorouracil therapy (172, 

177).  Like HER-2, Bcl-2 expression is often upregulated in residual breast cancer cells 

following chemotherapy (178).  In vitro studies have determined that the ratio of 

antiapoptotic Bcl-2 family members and proapoptotic Bcl-2 family members determine 
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if breast cancer cells will undergo apoptosis in response to chemotherapeutic agents 

(178).  There are conflicting studies on the relationship between Bcl-2 and 

chemotherapy resistance; however, many researchers believe that the expression of this 

proto-oncogene can predict response to chemotherapy (179).  

 Unlike chemotherapeutic agents, endocrine therapy is often well tolerated with 

minor toxicities (180).  However, similar to chemotherapy resistance, endocrine 

resistance is a major concern of breast cancer researchers and clinicians.  In ER 

signaling there is molecular cross-talk between growth factor receptors and kinase 

pathways (138).   

Therefore, there are many factors that can enhance and promote resistance to 

endocrine therapy.  There are two main categories of antiestrogen resistance, de novo 

resistance and acquired resistance (138, 180).  The primary cause of de novo resistance 

is absence of the ER; however, there are many possible mechanisms that can lead to an 

acquired resistance phenotype (138).  In vitro studies have shown that MCF-7 cells 

with overexpression of EGFR and HER-2 leads to a TAM resistant phenotype (135).  

Additional studies in MCF-7 cell have demonstrated that TAM resistant cells also have 

higher levels of AKT phosphorylation and extracellular signal-related kinase (ERK) 

1/2 (135, 138). 

 As previously mentioned, aromatase inhibitors are effective in the treatment of 

early and advance breast cancer in postmenopausal women.  These inhibitors are often 

administered to patients following antiestrogen treatment in patients with breast tumors 
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that have acquired antiestrogen resistance (80, 181, 182).  However, similar to 

antiestrogen therapy, long-term therapy with aromatase inhibitors often lead to the 

development of resistance (80).  While, the exact mechanism of resistance to aromatase 

inhibitors is not entirely clear, data from in vitro models of long term estrogen 

deprivation suggest that that there is enhanced sensitivity to low estradiol levels in 

patients following treatment (80, 183).   In vitro models of acquired aromatase 

inhibitor resistance have been established and are currently being used in studies to 

determine the exact mechanism of resistance (183). 

 

1.7   How the Bcl-2 Family Has Been Implicated in Antiestrogen Resistance 

 The role of the Bcl-2 family in antiestrogen resistance is not clear. However, Dr. 

Robert Clarke’s laboratory has been successful in linking two Bcl-2 transcription 

factors,  nuclear factor kappa B (NFκB) and X box binding protein (1 (XBP-1), to the 

development of antiestrogen resistance in ER-positive breast cancer cells (129, 184).  

We have shown that NFκB and XBP-1 expression and transcriptional activity are 

increased in antiestrogen-resistant, and that pharmacological inhibition of NFκB can 

restore antiestrogen sensitivity. Also, in vitro studies demonstrated that overexpression 

of XBP1 confers resistance to antiestrogens by preventing mitochondrial mediated 

apoptosis, significantly increasing basal Bcl-2 levels and preventing the decrease in 

Bcl-2 expression after antiestrogen treatment in MCF-7 overexpressing XBP1 (MCF-

7/XBP1) (129).  
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Unlike Bcl-2, little is known about the role of Bcl-w in affecting breast cancer cell 

fate decisions or antiestrogen responsiveness.  However, the mechanism of Bcl-w 

activity is similar to that of Bcl-2 in that it inhibits cell death by binding to pro-

apoptotic Bcl-2 family members and preventing mitochondrial-mediated apoptosis 

(185). Additionally, Bcl-w overexpression also prevents cell death in cancer cells 

exposed to death stimuli (186).  Therefore, in this study we were examined the role of 

Bcl-2 family members in in the development of the antiestrogen-resistance phenotype. 
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1.8    Hypotheses and Aims 

We hypothesize that the deregulation of antiapoptotic Bcl-2 expression is a vital step 

in the development of antiestrogen resistance, but antiestrogen resistant cells will 

become more susceptible to cell death when treated with Bcl-2 inhibitors. 

 

This hypothesis will be tested according to the two following aims: 

 

Aim 1:  Determine how Bcl-2 regulation by estrogens and antiestrogens is different in 

resistant breast cancer cells as compared to sensitive cells 

 

Aim 2:  Test whether Bcl-2 inhibition can reverse antiestrogen resistance in breast 

cancer cell lines 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 33

Chapter 2:  The Role of the Bcl-2 Family in Tamoxifen Resistance 

 

2.1   Introduction 

For more than two decades antiestrogen therapy has been on the forefront in breast 

cancer prevention and treatment.  As previously mentioned, TAM is often the preferred 

method of antiestrogen therapy in the treatment of ER-positive breast cancer.   TAM 

was one of the first antiestrogens to be used in the prevention and treatment of ER 

positive breast cancer in many women who had a high risk of developing breast cancer 

and in women who had previously been diagnosed with breast cancer (164, 180).  As a 

SERM, its mechanism of action includes binding to the ER and preventing estrogen 

mediated gene regulation. While TAM can function as an agonist or antagonist, 

depending upon tissue type, this antiestrogen competes with estrogen for ERα and 

alters the receptor’s conformation, preventing it from entering the nucleus and binding 

to an ERE (145, 180).  TAM has also demonstrated the ability to increase disease free 

and overall survival among many premenopausal and postmenopausal women 

diagnosed with breast cancer around the world (9).  

TAM is a non-steroidal triphenylethylene derivative that has been in use for the 

treatment of advanced breast cancer for more than thirty years (138).  4-

hydroxytamoxifen is proven to be the major metabolite of TAM and its 30-100 fold 

more potent than both TAM and N-desmethyltamoxifen (most abundant TAM 

metabolite in human plasma) (187-189).  In addition to 4-hydroxytamoxifen, there is 
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increasing evidence that the TAM metabolite 4-hydroxy-N-desmethyltamoxifen (an 

endoxifen) is also responsible for TAM activity (187, 190).  Recent studies have shown 

that TAM is biotransformed into the endoxifen by the enzyme cytochrome P450 2D6 

and that decreased metabolism is linked to a shorter time to recurrence (187). 

There are many studies on TAM’s role in mitochondrial mediated apoptotic cell 

death. TAM influences intrinsic apoptotic cell death pathways via nitric oxide  (NO) 

dependent pathways (191, 192).  Following treatment with TAM, intramitochondrial 

ionized calcium concentrations increase which leads to increased NO synthase activity 

in the MCF-7 cell line (192).  This stimulates NO production, induces oxidative stress, 

and activates the mitochondrial mediated apoptotic pathway which ultimately leads to 

increased cell death (193).    In vitro studies have also shown that TAM increases 

apoptosis by altering members of the Bcl-2 family of proteins (157).  While estrogen 

increases the expression of antiapoptotic proto-oncogene Bcl-2 in hormone responsive 

breast cancer cells, this effect is counteracted by TAM therapy (194-196). Studies have 

also shown that there is increased expression of proapoptotic protein Bak, in MCF-7 

cells treated with TAM (146, 157). 

Clinical trials comparing TAM with several aromatase inhibitors have shown that 

aromatase inhibitors have a significant advantage over antiestrogens when examining 

disease-free survival and disease progression (10).  While TAM treatment results in 

approximately a 50% disease-free survival, aromatase inhibitor treatment increases the 

percentage by 12% (to 62%) (197).  Third generation aromatase inhibitors are 
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commonly accepted as an alternative to TAM and are shown to have superior efficacy 

in treatment of postmenopausal women with advanced disease.  However, in many 

clinical settings TAM continues to be the mainstay of breast cancer therapy for pre-

menopausal women (80). 

The presence of antiestrogen resistance, in particular TAM resistance, in breast 

cancer patients has become an increasing concern for many physicians and researchers 

in recent years.  The treatment of breast cancer with antiestrogens is thought to alter 

factors within breast cancer cells, allowing them to evade apoptosis and continue to 

proliferate (145). One proposed mechanism of resistance is the change in the 

expression of genes or proteins involved in tumor cell survival.   

 

2.1.1  Tamoxifen Resistance in Breast Cancer

While TAM is a widely used breast cancer treatment, most TAM treated tumors, 

after extended TAM use, eventually become resistant to TAM therapy (132).  In past 

studies, researchers have pinpointed markers that allow clinicians to predict response 

to TAM therapy and the development of TAM resistance.  Early studies determined 

that the expression of ER, EGFR, and HER-2; however, more recent studies are 

examining PI3K, AKT, several Bcl-2 family members, and cyclin D1 as possible 

markers that predict TAM resistance (198).  A retrospective analysis of ERα breast 

cancer biopsies that have undergone TAM treatment for a median of five years were 

examined to determine if AKT affects overall survival (164, 198).  This study revealed 
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that the expression of AKT2 was low in patients who relapsed following TAM 

treatment; however, there were high levels of cytoplasmic phospho-AKT (199).   Like 

AKT, cyclin D1, a protein involved in cell cycle progression, has been linked to TAM 

resistance.  In a randomized clinical trial, cyclin D1 expression was examined in ERα-

positive tumors that were obtained from postmenopausal women following 2 years of 

TAM therapy (200).  The tumors with moderate or low levels of cyclin D1 expression 

had a positive response to TAM therapy; however tumors with high levels of cyclin D1 

showed no significant response to TAM treatment (200).  Unlike AKT2 and cyclin D1, 

expression of proapoptotic protein Bad, is correlated with a positive response to TAM 

therapy (198).  Clinical studies have shown that high levels of Bad expression, not 

phosho-Bad expression, are associated with improved disease free survival when 

compared to tumors with low levels of Bad expression (201).  However, estrogen 

receptor (ER) and progesterone receptor (PR) are the only biomarkers used when 

selecting patients for antiestrogen therapy.  

There are three possible mechanisms of TAM resistance, metabolic, intrinsic/de 

novo, and acquired, that are under investigation (139).  Researchers studying TAM and 

metabolic resistance are focused on the metabolic demethylation of TAM to its 

previously mentioned metabolite, N-desmethyltamoxifen by the CYP2D6 enzyme 

system (202, 203).  It has been demonstrated that there are wide variations in the 

CYP2D6 enzyme within the population and it is estimated that 10% of the population 

have ineffective CYP2D6 variants (139).  Variations in the CYP2D6 enzyme can have 
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a negative influence on TAM metabolism and ultimately lead to TAM resistance (139, 

187).  In addition to genetic variations in the CYP2D6 enzyme, the use of selective 

serotonin reuptake inhibitors (SSRI), for example fluoxetine and paroxetine, are potent 

inhibitors of the CYP2D6 enzyme (139, 204).  SSRIs are often used to treat hot flushes 

in premenopausal and postmenopausal patients undergoing long term TAM therapy 

(139).  However, efforts have been made to switch from fluoxetine and paroxetine to a 

SSRI, venlafaxine, that has a low affinity for the CYP2D6 enzyme system (139, 204). 

  Intrinsic resistance (also referred to as de novo resistance) refers to a population 

of ER-positive breast tumors that are intrinsically resistant to TAM when it is 

administered as the first line of therapy in primary breast tumors (180).  Several factors 

have been associated with this phenomenon including PR negative status and enhanced 

paracrine growth factor stimulation (139, 180).  Approximately 70% of ER-positive, 

PR-positive breast tumors respond to initial TAM treatment; however, approximately 

40% of ER-positve cells that are PR-negative have a beneficial response (139, 204).  

The overexpression of the HER-2/neu growth factor receptor has been shown to 

contribute to intrinsic resistance.  In experimentally engineered breast cancer cells with 

high levels of the HER-2/neu receptor, TAM acts as an agonist and increases cell 

proliferation while decreasing cell death (205).   

The primary focus of this project is to elucidate the mechanisms of acquired TAM 

resistance in ER-positive and PR-positive breast cancer cell lines.  Acquired TAM 

resistance often occurs in patients with breast tumors that initially respond to long term 
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TAM therapy (144, 145).  In many cases patients with initially responsive tumors will 

experience a recurrence and their cancer will no longer respond to TAM therapy (139, 

144, 145).  There are many proposed mechanisms that influence cancer cell response to 

antiestrogens and, when altered, can contribute to the antiestrogen resistant phenotype 

(145).  These mechanisms are altered expression of ER, loss of ER expression, TAM 

stimulation of growth, and change in the expression of genes or proteins involved in 

tumor cell growth and/or survival (144).  In this study we have chosen to focus on 

changes in the expression of proteins involved in programmed cell death. 

 

2.1.2   Bcl-2 Family Members and Antiestrogens

As previously stated, the ER regulates the expression of genes that contribute to 

apoptotic signaling pathways and that regulate cell death.  In normal mammary cells 

and breast tumor cells this signaling prevents apoptosis through the activation of Bcl-2 

gene expression and reduced production of p53 (206). Early studies determined that 

both antiapoptotic Bcl-2 and proapoptotic Bax contribute to mammary apoptosis (207-

209).  However, more recent in vivo studies have found that both antiapoptotic and 

proapoptotic Bcl-2 family members are synthesized in the mammary and dynamic 

changes in the expression and activity of this family of proteins contribute to mammary 

gland development and post-lactational apoptosis involution (209).   

 In TAM-sensitive breast cancer cells, the expression of estrogen-responsive genes 

is altered following TAM treatment, which leads to increased cell death.  Research has 
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shown that TAM activates mitochondrial dependent apoptosis through the decreased 

expression and activity of some antiapoptotic Bcl-2 family members (192).  The 

deregulation of antiapoptotic Bcl-2 family members, including Bcl-2, Bcl-xL, and 

MCL-l, has been implicated in the progression of many different forms of cancer 

(210).  However, over the last 15 years, research regarding the role of antiapoptotic 

Bcl-2 family members in drug resistant breast cancer has generated conflicting results. 

Studies have shown that initial expression of Bcl-2 correlates with ER expression, 

responsiveness to hormonal adjuvant therapy, and ultimately a good prognosis (211).  

Additional studies have shown that, unlike Bcl-2 expression in untreated breast cancer 

cells, the increased expression of Bcl-2 in residual cancer cells following preoperative 

chemotherapy reduces apoptosis and increases resistance to chemotherapy (212).  

Furthermore, reports have shown that the ratio between antiapoptotic and proapoptotic 

Bcl-2 family members determines breast cancer cell response to etoposide (196).  

Etoposide-induced apoptosis correlates with a high Bax:Bcl-2 ratio (213).  Several 

studies have also suggested that estrogen promotes resistance to the chemotherapeutic 

drugs Taxol and cisplatin by increasing the Bcl-2:Bax ratio (196, 214).  Also, in vitro 

studies in MCF-7 cells have shown that overexpression of HER-2 increases 

antiapoptotic Bcl-2 and Bcl-xL proteins, leading to suppression of TAM-induced 

apoptosis and ultimately TAM-resistance (50).  The goal of this study is to determine if 

there is deregulation of antiapoptotic Bcl-2 family expression in TAM-resistant breast 
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cancer cells when compared to sensitive cells and to examine if TAM sensitivity can 

be restored with Bcl-2 inhibition. 

 

2.1.2.1  Bcl-2 Family Structure

 The Bcl-2 family of proteins, antiapoptotic and proapoptotic, share sequence 

homology within the conserved Bcl-2 homology (BH) domains (215).  All of the 

antiapoptotic family members and a subset of the proapoptotic family members, Bax, 

Bak and Bok, are multidomain proteins that share sequence homology within at least 

three BH domains (Figure 2.1) (215, 216).  Most of the members of the proapoptotic 

family, Bad, Bid, Bim, Noxa, Bik, Hrk, and Puma, fall into the BH3 subset of proteins, 

having sequence homology only within an alpha helical segment known as the BH3 

domain (also referred to as the minimal death domain) (215, 217). 

The BH3 domain is critical for the function of the Bcl-2 family of proteins and allows 

them to selectively bind to each other and regulate apoptosis (215).  The antiapoptotic 

BH1, BH2, and BH3 domains bind proapoptotic family members by forming a 

hydrophobic groove that binds to the hydrophobic face of the amphipathic α helical 

BH3 domain of a proapoptotic Bcl-2 protein (215, 218). This interaction may be 

further stabilized by the BH4 domain within the antiapoptotic binding partner (215).  

Postranslational modifications of the BH4 domain contribute to the regulation of 

apoptosis.   

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from Danial et al,  2007 

 

Figure 2.1   Classification of BCL-2 family according to conserved domains 

BH1, BH2, BH3 = BH Domain 1,2,3 

TM = Transmembrane Domain 
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Recent studies have investigated the BH4 domain’s role in the antiapoptotic 

function of Bcl-2 proteins.  Survival function is inactivated when the loop between the 

BH3 domain and the BH4 domain is phosphorylated in the Bcl-2 and Bcl-xL proteins 

(215, 219).  In addition to Bcl-2 and Bcl-xL, within the antiapoptotic protein MCL-1 

many of the amino acids between the BH3 and BH4 domain are subject to 

ubiquitinylation which regulates the stability of the MCL-1 protein (220).  Also, 

caspase mediated cleavage of the BH4 domain is found to alter the function of 

antiapoptotic family members (221).  Mutational studies have also revealed that the 

BH4 domain is required for the function of antiapoptotic family members and may link 

Bcl-2 to other signaling pathways (216). 

Bcl-2 family members possess a transmembrane domain that allows them to 

localize to subcellular membranes (mitochondrial membrane, endoplasmic reticulum 

membrane and nuclear membranes) (215).  Nineteen hydrophobic amino acids near the 

COOH terminus followed by two charged residues have been examined in members of 

the Bcl-2 family and this sequence serves to anchor the proteins to cellular membranes 

(217).  This hydrophobic region also allows posttranslational insertion of Bcl-2 into 

membranes with the majority of the protein oriented towards the cytosol, facilitating its 

interaction with proapoptotic Bcl-2 family members (217, 222, 223).   

Activtion of the proapoptotic proteins, for example Bax or Bad, require multiple 

conformational changes followed by mitochondrial intramembranous homo-

oligomerization (215).  Bax, a soluble monomeric protein, resides in the cytosol or is 
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peripherally attached to the mitochondrial membrane, but Bak remains attached to the 

mitochondrial membrane at all times (224).  Unlike Bak, inactive Bax’s hydrophobic 

COOH-terminal tail, which is required for insertion into the mitochondrial membrane, 

folds into the Bax hydrophobic cleft consisting of the BH1, BH2, and BH3 domains 

(215).  Upon activation, cytosolic Bax undergoes a conformational change that releases 

the COOH-tail and facilitates insertion of Bax into the mitochondrial membrane (225).   

 

2.1.2.2  Bcl-2 Family Function   

 The primary function of the Bcl-2 family is to regulate apoptotic cell death.  The 

founder protein of the Bcl-2 family, Bcl-2, was first discovered as a proto-oncogene in 

follicular lymphoma (215).  Since the discovery of Bcl-2, additional Bcl-2 family 

members were discovered and determined to have an effect on apoptosis without 

altering cell proliferation (215, 226).  When the antiapoptotic Bcl-2 family members 

are in excess (high antiapoptotic:proapoptotic ratio) they prevent cell death by binding 

to and inhibiting the function of proapoptotic Bcl-2 family members (210).  However, 

when an untransformed cell encounters a death stimuli, proapoptotic expression and 

activity increases, altering the antiapoptotic:proapoptotic ratio.  Once the proapoptotic 

proteins are activated, they translocate to the outer mitochondrial membrane, promote 

the release of cytochrome c from the mitochondria, and ultimately activate a caspase 

cascade that leads to increased mitochondrial mediated apoptotic cell death (210).  



 44

 In vitro studies in breast cancer cells have found that the altered expression and 

activity of Bcl-2 family members prevents cell death.  17β-estradiol has been found to 

inhibit apoptosis in MCF-7 cells through the induction of Bcl-2 expression (227). Also, 

Bcl-2 antisense oligonucleotides are proven to be more effective than trastuzumab in 

modulating TAM sensitivity in HER-2 and Bcl-2-overexpressing breast cancer cell 

lines, ZR-75-1 and BT-474 cells (228).  Therefore, our objective was to determine the 

role of the Bcl-2 family in TAM-resistant breast cancer cells. 

 

2.2   Materials and Methods  

2.2.1   Cell Culture and Reagents 

MCF-7 cells were originally obtained from Dr. Marvin Rich (Barbara Ann 

Karmanos Cancer Institute, Detroit, MI).  The cells were routinely grown in improved 

minimal essential medium with phenol red and supplemented with 5% fetal bovine 

serum (FBS-IMEM; Biofluids, Rockville, MD).  The TAM-resistant MCF-7/RR cells 

were routinely grown in IMEM without phenol red and supplemented with 5% 

charcoal stripped calf serum (CCS-IMEM; Biofluids) and obtained from the Lombardi 

Cancer Center and the American Type Culture Collection (ATCC, Manassas, VA).  

MCF-7/LCC1 (ER+, estrogen independent, antiestrogen sensitive, MCF-7 variant; 

(229, 230)) and MCF-7/LCC9 (ER+, estrogen independent, TAM and ICI 182,780 

cross resistant, MCF-7 variant derived directly from MCF-7/LCC1 cells by selection 

against ICI 182,780; (230)) were routinely grown in CCS-IMEM and supplemented 
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with 5% charcoal stripped calf serum (Biofluids). All cells were maintained at 37°C in 

a humidified incubator with 95% air atmosphere and 5% CO2.  17β-estradiol and 4-

hydroxytamoxifen were obtained from Sigma Aldrich (St. Louis, MO).  The Bcl-2 

inhibitor YC137 was generously provided by Dr. York Tomita at the Georgetown 

University Lombardi Cancer Center (Washington, DC; (231)).   

 

2.2.2   RNA isolation and real time PCR 

Total RNA was isolated (from vehicle and 1 µmol/L 4HT  treated cells) using the 

Trizol method from independent cell cultures.  RNA concentrations were measured by 

comparing the optical density ratios (260:280 nm) obtained spectrophotometrically 

using the Nanodrop 1000 (Thermoscientific, Wilmington, DE).  1 µg of RNA was then 

treated with DNase I (Invitrogen) prior to reverse transcription using SuperScript II 

Reverse Transcriptase (Invitrogen) and oligo d(T)16 primers (Applied Biosystem, 

Foster City, CA).  For each cDNA sample a qPCR reaction and a standard curve were 

established using TaqMan Universal PCR Master Mix and the following TaqMan Gene 

Expression Assay primers (Applied Biosystems):  BCL2 = Hs00608023_m1;  BCL2L2 

= Hs00187848_m1; BAX = Hs99999001_m1; BAD = Hs00188930_m1  and the 

housekeeping gene RPLP0 = Hs99999902_m1.  Each reaction (10µl) was run in 

triplicate in 384-well plates on an ABI Prism 7900HT Sequence Detection System 

using the absolute quantification protocol specified by the manufacturer.  Expression 
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data for each reaction was estimated relative to the housekeeping control gene 

expression data.   

 

2.2.3   Transient transfection and promoter-reporter assays 

Cells were plated in 12-well plastic tissue culture plates at a density of 60,000 

cells/well and allowed to incubate for 24 hrs prior to cotransfection with 0.4 µg of full 

length Bcl-2 promoter-luciferase reporter plasmid (a kind gift from Dr. Linda Boxer, 

(232, 233)) and 0.004 µg of the phRL-SV4—Renilla control plasmid containing the 

Renilla luciferase gene (Promega, Madison, WI).  The Fugene 6 transfection reagent 

(Roche Diagnostics, Indianapolis, IN) was used to carry out the transfection.  Twenty 

four hours after transfection, cells were treated with 1 µmol/L 4HT  or ethanol vehicle 

and incubated overnight.  The cells were then lysed and activation of the Bcl-2 

promoter was measured using the Dual Luciferase Assay Kit (Promega) according to 

the manufacturer’s protocol.  The Lumat LB 9501 luminator (EG&G Berthold, 

Bundoora, Australia) was used to measure luminescence and Renilla luminescence was 

used to normalize luciferase values.   

 

2.2.4   Western blot analysis 

Cells were grown in either 6- or 12-well tissue culture plates before lysis.  To 

determine the effects of 4HT on protein expression, cells were treated with vehicle and 

1 µmol/L 4HT 24-72 hrs. Cells were then lysed in radioimmunoprecipitation assay 
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buffer [150 mmol/L NaCl, 50 mmol/L Tris (pH 7.5), 1% Igepal CA-630, and 0.5% 

deoxycholate] supplemented with Complete Mini protease inhibitor cocktail tablets 

(Roche) and 1mmol/L sodium orthovanadate phosphatase inhibitor (Sigma).   

Approximately 20 µg of protein (total protein) was isolated from both treated and 

untreated cell populations and size fractionated by electrophoresis using Invitrogen 

NuPage 10% or 12% Bis-Tris gels.  The gels were then transferred onto nitrocellulose 

membranes and blocked in a solution of TBS/0.1% Tween-20 (TBST), pH 7.4, and 

blocked in a milk solution (nonfat cow’s milk diluted to 10% in TBST) for 30 min with 

constant agitation.   

After blocking, the nitrocellulose membrane was washed with TBST (x3 for 15 

min) and incubated with the following antibodies; mouse monoclonal Bcl-2 primary 

antibody (1:1000; Assay Designs, Ann Arbor, MI), rabbit monoclonal Bcl-w primary 

antibody (1:500; Cell Signaling, Danvers, MA), rabbit polyclonal Bax primary 

antibody (1:500; Millipore, Billerica, MA), rabbit monoclonal Bad primary antibody 

(1:500; Cell Signaling) diluted in TBST overnight.  The membranes were then washed 

with TBST (x3 for 15 min) and incubated for 1 hr in anti-mouse or anti-rabbit 

horseradish peroxidase-conjugated IgG (Amersham Biosciences, Piscataway, NY) at a 

1:5000 dilution (room temperature).  Following final washes of the membrane in 

TBST, antigen-antibody complexes were visualized using the ECL detection system 

(Amersham Biosciences) and SuperSignal Chemiluminescent Substrate 
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(Thermoscientific).  Protein expression was quantified using densitometric analysis 

and the data (mean ± SE) are presented as the ratio of target protein:βactin signals. 

 

2.2.5   Cell proliferation assay 

For total cell quantitation, cells were first plated in 96-well plastic tissue culture 

plates (5000 cells per well).  The cells were treated with ICI, YC137, 3MA, a 

combination of the three, or ethanol vehicle for 7 days.  Following treatment, cells 

were washed with PBS, stained with a crystal violet staining solution (234), and 

allowed to dry for 48-72 hrs.  After drying, sodium citrate buffer was added to each 

well and allowed to incubate for 5 min at room temperature.  Absorbance was 

measured at 450 nM using a microplate reader (Biorad, Hercules, CA). 

 

2.2.6   Statistical Analyses 

Student’s t-test was used to determine differences between the cell lines for Bcl-2, 

Bcl-w, Bax, and Bad expression and luciferase promoter-reporter assays.  One-way 

ANOVA was used to determine overall significant differences following treatment in 

the cell proliferation assays.  All statistical calculations were performed using 

SigmaStat version 3.0. 
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2.3   Results 

2.3.1   Breast cancer cell line models for TAM-resistance and ICI-resistance/TAM 

cross-resistance 

 A series of MCF-7 cell derived antiestrogen-sensitive and -resistant breast cancer 

cell lines (MCF-7/LCC1, MCF-7/RR, MCF-7/LCC9) have been developed through 

selection in vivo and in vitro. They provide us with a model that can be used to study a 

variety of different genes thought to be involved in resistance. The cell lines were split 

into two distinct models of resistance; TAM-resistance (sensitive MCF-7 and resistant 

MCF-7/RR) and ICI/TAM-cross-resistance (sensitive MCF-7/LCC1 and resistant 

MCF-7/LCC9).  Each resistant cell line was derived from treating their sensitive 

control cell line with increasing concentrations of an antiestrogen and selecting for 

resistance; therefore, both models mimic acquired antiestrogen resistance.  MCF-7/RR 

cells were generated by selecting MCF-7 cells against increasing concentrations of 

4HT (Figure 2.2A).  MCF-7/RR cells are estrogen-independent for growth, retain ER 

expression, are sensitive to ICI, and resistant to TAM (235). LCC variants were 

established from an estrogen-independent variant of MCF-7 cells (MCF7/MIII), 

initially selected for growth in vivo in ovariectomized nude mice.   The MCF7/LCC1 

cells were selected in vivo from the subpopulation (MIII cells) of MCF-7 human breast 

cancer cells (Figure 2.2B) (236).  The MCF-7/LCC1 cell line is estrogen-independent 

for growth, retains ER expression, and is sensitive to antiestrogens (229, 230).  MCF-

7/LCC9 cells were generated by selecting MCF-7/LCC1 cells against ICI (Figure 



2.2B).  MCF-7/LCC9 cells are ER+, resistant to ICI, and cross-resistant to 4HT (230). 

Cross-resistance to 4HT arises in the early stages of selection for MCF-7/LCC9, before 

full resistance to ICI  occurs (230).  The LCC series of cell lines have been successful 

in identifying molecules and the underlying mechanisms of antiestrogen resistance 

(145).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2:  Models for resistance to TAM and ICI 

A diagram with A, TAM-resistant breast cancer model derived from the MCF-7 

cell line and  B, ICI-resistant/TAM cross-resistant breast cancer model derived 

from the MCF-7/LCC1 cell line (which were derived from MCF-7 cells). 
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2.3.2   Bcl-2 P1 promoter activity is increased in the ICI/TAM resistant model, not 

the TAM resistant model  

 Transcription of the Bcl-2 gene is controlled by two promoters (P1 and P2).  

However, studies have shown that 90-95% of bcl-2 transcrips initiate at the P1 

promoter (located 1.6 kb upstream of the coding region) (227).  Unlike the P1 

promoter, the P2 promoter contains two transcription-inhibitory elements that can 

behave as a transcriptional down-regulator.  Given these data we have chosen to focus 

on the P1 promoter.  To determine if Bcl-2 is altered at the level of transcription in 

antiestrogen-resistant cells, we examined basal, 17β-estradiol, and 4HT (1 µmol/L) 

treated Bcl-2 P1 promoter activity in both models of resistance.  Bcl-2 P1 promoter 

activity was measured in sensitive and resistant cells using an appropriate Bcl-2-

luciferase promoter-reporter assay; transfection efficiency was measured by 

cotransfecting cells with a constitutively expressed Renilla luciferase gene.  Basal Bcl-

2 P1 promoter activity is lower in the MCF-7/LCC1 cells when compared to MCF-7, 

MCF-7/RR, and MCF-7/LCC9 cells (ANOVA P<0.001; Figure 2.3).  The low level of 

basal Bcl-2 promoter activity seen in the antiestrogen-sensitive MCF-7/LCC1 cells 

(when compared to –sensitive MCF-7 cells) may be directly related to their estrogen 

independence and their growth in estrogen depleted media.  As previously mentioned 

the binding of 17β-estradiol to the ER can induce Bcl-2 expression; therefore, the lack 

of ER signaling in the MCF-7/LCC1 cell may downregulate basal Bcl-2 expression.  
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After treatment with 17β-estradiol and 4HT, promoter activity is significantly 

upregulated in the TAM-sensitive MCF-7 cells when compared to the TAM-resistant 

MCF-7/RR cells (ANOVA P<0.001; Figure 2.4).  However, when compared to EtOH 

treated control cells, P1 promoter activity is downregulated following 4HT treatment in 

the MCF-7 cells, and following estradiol and 4HT treatment in the MCF-7/RR cells 

(ANOVA P<0.001; Figure 2.4).  After comparing P1 promoter activity in 17β-estradiol 

and 4HT treated MCF-7/LCC1 and MCF-7/LCC9 cells (the model for ICI/TAM cross-

resistance), P1 promoter activity is significantly upregulated in the ICI/TAM-resistant 

MCF-7/LCC9 cells when compared to sensitive MCF-7/LCC1 cells (ANOVA 

P<0.001; Figure 2.5).  However, unlike the MCF-7/LCC9 cells, P1 promoter activity is 

significantly increases in the MCF-7/LCC1 cells after 17β-estradiol treatment when 

compared to control treated cells (ANOVA P<0.001; Figure 2.5).  The differences seen 

in Bcl-2 P1 promoter activity when comparing the two antiestrogen-resistant cell lines 

(MCF-7/RR and MCF-7/LCC9) may be linked to the type of -resistance they each 

display and the way each cell line was derived.  Therefore, these data suggest that the 

regulation of Bcl-2 transcription and the way in which TAM-resistance develops may 

be different in the two resistance models. 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 2.3:  Lower level of basal Bcl-2 P1 promoter activity in estrogen 

independent, antiestrogen-sensitive breast cancer cells. 

MCF-7, MCF-7/RR, MCF-7/LCC1, and MCF-7/LCC9 cells were seeded in 12-

well plates and cotransfected with Bcl-2 promoter-luciferase and pCMV-Renilla 

constructs for 24 hours prior to lysis and luminescent detection. Bars represent the 

mean ± SE of the relative Bcl-2-luciferase:Renilla luciferase activity for a single 

representative experiment performed in triplicate. ANOVA P < 0.001, p<0.05 for 

MCF-7/LCC1 vs MCF-7, MCF-7/RR, and MCF-7/LCC9 cells.  Raw data:  MCF-7 

– Luciferase 49,724 - 65,288; Renilla 35,263,840 – 41,112,400, MCF-7/RR – 

Luciferase 3605 – 3826; Renilla 2,610.934 – 3,040,972, LCC1 – Luciferase 10,082 

– 10,543; Renilla 10,085,670 – 11,827,036, LCC9 – Luciferase 6157 – 9192; 

Renilla 4,288,619 – 6,736,700 
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Figure 2.4:  Bcl-2 P1 promoter activity is lower in TAM-resistant cells 

following treatment with estrogen and TAM. 

MCF-7 and MCF-7/RR cells were seeded in 12-well plates and cotransfected with 

Bcl-2 promoter-luciferase and pCMV-Renilla constructs for 24 hours prior to 

treatment and 48 hours prior to lysis and luminescent detection.  Bars represent the 

mean ± SE of the relative Bcl-2-luciferase:Renilla luciferase activity for a single 

representative experiment performed in triplicate. ANOVA P<0.001, p < 0.001 for 

MCF-7 vs MCF-7/RR, p<0.05 for MCF-7 4-HT vs MCF-7 EtOH, MCF-7/RR 4-

HT vs MCF-7/RR EtOH, and MCF-7/RR estrogen vs MCF-7 EtOH.  Raw data:  

MCF-7 EtOH – Luc 15,000 -17,800; Renilla 130,,000 – 139,000, E2 – 12,500 – 
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12,990; Renilla – 102,000 – 107,000, 4HT Luc  – 18,000 – 19,314; Renilla – 

172,000 – 195,000, MCF-7/RR EtOH – Luc 22,000 – 23,600; Renilla 700,000 – 

799,000, E2 Luc – 16,400 – 16,800; Renilla – 650,000 – 733,000, 4HT Luc – 7760 

– 7780; Renilla - 443,000 – 466,000 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.5   Bcl-2 P1 promoter activity is upregulated in ICI-resistant, TAM 

cross-resistant cells  

MCF-7/LCC1 and MCF-7/LCC9 cells were seeded in 12-well plates and 

cotransfected with Bcl-2 promoter-luciferase and pCMV-Renilla constructs for 24 

hours prior to treatment and 48 hours prior to lysis and luminescent detection.  Bars 

represent the mean ± SE of the relative Bcl-2-luciferase:Renilla luciferase activity 

for a single representative experiment performed in triplicate. ANOVA P<0.001, p 

< 0.001 for MCF-7/LCC1 vs MCF-7/LCC9, MCF-7/LCC1 estrogen vs MCF-

7/LCC1 EtOH. Raw data:  LCC1 EtOH – Luc 1,400,000 -17,800; Renilla 

14000,000 – 15,000,000, E2 – 1,200,500 – 1,500,000; Renilla – 14,000,000 – 
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17,000,000, 4HT Luc  – 680,000 – 690,314; Renilla – 9,500,000 – 10,000,000, 

LCC9 EtOH – Luc 402,151 – 402,875; Renilla 10675570  – 11260150, E2 Luc – 

272873 – 274893; Renilla – 8600536 – 9113078, 4HT Luc – 205666 – 210382; 

Renilla - 7544080 – 8399356. 

 

2.3.3   Antiapoptotic Bcl-2 family members’ mRNA expression is downregulated 

in 4HT treated ICI/TAM-sensitive breast cancer cells, not in -resistant cells.  

 To determine if Bcl-2 mRNA expression mimics P1 promoter activity, basal and 

4HT treated mRNA levels were examined in sensitive and resistant cell lines.  Similar 

to P1 promoter activity, basal Bcl-2 mRNA levels are significantly lower in the MCF-

7/LCC1 cells when compared to MCF-7, MCF-7/RR, and MCF-7/LCC9 cells 

(ANOVA P=0.003; Figure 2.6).  After 24 and 72 hours of 4HT (1 µmol/L) treatment, 

Bcl-2 mRNA levels are downregulated in ICI/TAM-sensitive MCF-7/LCC1 cells when 

compared to EtOH control treated cells (ANOVA P<0.05; Figure 2.7). However, in 

ICI/TAM-resistant MCF-7/LCC9 cells, levels are upregulated after 24 hours of 

treatment, with levels returning to baseline after 72 hours, when compared to EtOH 

control treated (ANOVA P<0.05; Figure 2.7).  Like the Bcl-2 P1 promoter data, these 

data help to confirm that deregulation of Bcl-2 expression is occurring at the level of 

transcription in ICI/TAM resistant cells.   

As previously mentioned Bcl-w an anti-apoptotic member of the Bcl-2 family that 

helps to maintain cell viability by preventing mitochondrial membrane depolarization 
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and caspase activation (186).  Similar to Bcl-2 mRNA expression, Bcl-w mRNA levels 

are downregulated in 24 and 72 hour 4HT treated MCF-7/LCC1 cells and upregulated 

after only 24 hours of treatment in MCF-7/LCC9 cells (when compared to control 

treated cells) (ANOVA P<0.05; Figure 2.8).  These data suggest that deregulation of 

Bcl-w expression is occurring at the level of transcription in 4HT treated resistant cells.  

It is important to note that after 24 hours of 4HT treatment there is a significant 

increase in Bcl-2 and Bcl-w mRNA levels (with levels returning back to basal levels 

after 72 hours).  It is possible that this increase reflects the cells’ initial effort to 

activate the apoptotic death pathway. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.6    Basal Bcl-2 mRNA levels are lower in estrogen independent, 

antiestrogen-sensitive MCF-7/LCC1 cells antiestrogen-sensitive and –resistant 

breast cancer cell lines 

Total RNA was isolated using the Trizol method from independent untreated cell 

cultures.  For each cDNA sample a qPCR reaction and a standard curve were 

established using TaqMan Universal PCR Master Mix and TaqMan Gene 

Expression Assay primers.  Bars represent the mean ± SE of the relative Bcl-2 

gene:housekeeping control gene (RPLP0) expression for a single representative 

experiment performed in triplicate.  ANOVA P=0.003, p<0.05 for LCC1 vs MCF-

7, MCF-7/RR, and LCC9. 
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Figure 2.7   Bcl-2 mRNA levels are downregulated in 4HT treated ICI/TAM 

sensitive cells but not in resistant cells   

Total RNA was isolated using the Trizol method from independent 24 and 72 hour 

4HT treated cell cultures.  For each cDNA sample a qPCR reaction and a standard 

curve were established using TaqMan Universal PCR Master Mix and TaqMan 

Gene Expression Assay primers.  Bars represent the mean ± SE of the relative Bcl-

2 gene:housekeeping control gene (RPLP0) expression for a single representative 

experiment performed in triplicate.  ANOVA P<0.05, p<0.05 for treatment vs 

EtOH and LCC9 24 4HT vs LCC9 EtOH and LCC9 72 4HT. 
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Figure 2.8   Bcl-w mRNA levels are downregulated in 4HT treated ICI/TAM-

sensitive cells but not in resistant cells 

Total RNA was isolated using the Trizol method from independent 24 and 72 hour 

4HT treated cell cultures.  For each cDNA sample a qPCR reaction and a standard 

curve were established using TaqMan Universal PCR Master Mix and TaqMan 

Gene Expression Assay primers.  Bars represent the mean ± SE of the relative Bcl-

w gene:housekeeping control gene (RPLP0) expression for a single representative 

experiment performed in triplicated.  ANOVA P<0.05, p<0.05 for treatment vs 
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EtOH, LCC1 24 hour 4HT vs LCC1 EtOH and 72 hour 4HT and LCC9 24 hour 

4HT vs LCC9 EtOH and 72 hour 4HT. 

 

2.3.4   Proapoptotic Bcl-2 family members’ mRNA levels are upregulated in 

ICI/TAM-sensitive and –resistant cell lines 

 Proapoptototic Bcl-2 family members regulate apoptotic cell death by forming 

homodimers with themselves and heterodimers with antiapoptotic Bcl-2 family 

members (215).  Bax mRNA levels were examined and it was determined that both 

sensitive and resistant cell lines, MCF-7/LCC1 and MCF-7/LCC9, have upregulated 

levels after only 24 hours of 4HT (1 µmol/L) treatment (with levels returning to 

baseline after 72 hours of treatment) (ANOVA P<0.05; Figure 2.9).  Similar to Bax 

mRNA levels, Bad mRNA levels are significantly upregulated in both cell lines after 

24 hours of 4HT treatment; however, mRNA levels continue to increase after 72 hours 

of treatment in the sensitive cell line (ANOVA P<0.05; Figure 2.10).  Additionally, the 

increase in Bax and Bad observed after 24 hours of 4HT treatment in the resistant 

MCF-7/LCC9 cells may reflect the cell line’s natural inclination towards increased cell 

death following short term antiestrogen exposure.  However, as previously mentioned 

there is also a significant increase in Bcl-2 and Bcl-w mRNA after 24 hour 4HT 

treatment and the two sets of Bcl-2 proteins may counteract each other.   Ultimately, 

these data suggest that deregulation of Bad, not Bax, may occur at the level of 

transcription in 4HT treated ICI/TAM-resistant breast cancer cells. 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9   Bax mRNA levels are upregulated only after 24 hours of 4HT 

treatment in ICI/TAM-sensitive and -resistant cell lines 

Total RNA was isolated using the Trizol method from independent 4HT treated 

cell cultures.  For each cDNA sample a qPCR reaction and a standard curve were 

established using TaqMan Universal PCR Master Mix and TaqMan Gene 

Expression Assay primers.  Bars represent the mean ± SE of the relative Bax 

gene:housekeeping control gene (RPLP0) expression for a single representative 

experiment performed in triplicate.  ANOVA P<0.05, p<0.05 for 24 hour 4HT vs 

EtOH and 72 hour 4HT. 

 63



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10   Bad mRNA levels are upregulated after 24 and 72 hours of 4HT 

treatment in ICI/TAM-sensitive cells, but only after 24 hours of treatment in -

resistant cells 

Total RNA was isolated using the Trizol method from independent 4HT treated 

cell cultures.  For each cDNA sample a qPCR reaction and a standard curve were 

established using TaqMan Universal PCR Master Mix and TaqMan Gene 

Expression Assay primers.  Bars represent the mean ± SE of the relative Bad 

gene:housekeeping control gene (RPLP0) expression for a single representative 
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experiment performed in triplicated.  ANOVA P<0.05, p<0.05 for treatment vs 

EtOH and 24 hour 4HT vs EtOH and 72 hour 4HT. 

 

2.3.5   Antiapoptotic protein expression is elevated in ICI/TAM resistant breast 

cancer cells 

To determine whether Bcl-2 and Bcl-w are overexpressed in resistant cells, we 

examined 4HT-treated protein levels in the resistant and sensitive cell lines. The cells 

were plated into 6-well plates and lysed after 24 and 72 hours of 4HT (1 µmol/L) 

treatment.  Bcl-2 expression was significantly upregulated in control and 4HT treated 

MCF-7/LCC9 cells when compared to MCF-7/LCC1 cells (ANOVA P<0.05; Figure 

2.11).  Unlike the ICI/TAM-cross-resistant breast cancer model, there was no 

significant difference in Bcl-2 expression when comparing the MCF-7 and MCF-7/RR 

cell lines (n.s; Figure 2.12).  However, Bcl-2 expression is significantly downregulated 

in MCF-7 cells after 72 hours of 4HT treatment (p<0.05; Figure 2.12).  Similar to Bcl-

2 expression, Bcl-w expression is upregulated in 72 hour 4HT treated MCF-7/LCC9 

cells when compared to EtOH treated control cells; however, there is no change found 

when comparing MCF-7/LCC9 cells to MCF-7/LCC1 cells (p<0.05; Figure 2.13).  

These data suggest that the ICI/TAM-cross-resistant cell line may depend on the 

increased expression of both Bcl-2 and Bcl-w for its TAM-resistant phenotype.  

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure  2.11   Bcl-2 expression is upregulated in 4HT treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Bcl-2 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Bcl-2:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA P <0.05, p<0.05 for LCC1 EtOH vs LCC9 

EtOH and LCC1 72 4HT vs LCC9 72 4HT and p=0.010 for LCC1 24 4HT vs 

LCC9 24 4HT. Inset, a representative blot 
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Figure  2.12   Bcl-2 expression is downregulated in antiestrogen-sensitive 4HT 

treated MCF-7 cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-7 and 

MCF-7/RR cells were separated by SDS-PAGE and subjected to Western blot 

analysis with a specific Bcl-2 monoclonal antibody. Nitrocellulose membranes 

were reprobed with β-actin to ensure equal loading. Bars represent the mean ± SE 

of the relative Bcl-2:actin ratio (normalized to control cells) for three independent 

experiments.  p<0.05 for MCF-7 72 4HT vs MCF-7 EtOH. Inset, a representative 

blot. 
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Figure  2.13   Bcl-w expression is upregulated in 4HT treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Bcl-w monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Bcl-w:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA P <0.05, p<0.05 for LCC9 72 4HT vs LCC9 

EtOH. Inset, a representative blot. 
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2.3.6   Proapoptotic protein expression is elevated in antiestrogen-senstive and –

resistant cells after prolonged 4HT treatment 

The model for cross-resistance to ICI and TAM was examined first to determine 

whether there is deregulation of Bax and/or Bad protein expression in resistant cells 

following 4HT (1 µmol/L) treatment. To detect 4HT-treated protein expression the 

cells were plated into 6 well-plates and lysed after 24 and 72 hours of 4HT treatment.  

Bax expression was significantly higher in control treated MCF-7/LCC9 cells when 

compared to control treated MCF-7/LCC1 cells (ANOVA P<0.001; Figure 2.14). 

However, Bax is upregulated after 24 and 72 hours of 4HT treatment in MCF-7/LCC1 

cells and after 72 hours of 4HT treatment in the MCF-7/LCC9 cells (ANOVA 

P<0.001; Figure 2.14).  In the TAM-resistance breast cancer model, Bax expression is 

significantly higher in the control and 24 hour 4HT treated MCF-7 cells when 

compared to the  MCF-7/RR cells (ANOVA P<0.001; Figure 2.15).  However, like the 

ICI/TAM resistance model, after 72 hours of 4HT treatment Bax expression is 

significantly upregulated in MCF-7 and MCF-7/RR cells when compared to control 

treated cells (ANOVA P<0.001; Figure 2.15).   

Similar to Bax expression, Bad expression is upregulated in 72 hour 4HT treated 

MCF-7/LCC1 and MCF-7/LCC9 cells when compared to EtOH treated control cells 

(ANOVA P<0.05; Figure 2.16).  Also, in the TAM resistance model, Bad expression is 

significantly higher in the control and 24 hour 4HT treated MCF-7 cells when 

compared to the MCF-7/RR cells. However, after 72 hours of treatment Bad 
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expression is upregulated in MCF-7/RR cells when compared to control and 24 hour 

4HT treated cells (ANOVA P<0.001; Figure 2.17). These data suggest that the 

expression of Bax and Bad is not altered in 4HT treated ICI/TAM-cross-resistant cells 

when compared to sensitive cells.  These data also suggest that the expression of Bax 

and Bad is altered following short term 4HT treatment in TAM-resistant MCF-7/RR 

cells when compared to sensitive MCF-7 cells; however, expression is upregulated 

(similar to expression levels seen in MCF-7 cells) with long term treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 2.14    No difference in Bax expression when comparing ICI/TAM-

sensitive cells to –resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Bax monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Bax:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA P <0.001, p<0.05 for 4HT treated vs EtOH 

control and LCC1 72 4HT vs LCC1 EtOH and 24 4HT. Inset, a representative blot. 
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Figure 2.15   Bax expression is upregulated in TAM-resistant cells after 72 

hours of 4HT treatment 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-7 and 

MCF-7/RR cells were separated by SDS-PAGE and subjected to Western blot 

analysis with a specific Bax monoclonal antibody. Nitrocellulose membranes were 

reprobed with β-actin to ensure equal loading. Bars represent the mean ± SE of the 

relative Bax:actin ratio (normalized to control cells) for three independent 

experiments.  ANOVA P <0.001, p<0.001 for MCF-7 EtOH vs MCF-7/RR EtOH, 

MCF-7 24 4HT vs MCF-7/RR 24 4HT and MCF-7/RR 72 4HT vs MCF-7/RR 

EtOH and 24 4HT; p<0.05 for MCF-7 24 4HT vs MCF-7 72 4HT. Inset, a 

representative blot. 
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Figure 2.16    No difference in Bad expression when comparing ICI/TAM-

sensitive cells to –resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-7/LCC1 

and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to Western blot 

analysis with a specific Bad monoclonal antibody. Nitrocellulose membranes were 

reprobed with β-actin to ensure equal loading. Bars represent the mean ± SE of the 

relative Bad:actin ratio (normalized to control cells) for three independent experiments.  

ANOVA P <0.05, p<0.05 for 4HT treated vs EtOH control and LCC9 72 4HT vs 

LCC9 EtOH and 24 4HT. Inset, a representative blot. 
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Figure 2.17    Bad expression is upregulated in TAM-sensitive and -resistant cells 

after 72 hours of 4HT treatment 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-7 and 

MCF-7/RR cells were separated by SDS-PAGE and subjected to Western blot analysis 

with a specific Bad monoclonal antibody. Nitrocellulose membranes were reprobed 

with β-actin to ensure equal loading. Bars represent the mean ± SE of the relative 

Bad:actin ratio (normalized to control cells) for three independent experiments.  

ANOVA P <0.001, p<0.05 for MCF-7 EtOH vs MCF-7/RR ETOH and MCF-7/RR 27 

4HT vs MCF-7/RR EtOH and 24 4HT; p=0.026 for MCF-7 24 4HT vs MCF-7/RR 24 

4HT. Inset, a representative blo 
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2.3.7   Bcl-2/Bcl-w inhibition does not restore TAM sensitivity in ICI/TAM-

resistant cells 

Small-molecule inhibitors of Bcl-2 activity have been developed and are entering 

pre-clinical and clinical trials (231).  These molecules work by inserting into the BH3 

binding pocket of Bcl-2, blocking its ability to interact with Bad or Bax and suppress 

apoptosis.  For this study we chose to use Bcl-2/Bcl-w inhibitor YC137 to determine if 

TAM sensitivity can be restored in resistant breast cancer cells that overexpress Bcl-2 

and Bcl-w.  As expected, after seven days of 4HT (1 µmol/L) and combination 4HT 

and YC137 (100 nmol/L) treatment, cell proliferation significantly decreased in the 

sensitive MCF-7/LCC1 cells when compared to control and YC137 treated cells 

(ANOVA P<0.001; Figure 2.18).  However, no change in proliferation was found in 

resistant MCF-7/LCC9 cells (n.s.: Figure 2.18).  These data suggest that the 

overexpression of Bcl-2 and Bcl-w are not required for TAM resistance in the 

ICI/TAM-resistant breast cancer cell line.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.18   Bcl-2/Bcl-w inhibition does not restore TAM sensitivity in ICI/TAM-

resistant cells 

MCF-7/LCC1 and MCF-7/LCC9 cells were treated with YC137 and/or 4HT for 7 days 

to examine cell proliferation.   Bars represent the mean ± SE of relative cell 

proliferation (normalized to control EtOH treated cells) for a single representative 

experiment performed in triplicate. ANOVA P < 0.001, p<0.05 for treated vs control. 
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2.4    Discussion 

The development of TAM-resistant breast cancer is inevitable in many patients 

undergoing long term treatment.  There are many proposed mechanisms that are 

thought to alter factors within breast cancer cells following TAM treatment (145). 

Through in vitro and in vivo studies, it has been determined that the deregulation of 

apoptosis and the change in the expression of proteins involved in apoptotic cell death 

can contribute to the TAM-resistant phenotype (144, 145, 180). As previously 

mentioned, data from our previous studies have shown that proteins that regulate the 

expression of Bcl-2 (XBP1 and NFκB) have increased expression in the antiestrogen-

resistant MCF-7/LCC9 cell line (129, 184). In this study, we examined the relationship 

between the Bcl-2 family and TAM-resistance in two models (TAM-resistance and 

ICI/TAM-resistance) of antiestrogen resistance (Table 2.1).  We have determined that 

deregulation of antiapoptotic Bcl-2 expression is occurring at the level of transcription 

in ICI/TAM-resistant MCF-7/LCC9 cells.  We have also determined that there is 

overexpression of antiapoptotic Bcl-2 family members, Bcl-2 and Bcl-w, in MCF-

7/LCC9 cells; however, this phenomenon is not observed in the TAM-resistant MCF-

7/RR cells.  We did not observe deregulation of proapoptotic proteins, Bax and Bad, in 

the ICI/TAM resistant model.  However, we determined that there is downregulation of 

Bax and Bad after short term 4HT treatment in the TAM-resistant model.  Finally, we 

have determined the inhibition of Bcl-2 and Bcl-w does not restore TAM sensitivity in 

MCF-7/LCC9 cells. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1  Summary of Bcl-2 family members’ expression in 4HT treated 

antiestrogen-sensitive and –resistant cell lines  
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2.4.1   Deregulation of Bcl-2 and Bcl-w expression is occurring at the level of 

transcription in ICI/TAM-cross-resistant breast cancer cells 

 As previously mentioned the expression of the Bcl-2 gene is regulated by two 

promoters, P1 and P2 (237).  The major promoter, P1, is a G-C-rich, TATA-less 

promoter with multiple transcription initiation sites (238).  Unlike the P1 promoter, the 

P2 promoter contains a TATA element, CCAAT box, and an octamer motif (237).  

Many proteins, for example Beta Protein 1 (BP1), Wilm’s Tumor 1 protein (WT1), and 

p53, have been found to influence the progression of cancer and transcriptionally 

regulate Bcl-2 gene expression through interaction with the P1 promoter (239-241).   

In our preliminary studies we, have determined that Bcl-2 P1 promoter activity is 

significantly higher than P2 promoter activity in antiestrogen-sensitive and –resistant 

cell lines under basal conditions.  Therefore, in this study we chose to examine the Bcl-

2 P1 promoter to determine if deregulation of Bcl-2 expression occurs at the level of 

transcription.   

As expected, basal P1 promoter activity is downregulated in sensitive MCF-

7/LCC1 cells when compared to the ICI/TAM –resistant cells.  Similarly, after 

estrogen and 4HT treatment P1 promoter activity is lower in sensitive MCF-7/LCC1 

cells when compared to resistant MCF-7/LCC9 cells.  Also, unlike the ICI/TAM-

resistant MCF-7/LCC9 cells, promoter activity is downregulated in the MCF-7/LCC1 

cells after estrogen and 4HT treatment when compared to untreated cells.  Therefore, 

we have demonstrated that the deregulation of antiapoptotic Bcl-2 expression is 
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occurring at the level of transcription in ICI/TAM-cross-resistant MCF-7/LCC9 cells.  

The data from this study and our previous studies (with Bcl-2 transcription factors 

NFκB and XBP1) suggest that increased expression and transcriptional activity of Bcl-

2 transcription factors may be responsible for altered Bcl-2 gene expression in 

antiestrogen-resistant cells. Additional studies would be useful in determining the exact 

transcription factors responsible for altered Bcl-2 P1 promoter activity in ICI/TAM-

cross-resistant cells.   For future studies we suggest using the chromatin 

immunoprecipitation (ChIP) assay to help identify transcription factors responsible for 

increased Bcl-2 P1 promoter activity.   

Unlike the ICI/TAM-cross-resistant MCF-7/LCC9 cells, basal promoter activity is 

not significantly lower in the TAM-resistant-MCF-7/RR cells when compared to their 

sensitive control cell line.  Additionally, there was no difference in P1 promoter 

activity when comparing the MCF-7 cells to the MCF-7/RR cell after estrogen and 

4HT treatment.  These results suggest that the deregulation of Bcl-2 and Bcl-w is 

occurring at the level of transcription in the ICI/TAM-resistant cell line and not in the 

TAM-resistant cell line. Our observations could also indicate that the role of 

antiapoptotic Bcl-2 family members and the way in which TAM-resistance develops 

may be different in the two resistant cell lines.  To further investigate this theory, 

additional antiapoptotic Bcl-2 proteins should be examined in each both resistance 

models. 
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To confirm the transcriptional deregulation of Bcl-2 expression in the ICI/TAM-

cross-resistance model, mRNA levels were also examined in the breast cancer cell 

lines.  Similar to basal promoter activity, Bcl-2 mRNA levels are downregulated in 

sensitive MCF-7/LCC1 cells when compared to the ICI/TAM –resistant MCF-7/LCC9 

cells.  Also, unlike the resistant MCF-7/LCC9 cells, after 24 and 72 hours of 4HT 

treatment, Bcl-2 mRNA levels are downregulated in sensitive MCF-7/LCC1 cells.  

This pattern is also observed in antiapoptotic Bcl-w mRNA levels.   

As previously mentioned both Bax and Bad are Bcl-2 and Bcl-w binding partners; 

therefore, their expression helps to determine a cell’s fate (210).  mRNA levels of 

proapoptotic proteins, Bax and Bad, were  examined to determine transcriptional 

deregulation and both the MCF-7/LCC1 and MCF-7/LCC9 display upregulation of 

Bax and Bad mRNA levels after 24 hours of 4HT treatment.  However, only Bad 

mRNA levels are upregulated after 72 hours of treatment in the sensitive MCF-7/LCC1 

cell line, not the resistant cell line. The increase in Bax and Bad observed after 24 

hours of 4HT treatment in the resistant MCF-7/LCC9 cells may reflect the cell line’s 

initial response following short term antiestrogen exposure.  However, following 

prolonged treatment proteins expression returns to untreated levels.  Also, we have 

determined that there is transcriptional deregulation of Bad after long term 4HT 

therapy in the ICI/TAM-cross-resistant MCF-7/LCC9 cells when compared to the 

sensitive MCF-7/LCC1 cells.   
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2.4.2   Bcl-2 and Bcl-w protein expression is upregulated in ICI/TAM-resistant cells 

 Increased Bcl-2 expression is common in TAM-resistant breast cancer cells and 

this upregulation is believed to occur in tumors that have acquired the ability to 

upregulate Bcl-2 by an ER independent mechanism (150).  In this study we used 

antiestrogen-resistant, estrogen independent breast cells to determine if Bcl-2 

expression is deregulated under basal and 4HT treated conditions. We determined that 

Bcl-2 expression is upregulated in control and 4HT treated ICI/TAM-cross-resistant 

cells when compared to sensitive cells.  When examining the TAM-resistant cell line 

model, Bcl-2 expression is downregulated after 72 hours of 4HT treatment in the 

sensitive MCF-7 cells; however, there is no difference in Bcl-2 expression when 

comparing the sensitive and resistant cell lines.  Our observations could indicate that 

the TAM-resistant phenotype of both resistant cell lines is dependent upon the stable 

expression of Bcl-2 following 4HT treatment when compared to untreated treated cells.  

However, unlike the ICI/TAM-cross-resistant MCF-7/LCC9, Bcl-2 expression in the -

resistant MCF-7/RR cells is not upregulated when compared to their sensitive control 

cell line (MCF-7).  Therefore, it is more likely that the MCF-7/LCC9 cells are more 

dependent upon Bcl-2 expression for survival than the MCF-7/RR cells.  To test this 

theory additional studies using Bcl-2 siRNA would be useful in determining both cell 

line’s dependence upon Bcl-2 expression for survival. 

 There is little known about Bcl-w’s role in breast cancer; however, estrogen has 

been shown to upregulate Bcl-w expression in neuron cultures (242).  Also, like Bcl-2, 
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Bcl-w has been found to mediate cell survival by regulating Bax activity (243). These 

previous studies along with our observations of increased Bcl-w mRNA levels in 

ICI/TAM-resistant cells gave us reason to believe that Bcl-w could influence TAM-

resistance; therefore, we examined Bcl-w protein expression in ICI/TAM-sensitive and 

-resistant cells.  As expected, Bcl-w expression is upregulated in resistant MCF-

7/LCC9 cells following 72 hours of 4HT treatment, with no change seen in sensitive 

MCF-7/LCC1 cells.  These results suggest that Bcl-2 and Bcl-w expression may play 

more of a role in the ICI/TAM resistance than in TAM only-resistance.   To further test 

this theory Bcl-2 and Bcl-w siRNA could be used in both resistant cell lines to 

determine how Bcl-2 and Bcl-w knockdown might alter apoptosis, cell cycle, and cell 

proliferation following 4HT treatment. 

 

2.4.3    No difference in Bax or Bad expression, after long term 4HT treatment, when 

comparing antiestrogen-sensitive cells to –resistant cells 

 Proapoptotic protein Bax’s function is essential in apoptotic cell death and is 

regulated by both Bcl-2 and Bcl-w.  Bax overexpression is often an indicator of a 

positive response to cancer treatment and in vivo studies have shown that 

overexpression can restore sensitivity to apoptotic stimuli (244).  However, in many 

cases of drug resistant breast cancer, there is overexpression of antiapoptotic Bax 

binding partners and this inhibits Bax activity and mitochondrial mediated apoptosis.  

There did not appear to be transcriptional deregulation of Bax in resistant cells; 
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however, we examined Bax expression to determine if there is deregulation at the level 

of protein expression.   Bax expression is upregulated in control treated MCF-7/LCC9 

cells when compared to MCF-7/LCC1 cells; however, after 4HT treatment Bax 

expression is upregulated in both cell lines.  Given these data we believe that the initial 

high expression of Bax in control treated MCF-7/LCC9 cells have no effect on 4HT 

induced cell death.  However, the anti-apoptotic:pro-apoptotic ratio ultimately 

determines a cell’s fate and we believe that the ratio of Bcl-2:Bax and Bcl-w:Bax 

should be explored in resistant MCF-7/LCC9 cells to determine if Bax expression 

alters cell death.  Unlike the ICI/TAM-resistance model, Bax expression is 

downregulated in control and 24 hour 4HT treated resistant MCF-7/RR cells when 

compared to MCF-7 cells cells (ANOVA P<0.001; Figure 2.15).  However, after 72 

hours of treatment expression is significantly upregulated (comparable to expression in 

the sensitive MCF-7 cells) in the resistant cells when compared to control treated cells 

(ANOVA P<0.001; Figure 2.15).  

 Like Bax, Bad binds to and inhibits the antiapoptotic function of Bcl-2 and Bcl-w 

(245).  However, when Bad is phosphorylated its binding partners are released, 

allowing them to bind and inhibit the function of Bax (201).  In a preclinical study 

patients with breast tumors overexpressing Bad had an improved disease-free survival 

when compared to patients with low levels of Bad expression (201).  In this study we 

found that there was no significant difference in Bad expression when comparing the 

MCF-7/LCC1 and MCF-7/LCC9 cell lines (n.s.; Figure 2.16).  Bad expression is 
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upregulated in both cell lines following 72 hours of 4HT treatment (ANOVA P<0.05; 

Figure 2.16).  In the model of TAM-resistance, Bad expression is downregulated in 

control and 24 hour 4HT treated resistant MCF-7/RR cells when compared to MCF-7 

cells.  However, after 72 hours of treatment expression is significantly upregulated 

(comparable to expression in the sensitive MCF-7 cells) in the resistant cells when 

compared to control treated cells (ANOVA P<0.001; Figure 2.17).  This pattern of Bad 

expression, in the TAM-resistance model, is very similar to Bax expression.  

These data suggest that Bax and Bad expression may not contribute to TAM-

resistance in the ICI/TAM-resistance model.  However, in order to test this theory Bax 

and Bad siRNA could be used to determine if the knockdown of Bax and/or Bad can 

bring a about a TAM resistant phenotype antiestrogen-sensitive cells. It is also 

important to take into consideration the possibility of altered pro-apoptotic/anti-

apoptotic Bcl-2 family binding which could be tested with an immunoprecipitation 

assay.  We also determined that Bax and Bad expression is downregulated after short 

term 4HT treatment in the TAM-resistant MCF-7/RR cells; however, expression is 

significantly upregulated after long term treatment.  The initial deregulation of Bax and 

Bad expression after short term therapy may be indicative of a poor response to 

therapy.  However, since long term therapy is the standard of care for breast cancer 

patients, it is unlikely that this deregulation is responsible for resistance. 
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2.4.4   Bcl-2/Bcl-w inhibition does not restore TAM-sensitivity in ICI/TAM-resistant 

breast cancer cells 

Small molecule Bcl-2 inhibitors have been shown to restore sensitivity to growth 

inhibition and cell death induced by chemotherapeutic drugs in vitro (246). The small 

molecule Bcl-2 inhibitor used in this study, YC137, inserts into the BH3 binding 

pocket of Bcl-2 or Bcl-w, blocking its ability to interact with proapoptotic Bcl-2 family 

members (247).  The MCF-7/LCC1 and MCF-7/LCC9 cells were treated with YC137 

and/or 4HT for 7 days and cell proliferation was measured.  As expected, cell 

proliferation is significantly decreased in sensitive cells after treatment with 4HT and 

4HT+YC137; however, the Bcl-2/Bcl-w inhibition did not increase sensitivity to 4HT.  

Unexpectedly, the combination treatment did not restore 4HT sensitivity to the 

resistant MCF-7/LCC9 cells.  These data suggest that Bcl-2 and Bcl-w overexpression 

is not required for TAM-resistance.  However, additional studies must be done to 

determine the exact role of the Bcl-2 family in TAM-resistance.  We suggest testing 

the Bcl-2 inhibitor YC137 on additional antiestrogen-resistant cell lines (i.e MCF-

7/LCC2) to determine if TAM sensitivity can be restored. 

In this study we have determined that there is overexpression of Bcl-2 and Bcl-w, 

in the ICI/TAM-resistant cell line, and deregulation of expression occurs at the level of 

transcription.  We have also shown that the inhibition of Bcl-2 and Bcl-w does not 

restore sensitivity in the ICI/TAM-resistant cell line.  From these data we have come to 

the conclusion that the deregulation of Bcl-2 and Bcl-w expression is not required for 
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TAM-resistance; however, additional studies must be done to determine the exact role 

of the Bcl-2 family in TAM-resistance.   
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Chapter 3:  Inhibition of Bcl-2/Bcl-w restores sensitivity in antiestrogen-resistant 

breast cancer cells by promoting autophagy induced necrosis 

 
3.1 Introduction 

 Approximately 70% of newly diagnosed breast cancers express estrogen receptor 

alpha (ER) (4). For over thirty years, targeted inhibition of the ER by antiestrogens has 

been at the forefront of breast cancer adjuvant therapy. The most widely used 

antiestrogen is Tamoxifen (TAM), a selective estrogen receptor modulator (SERM) 

that binds to ER and acts as a tissue-specific partial agonist. The steroidal antiestrogen 

ICI 182,780 (ICI; Faslodex, Fulvestrant) is a selective estrogen receptor downregulator 

(SERD) that acts as an ER antagonist and enhances ubiquitin-mediated ER degradation 

(248, 249). ICI is an effective second-line treatment for tumors that have stopped 

responding to TAM (142, 143, 250, 251), and is as effective as some aromatase 

inhibitors (142). One limitation of antiestrogen therapy is the high prevalence of de 

novo and/or acquired resistance in breast cancer (252). Acquired antiestrogen 

resistance occurs when a tumor has an initially beneficial response to antiestrogen 

treatment but the tumor cells remaining no longer respond to this treatment (230). 

While the precise mechanisms that confer antiestrogen resistance are unknown, it is 

likely that several mechanisms contribute to this phenotype (253). 

 We here report the role of Bcl-2 and Bcl-W in affecting responsiveness to ICI-

resistance, and describe how these antiapoptotic BCL2 family members are involved in 

tumor cell survival. Altered expression of Bcl-2 can modify tumor cell fate in response 
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to several anticancer agents (254, 255). Bcl-2 family proteins are essential regulators of 

apoptosis, also known as programmed cell death 1 (PCD-1), a cell fate process 

characterized by cell shrinkage and chromosome condensation, and that requires the 

activation of caspases. The proto-oncogene Bcl-2 (256) is a 26 kDa integral membrane 

protein that is localized to the mitochondrial membrane and functions in the 

suppression or delay of the induction of apoptosis by preventing mitochondrial 

membrane depolarization (257, 258). Bcl-2 acts as an anti-apoptotic agent by binding 

and inhibiting the activation of its pro-apoptotic family member BAX (259). When 

overexpressed in tumor cells, BCL2 prevents apoptosis and allows the cells to survive 

the effects of drug-induced stresses. Thus, overexpression of BCL2 is implicated as a 

mediator of resistance to several chemotherapeutic drugs (260).  

Bcl-w (BCL2L2) is an anti-apoptotic member of the BCL2 family that 

maintains cell viability by preventing mitochondrial membrane depolarization and 

caspase activation (186). The mechanism of Bcl-w activity is similar to that of its 

closest relative (Bcl-2) in that it inhibits cell death by binding to pro-apoptotic Bcl-2 

family members and preventing mitochondria-mediated apoptosis (185). Like Bcl-2, 

Bcl-w overexpression also prevents cell death in cancer cells exposed to death stimuli 

(186). However, little is known about the role of Bcl-w in affecting breast cancer cell 

fate decisions or antiestrogen responsiveness.   

 Bcl-2 family members also play essential roles in autophagy, which is known as 

programmed cell death 2 (PCD-2). Autophagy is characterized by the presence of 
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double-membrane cytoplasmic vesicles that engulf damaged organelles, these vesicles 

are then delivered to lysosomes and destroyed by bulk degradation (261). Several anti-

apoptotic Bcl-2 family members can bind to and inhibit the activity of Beclin-1 (261), 

a key regulator of autophagy (262). However, the precise relationships between 

apoptosis and autophagy are uncertain. Induction of apoptosis or autophagy can each 

lead to cell death, but in some cellular contexts autophagy can act as a pro-survival 

process, for example, in the face of nutrient deprivation (261). In ER-positive (ER+) 

MCF-7 breast cancer cells treated with camptothecin, autophagy prolongs survival and 

delays apoptosis in response to DNA damage (263). In marked contrast, autophagy 

promotes apoptosis in MCF-7 cells treated with the cytotoxic agent oridonin, where an 

inhibition of autophagy increases cell survival (264). These observations suggest that 

the functional interaction of apoptosis and autophagy may be more dependent upon 

cellular context and external stimuli than solely upon cell type. Moreover, while 

autophagy can contribute to TAM resistance in some breast cancer cells (265-267), its 

role in a pro-survival or pro-death mechanism in response to treatment with other 

antiestrogens is unknown.  

 We sought to determine whether Bcl-2 and Bcl-w regulate ICI response in human 

breast cancer cells, and whether any effects involve changes in apoptosis and/or 

autophagy. We used three estrogen-independent cell lines with differential sensitivity 

to the antiestrogen ICI: MCF-7/LCC1 (sensitive), and LY2 (generated by a stepwise 

selection against the benzothiophene antiestrogen LY 117,018 (Bronzert et al., 1985)) 
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and MCF-7/LCC9 cells that are crossresistant to both Tamoxifen and ICI (229, 230, 

268, 269). We show that basal and ICI-treated protein levels of Bcl-2 and Bcl-w are 

significantly increased in MCF-7/LCC9 cells when compared to their MCF-7/LCC1 

controls. Co-inhibition of Bcl-2 and Bcl-w restores sensitivity to the growth-inhibitory 

effects of ICI in both MCF-7/LCC9 and LY2 cells. In re-sensitized cells, ICI treatment 

specifically increases the levels of autophagy and necrotic cell death but has no effect 

on apoptosis. However, pharmacological inhibition of autophagy under these 

conditions reduces necrosis and increases mitochondria-mediated apoptosis. Thus, in 

resistant MCF-7/LCC9 and LY2 cells, restoration of ICI sensitivity with Bcl-2/Bcl-w 

inhibition appears to occur through increased autophagy-regulated necrotic cell death. 

Finally, we show that co-inhibiting Bcl-2 and Bcl-w also improves ICI sensitivity in 

the antiestrogen-sensitive MCF-7/LCC1 cells through increased apoptotic cell death. 

The data suggest that Bcl-2 and Bcl-w perform important pro-survival functions in ICI-

resistant breast cancer cells, their inhibition enhances or restores ICI sensitivity. 

Importantly, the presence of functional autophagy appears to dictate the balance 

between apoptotic and necrotic cell death.  

 

3.2  Materials and Methods 

3.2.1  Cell culture and reagents 

 MCF-7 cells were obtained from Dr. Marvin Rich (Barbara Ann Karmanos Cancer 

Institute, Detroit, MI). Cells were routinely grown in improved minimal essential 
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medium with phenol red and supplemented with 5% fetal bovine serum (FBS-IMEM; 

Biofluids, Rockville, MD). MCF-7/LCC1 (ER+, estrogen independent, antiestrogen-

sensitive, MCF-7 variant; (229, 230)), MCF-7/LCC9 (ER+, estrogen independent, 

TAM and ICI 182,780 cross-resistant, MCF-7 variant derived directly from MCF-

7/LCC1 cells by selection against ICI 182,780; (230)), and LY2 cells (ER+, estrogen 

independent, LY 117018, TAM, and ICI cross-resistant, MCF-7 variant derived by 

selection against LY 117018 (270) were routinely grown in IMEM without phenol red 

and supplemented with 5% charcoal stripped calf serum (CCS-IMEM; Biofluids). All 

cells were maintained at 37°C in a humidified incubator with 95% air atmosphere and 

5% CO2. The antiestrogen, ICI 182,780 (ICI; Faslodex; Fulvestrant) was obtained from 

Tocris Bioscience (Ellisville, MO). The autophagy inhibitor, 3-methyladenine (3MA) 

was obtained from Sigma Aldrich (St. Louis, MO). Acridine orange was obtained from 

EMD Biosciences (San Diego, CA) and ethidium bromide was obtained from 

Invitrogen (Carlsbad, CA). The Bcl-2 inhibitor YC137 was generously provided by Dr. 

York Tomita (Lombardi Comprehensive Cancer Center at Georgetown University, 

Washington, DC) (231). Cells treated with tunicamyin (EMD Biosciences) were used 

as a positive control for LC3I cleavage to LC3II.  

 

3.2.2  RNA isolation and quantitative real time PCR 

  Total RNA was isolated using the Trizol method from independent cell cultures. 

RNA concentrations were determined by comparing the optical density ratios (260:280 
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nm) obtained spectrophotometrically using the Nanodrop 1000 (Thermoscientific, 

Wilmington, DE). 1 µg of RNA was then treated with DNase I (Invitrogen) prior to 

reverse transcription using SuperScript II Reverse Transcriptase (Invitrogen) and oligo 

d(T)16 primers (Applied Biosystem, Foster City, CA). For each cDNA sample a qPCR 

reaction and a standard curve were established using TaqMan Universal PCR Master 

Mix and the following TaqMan Gene Expression Assay primers (Applied Biosystems): 

Bcl-2 = Hs00608023_m1; Bcl-w (BCL2L2) = Hs00187848_m1; and the housekeeping 

gene RPLP0 = Hs99999902_m1. Each reaction (10 µl) was run in triplicate in 384-well 

plates on an ABI Prism 7900HT Sequence Detection System using the absolute 

quantification protocol specified by the manufacturer. Expression data for each 

reaction was estimated relative to the housekeeping control gene expression data.  

 

3.2.3  Transient transfection and promoter-reporter assays  

 Cells were plated in 12-well plastic tissue culture plates at a density of 60,000 

cells/well and allowed to incubate for 24 h prior to co-transfection with 0.4 µg of full 

length BCL2 promoter-luciferase reporter plasmid (a kind gift from Dr. Linda Boxer, 

Stanford University Medical Center (232, 233)) and 0.004 µg of the phRL-SV40—

Renilla control plasmid containing the Renilla luciferase gene (Promega, Madison, 

WI). The Fugene 6 transfection reagent (Roche Diagnostics, Indianapolis, IN) was 

used to carry out the transfection. Twenty-four hours after transfection, cells were 

treated with ICI or ethanol vehicle and incubated overnight. The cells were then lysed 
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and activation of the Bcl-2 promoter was measured using the Dual Luciferase Assay 

Kit (Promega) according to the manufacturer’s protocol. The Lumat LB 9501 

luminator (EG&G Berthold, Bundoora, Australia) was used to measure luminescence; 

Renilla luminescence values (constitutive expression) were used for normalization.  

 

3.2.4  siRNA transfection and lentiviral shRNA infection  

Cells were plated in 6-well plastic tissue culture plates at a density of 100,000 

cells/well and allowed to incubate for 24 h prior to siRNA transfection. Bcl-2, Bcl-w 

(Dharmacon, Lafayette, CO) and control siRNA (Santa Cruz Biotechnology, Santa 

Cruz, CA) were each diluted to a 100 nM siRNA solution. Transfection was carried out 

according to the Dharmacon siRNA transfection protocol using the Lipofectamine 

2000 transfection reagent (Invitrogen). Twenty-four hours after transfection, cells were 

treated with ICI, 3MA, a combination of the two, or ethanol vehicle for 48 h. 

Additional assays were performed 48 h after treatment (72 h after transfection). 

 For the lentiviral infection, cells were plated at a density of 10,000 cells/well and 

allowed to incubate for 24 h prior to shRNA infection. Beclin-1 lentiviral particles and 

control lentiviral particles were purchased from Dharmacon (Lafayette, CO). The 

transfection was carried out according to the Dharmacon SMARTvector shRNA 

lentiviral particle infection protocol using Polybrene (Millipore). 
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3.2.5  Western blotting 

 Cells were grown in either 6- or 12-well tissue culture plates before lysis. To 

determine the effects of YC137, ICI, and/or 3MA on protein expression, cells were 

treated with vehicle, 100 – 500 nmol/L ICI, 350 µmol/L 3MA, and/or 400 nmol/L 

YC137 for 24-72 h. Cells were then lysed in radioimmunoprecipitation assay buffer 

[150 mmol/L NaCl, 50 mmol/L Tris (pH 7.5), 1% Igepal CA-630, and 0.5% 

deoxycholate] supplemented with Complete Mini protease inhibitor cocktail tablets 

(Roche) and 1 mmol/L sodium orthovanadate phosphatase inhibitor (Sigma). 

Approximately 20 µg of total protein was isolated from both treated and untreated cell 

populations and size fractionated by electrophoresis using Invitrogen NuPage 10% or 

12% Bis-Tris gels. The gels were then transferred onto nitrocellulose membranes and 

blocked in a solution of TBS/0.1% Tween-20 (TBST), pH 7.4, and blocked in a milk 

solution (nonfat cow’s milk diluted to 10% in TBST) for 30 min with constant 

agitation. After blocking, the nitrocellulose membrane was washed with TBST (x3 for 

15 min) and incubated with the following antibodies; mouse monoclonal BCL2 

primary antibody (1:1000; Assay Designs, Ann Arbor, MI), rabbit monoclonal BCL-W 

primary antibody (1:500; Cell Signaling, Danvers, MA), rabbit polyclonal LC3B 

primary antibody (1:500; Cell Signaling), mouse monoclonal SQSTM1/p62 primary 

antibody (1:500; Abcam, Cambridge, MA) diluted in TBST overnight. The membranes 

were then washed with TBST (x3 for 15 min) and incubated for 1 h in anti-mouse or 

anti-rabbit horseradish peroxidase-conjugated IgG (Amersham Biosciences, 
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Piscataway, NY) at a 1:5000 dilution (room temperature). Following final washing of 

the membrane in TBST, antigen-antibody complexes were visualized using the ECL 

detection system (Amersham Biosciences) and SuperSignal Chemiluminescent 

Substrate (Thermoscientific). Protein expression was quantified using densitometric 

analysis and the data (mean ± SE) are presented as the ratio of target protein:βactin 

signals. 

 

3.2.6  Cell proliferation 

 Cells were first plated in 96-well plastic tissue culture plates (5,000 cells per well) 

and then treated with ICI, YC137, 3MA, a combination of the three, or ethanol vehicle 

for 7 days. Following treatment, cells were washed with PBS, stained with a crystal 

violet staining solution (234), and allowed to dry for 48-72 h. After drying, sodium 

citrate buffer was added to each well and allowed to incubate for 5 min at room 

temperature. Absorbance was measured at 450 nM using a microplate reader (Biorad, 

Hercules, CA). 

 

3.2.7  Cell cycle, apoptosis and necrosis 

 For cell cycle analysis, the cells were first plated in 6-well plastic tissue culture 

plates (80,000 – 100,000 cells per well). Cells were then treated with ICI, YC137, 

3MA, a combination of the three, or ethanol vehicle for 48 h, harvested, fixed, and 

analyzed for alterations in cell cycle by fluorescence activated cell sorting (FACS). All 
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FACS analyses were performed by the Lombardi Comprehensive Cancer Center Flow 

Cytometry Shared Resource. To measure apoptosis, the cells were plated in 6-well 

tissue culture plates, treated with ICI, YC137, 3MA, a combination of the three, or 

ethanol vehicle for 48 h, harvested, and stained as described in the TACS Annexin V 

Kit (Trevigen, Gaithersburg, MD). Apoptosis was measured by counting cells stained 

green by Annexin V-FITC. Necrosis was measured by counting the cells stained red by 

propidium iodide (PI). Morphologic analysis of necrosis also was performed. Cells 

were plated into 6-well chamber slides 24 h prior to treatment with ethanol vehicle, ICI 

and/or YC137. The cells were then cultured 48 h prior to adding 300 µl of acridine 

orange/ethidium bromide solution (100 µg/ml acridine orange in PBS:100 µg/ml 

ethidium bromide in PBS). Stained cells were mixed gently, washed twice with PBS, 

and examined using an Olympus IX-70 confocal microscope with 488 nm and 633 nm 

excitation lasers. Fluorescence emission was separately detected for each fluorophore 

in optical sections <1 µm in thickness (pinhole set to achieve 1 Airy unit). 

 

3.2.8  Mitochondrial membrane permeability  

 Cells were plated in black, 96-well dishes (5000 cells per well) one day prior to 

treatment with ICI, YC137, 3MA, a combination of the three, or ethanol vehicle. The 

cells were then cultured 18-20 h prior to adding 100 µl of JC-1 dye solution 

(Invitrogen) per well for 25 min at 37°C. Cells were then washed with warm PBS and 
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green fluorescence (485 nm excitation/535 nm emission) was measured on a Wallac 

Viktor2 1420 Multilabel Counter (Perkin-Elmer, Boston, MA). 

 

3.2.9  Statistical Analyses  

 Student’s t-test was used to determine differences between the cell lines for Bcl-2, 

Bcl-w, LC3, p62 expression and luciferase promoter-reporter assays. One-way 

ANOVA was used to determine overall significant differences following treatment in 

the cell proliferation, cell cycle, apoptosis, and MMP assays. All statistical analyses 

were performed using SigmaStat version 3.0. Where appropriate, the nature of drug 

interactions (synergy, antagonism, additivity) was assessed using the relative index 

estimation (271).  

 

3.3  Results 

3.3.1  Bcl-2 and Bcl-w expression is upregulated in ICI/TAM-cross-resistant 

breast cancer cells 

 To determine whether endogenous Bcl-2 and Bcl-w are overexpressed in resistant 

cells, we examined protein levels in control and ICI-treated resistant and sensitive cell 

lines. Bcl-2 expression is significantly higher in ethanol control, 24 h and 72 h ICI-

treated MCF-7/LCC9 cells when compared to MCF-7/LCC1 cells (ANOVA p=0.002; 

Figure 3.1). Bcl-w expression is significantly lower in MCF-7/LCC1 cells, after 24 h 

of ICI treatment, when compared to the ethanol control and MCF-7/LCC9 cells. 
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However, both sensitive and resistant cells have a significant increase in Bcl-w 

expression after 72 h of ICI treatment when compared to the ethanol treated (ANOVA 

p=0.004; Figure 3.2). Expression of antiapoptotic Bcl-2 family protein MCL-1 was 

also examined and there is no difference in protein expression when comparing 

sensitive and resistant cells (data not shown). 

 To determine if Bcl-2 is transcriptionally regulated in antiestrogen-resistant cells 

we measured basal and ICI-treated Bcl-2 promoter activity using a Bcl-2-luciferase 

promoter-reporter assay. Transfection efficiency was measured by co-transfecting cells 

with a constitutively expressed Renilla luciferase gene. Basal Bcl-2 promoter activity 

is increased approximately 14-fold in MCF-7/LCC9 cells (p<0.003; Figure 3.3) when 

compared to MCF-7/LCC1 cells. These data suggest that the transcriptional regulation 

of basal Bcl-2 expression is altered in MCF-7/LCC9 cells.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

Figure 3.1   Increased expression of Bcl-2 in ICI/TAM-cross-resistant MCF-

7/LCC9 cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Bcl-2 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Bcl-2:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA P = 0.002, p=0.017 for 24 hour ICI treated 

MCF-7/LCC1 vs MCF-7/LCC9, and p<0.05 for 72 hour ICI treated MCF-7/LCC1 

vs MCF-7/LCC9. Inset, a representative blot 
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Figure 3.2   Increased expression of Bcl-2 and Bcl-w in ICI/TAM-cross-

sensitive and –resistant breast cancer cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Bcl-w monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Bcl-2:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA P = 0.004, p<0.05 for MCF-7/LCC1 vs MCF-

7/LCC9, and p<0.03 for ICI treated vs control treated . Inset, a representative blot. 
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Figure 3.3   Increased basal Bcl-2 promoter activity in ICI/TAM-cross-

resistant MCF-7/LCC9 cells 

Cells were seeded in 12-well plates and cotransfected with Bcl-2 promoter-

luciferase and pCMV-Renilla constructs for 24 hours prior to lysis and luminescent 

detection (to examine basal promoter activity) Bars represent the mean ± SE of the 

relative Bcl-2-luciferase:Renilla luciferase activity for a single representative 

experiment performed in triplicate. p < 0.003 for MCF-7/LCC9 vs MCF-7/LCC1.  

Raw data:  LCC1 – Luciferase 870 - 950; Renilla 2279815 – 2506635, LCC9 – 

Luciferase 450 – 540; Renilla 76193 – 95935 
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3.3.2  Small molecule Bcl-2 inhibitor  restores ICI 182,780 sensitivity by 

increasinges necrotic but not apoptotic cell death in antiestrogen-resistant cells. 

We hypothesized that, if Bcl-2 expression is responsible for the resistance 

phenotype, its inhibition should restore some level of antiestrogen sensitivity. The 

BCL2 inhibitor used for this study, YC137, inhibits several antiapoptotic Bcl-2 family 

members (Bcl-2, Bcl-w, and MCL-1; not Bcl-xL) (247).  Microarray studies of MCF-

7/LCC1 and MCF-7/LCC9 show no significant increases in antiapoptotic MCL-1 or 

Bcl-xL in the resistant cell line (Table 3.1)   MCF-7/LCC1 and MCF-7/LCC9 cells 

were plated into 96-well plates and treated with YC137 (400 nmol/L) and ICI (20 

nmol/L and 500 nmol/L) for seven days. Total cell number is significantly decreased 

after seven days of treatment with both concentrations of ICI, and/or YC137 treatment 

in MCF-7/LCC1 cells, when compared to the ethanol treated controls (ANOVA 

p<0.001; Figure 3.4). The calculated relative index RI=2.56 (20 nmol/L ICI) and 

RI=1.23 (500 nmol/L ICI) suggest a strong synergistic interaction between 20 nmol/L 

ICI and YC137; the weaker interaction between 500 nmol/L ICI and YC137 may 

reflect the high potency of 500 nmol/L ICI alone in MCF-7/LCC1 cells. In the resistant 

cells, neither ICI nor YC137 alone have any effect on cell proliferation. However, a 

decrease in total cell number is consistently seen after combined treatment with both 

YC137 and ICI (ANOVA p=0.001; Figure 3.4). For the YC137 and ICI combination 

treatment in resistant cells, the calculated relative index RI=1.56 suggests a synergistic 

interaction between the two drugs.  
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 To determine if YC137 acts by increasing apoptosis, MCF-7/LCC1 and MCF-

7/LCC9 cells were treated with a combination of YC137 and ICI for 48 hours. 

Apoptosis was evaluated by measuring FITC-Annexin V and PI staining by FACS 

analysis. Unlike MCF-7/LCC1 cells, treatment with YC137 only, ICI only, or the 

combination of YC137 and ICI does not induce apoptosis in MCF-7/LCC9 cells (data 

not shown). Cells stained with propidium iodide (PI) are generally considered to be 

undergoing necrosis. In the presence of the YC137 and ICI combination treatment, 

MCF-7/LCC9 cells display a significant increase in PI staining when compared to 

MCF-7/LCC1 cells (p=0.036; Figure 3.5).  

Whether the effects of YC137 are driven by inhibition of Bcl-2, Bcl-w, or 

require inhibition of both proteins remains unclear. Thus, to determine the effects of 

specific Bcl-2 family members on the changes in cell death seen with YC137 treated 

cells, Bcl-2 and Bcl-w siRNA were used to knockdown concurrently both proteins. 

Resistant cells cotransfected with a combination of Bcl-2 and Bcl-w siRNA do not 

undergo apoptosis after ICI treatment (data not shown). However, we detect a 

significant increase in PI staining after Bcl-2 and/or Bcl-w knockdown and ICI 

treatment when compared to nonsilencing siRNA transfected cells (p<0.05; Figure 

3.6). Resistant cells transfected with a combination of Bcl-2 and Bcl-w siRNA have an 

increase in PI staining when compared to the Bcl-2 or Bcl-w siRNA alone and when 

compared to the EtOH control cells (p<0.05; Figure 3.6). We confirmed these 

observations using a second assessment of apoptosis. Cells were treated for 48 h prior 
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to staining with an acridine orange/ethidium bromide solution and visually examined 

by fluorescence microscopy. Images of viable cells (large, green nuclei), apoptotic 

cells (condensed, green nuclei), late apoptotic cells (condensed red nuclei), and 

necrotic cells (large, red-orange nuclei) were captured, with the predominate amount of 

necrotic cells seen in combination treated cells (YC137 and ICI combined) (Figure 

3.7). Together, these data show that Bcl-2/Bcl-w coinhibition in ICI treated MCF-

7/LCC9 cells increases necrotic cell death without significantly altering the rate of 

apoptosis. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

  

 

 

 

 

 

 Table 3.1:  Microarray analysis of MCL-1 and Bcl-xL 

 Fold change for resistant MCF-7/LCC9 cells relative to MCF-7/LCC1 cells 
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Figure 3.4   Bcl-2 and Bcl-w inhibition increases sensitivity to ICI 182,780 

Cells were treated with YC137 and/or ICI for 7 Days to examine cell proliferation.   

Bars represent the mean ± SE of relative cell proliferation (normalized to control 

EtOH treated cells) for a single representative experiment performed in triplicate. 

ANOVA P < 0.001, p<0.05 for MCF-7/LCC1 treated vs ctrl, YC137 and MCF-

7/LCC9 treated, p<0.05 for MCF-7/LCC9 treated vs ctrl, YC137 or ICI.   
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Figure 3.5  Bcl-2 and Bcl-w inhibition increases necrosis in ICI 182,78 treated 

MCF-7/LCC9 cells  

Cells were treated with YC137 and ICI for 48 hours to examine propidium iodide 

staining.  Bars represent the mean ± SE of relative propidium iodide staining 

(normalized to control EtOH treated cells) for three independent experiments.  P = 

0.036 for treatment vs control.  %cells stained:  LCC1 EtOH – 7.6, YC137+ICI – 

6.45; LCC9 EtOH – 11.36, YC137 – 19.4. 
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Figure 3.6  Bcl-2/Bcl-w knockdown increases necrosis in ICI 182,780 treated 

ICI/TAM-cross-resistant MCF-7/LCC9 cells 

Cells were transfected with siRNA 24 hours prior to treatment with ICI and 72 

hours prior to propidium iodide staining, and FACS analysis. P = 0.008 for ICI 

treated  Bcl-2 and Bcl-w siRNA combination transfected cells vs EtOH treated Bcl-

2 and Bcl-w siRNA combination transfected cells.  P<0.05 for Bcl-2 and Bcl-w 

siRNA combination vs nonsilencing, Bcl-2, or Bcl-w transfected cells and for ICI 

treated Bcl-2 or Bcl-w siRNA transfected cells vs ICI treated nonsilencing siRNA 

transfected cells.  Inset, a representative blot showing Bcl-2 and Bcl-w siRNA 

knockdown.   
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Figure 3.7  Visualization of necrosis following Bcl-2/Bcl-w inhibition and/or 

ICI 182,780 treatment in ICI/TAM-cross-resistant MCF-7/LCC9 cells 

Cells were treated with YC137 and/or ICI for 48 hours prior to staining with an 

acridine orange/ethidium bromide solution and visualizing using fluorescent 

microscopy.  L = viable cells, A = early apoptotic cells, LA = late apoptotic cells, 

N = necrotic cells 
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3.3.3  Inhibition of antiapoptotic Bcl-2 family members (Bcl-2 and Bcl-w) 

increases sensitivity to ICI 182,780 in antiestrogen-sensitive cells.  

 To determine the effect of Bcl-2 and Bcl-w inhibition in sensitive cells, MCF-

7/LCC1 cells were treated with increasing concentrations of YC137 to establish a dose 

response relationship. Five days of YC137 treatment had no effect; however, cell 

proliferation decreases significantly after seven days of treatment (ANOVA p<0.001; 

Figure 3.8). After 5 days of combination (YC137+ICI) treatment, YC137 was found to 

further decrease cell proliferation after treatment with each of the three doses of ICI 

(20 nM, 60 nM, and 100 nM) tested (ANOVA p<0.001; Figure 3.9). Results for a 20 

nM ICI treatment are also included in Figure 4. 

  

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8  Antiestrogen-sensitive cells’ response to five and seven day YC137 

treatment 

MCF-7/LCC1 cells were treated with the indicated concentrations of YC137 for 5 

and 7 days, at which time cell number was determined. Points represent the mean ± 

SE of relative proliferation (normalized to empty vector control).  ANOVA P < 

0.001, p<0.05 for YC137 vs control. 
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Figure 3.9  Bcl-2/Bcl-w inhibition increases sensitivity to ICI 182,780 on 

antiestrogen-sensitive MCF-7/LCC1 cells 

MCF-7/LCC1 cells were treated with ICI or a combination of YC137+ICI for 5 

days, at which time cell number was determined.  Points represent the mean ± SE  

of relative proliferation (normalized to empty vector control). ANOVA P < 0.001,  

p<0.001 forYC137+ICI treated cells vs ICI treated cells. 
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3.3.4  ICI 182,780 treatment combined with Bcl-2 and Bcl-w inhibition increases 

autophagy in resistant cells.  

 To determine if YC137 treatment acts by increasing autophagy, as might be 

expected from its effects on Bcl-2 (272), cells were treated with YC137 and/or ICI, 

lysed after 48 h and subjected to Western blot analysis for LC3 cleavage and p62 

reduction. During autophagy LC3 is cleaved to form LC3I and LC3II 

(phosphatidylethanolamine attached to the C terminus of LC3II). p62 binds to LC3 and 

is degraded during the process of autophagy (273). In MCF-7/LCC9 cells, there is a 

significant increase in LC3II expression after the combined treatment of YC137 and 

ICI when compared to EtOH control treated cells and MCF-7/LCC1 cells (ANOVA 

p<0.001; Figure 3.10). LC3II expression in the combination-treated cells is also 

significantly higher than in cells treated with either YC137 or ICI alone (ANOVA 

p<0.001; Figure 3.10). Consistent with the predicted increase in autophagy, p62 

expression is dowregulated in MCF-7/LCC9 cells treated with YC137 or YC137+ICI 

when compared to control treated cells; however, expression in the combination treated 

cells is significantly lower than in cells treated with either YC137 or ICI alone 

(ANOVA p<0.024; Figure 3.11). This decrease in p62 expression is also observed in 

the YC137 and ICI combination treated MCF-7/LCC1 cells when compared to control 

treated cells (ANOVA p<0.024; Figure 3.11).  

 To determine if Bcl-2 and Bcl-w knockdown can produce the same effect as 

YC137, MCF-7/LCC9 cells were transfected with both Bcl-2 and Bcl-w siRNA, 
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treated with ICI, lysed after 48 h, and subjected to Western blot analysis. Consistent 

with the effects of the Bcl-2 inhibitor, LC3II expression is significantly increased after 

ICI treatment combined with Bcl-2 and Bcl-w inhibition when compared to 

nonsilencing siRNA transfected cells (p<0.05) and ethanol treated control cells 

(p<0.05; Figure 3.12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.10  LC3II expression is upregulated in ICI 182,780 treated resistant 

MCF-7/LCC9 cells following Bcl-2/Bcl-w inhibition 

Approximately 20 µg of whole cell lysates from YC137 and/or ICI treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific LC3 monoclonal antibody.  Bars represent the 

mean ± SE of the relative LC3II:actin ratio (normalized to empty vector controls) 

for three independent experments.  ANOVA P < 0.001, p<0.001 for YC137+ICI 

treated cells vs  EtOH, YC137, and ICI treated cells. Inset, a representative blot.   

 

 

 

 116



 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 p62 expression is downregulated in ICI 182,780 treated resistant 

MCF-7/LCC9 cells following Bcl-2/Bcl-w inhibition 

Approximately 20 µg of whole cell lysates from YC137 and/or ICI treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific p62 monoclonal antibody. Bars represent the 

mean ± SE of the relative p62:actin ratio (normalized to empty vector controls) for 

three independent experments.  ANOVA P = 0.024, p<0.05 for treatment vs EtOH 

control and for YC137+ICI vs YC137 or ICI alone.   Inset, a representative blot.   
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Figure 3.12 LC3II expression increases following Bcl-2/Bcl-w combined 

knockdown in ICI 182,780 treated resistant MCF-7/LCC9 cells 

cells were transfected with siRNA 24 hours prior to treatment with ICI and 72 

hours prior to cell lysis.  Approximately 20 µg of whole cell lysates were separated  

by SDS PAGE and subjected to Western blot analysis with a specific LC3 

monoclonal antibody. Bars represent the mean ± SE of the relative LC3:actin ratio 

(normalized to empty vector controls) for three independent experments.  ANOVA 

P < 0.001, p<0.001 for Bcl-2 and Bcl-w siRNA combination treated with ICI vs 

EtOH control and nonsilencing ICI treated cells.  Inset, a representative blot. 
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3.3.5  Inhibition of antiapoptotic Bcl-2 family members (Bcl-2 and Bcl-w) and 

autophagy (3MA) increases apoptotic but decreases necrotic cell death.  

 To investigate the role of autophagy in cell proliferation and cell death after Bcl-2 

and Bcl-w inhibition, MCF-7/LCC1, MCF-7/LCC9, and LY2 cells were treated with 

the autophagy inhibitor, 3-methyladenine (3MA), in combination with ICI and YC137. 

Cell number significantly decreases following combination 3MA, YC137, and ICI 

treatment in resistant MCF-7/LCC9 cell lines (ANOVA p<0.001; Figure 3.13). 

However, treatment with a combination of YC137 and 3MA does not further decrease 

cell proliferation in the presence of ICI when compared to the combination of YC137 

and ICI alone (n.s.; Figure 3.13). The calculated relative index MCF-7/LCC9 cells (RI 

= 0.80) does not suggest a synergistic interaction between the autophagy inhibitor and 

combination therapy (YC137+ICI). 

 Autophagy can act as a form of programmed cell death (264, 265, 274, 275) or as a 

cell survival mechanism depending upon cell type and cellular environment (263, 276). 

To determine the effect of autophagy inhibition on cell death in both sensitive and 

resistant cell lines, we examined apoptosis, mitochondrial membrane permeability 

(MMP), and necrosis after treatment with 3-MA. The ICI-resistant LY2 cells express 

low basal levels of Bcl-2, Bcl-w, and LC3II, and do not display increased expression 

after ICI and/or YC137 treatment (data not shown). However, cell proliferation is 

significantly downregulated in the LY2 cells following YC137, ICI, and the 

combination treatment (YC137+ICI), but, similar to ICI-resistant MCF-7/LCC9 cells 
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the proliferation is lower in combination treated cells when compared to the individual 

treatments (ANOVA, p<0.001; Figure 3.14). Following treatment with the combination 

(3MA+YC137+ICI) Annexin staining increases significantly in resistant cells (MCF-

7/LCC9 and LY2) when compared to control treated cells, cells treated with each of 

3MA, YC137, or ICI alone, and the combination of YC137+ICI (p<0.001; Figure 

3.15). Antiestrogen-sensitive cells increase relative Annexin staining after all 

treatments except when treated with 3MA alone (p<0.001; Figure 3.15).  

We then determined if these effects were reflected in changes in the 

mitochondria by measuring the effects of these treatments on MMP. Consistent with 

the Annexin staining data, after only 18-20 h of treatment, MMP increases 

significantly in the MCF-7/LCC1 cells following treatment with ICI and YC137 alone, 

and after treatment with ICI combined with YC137 and/or 3MA. In contrast, MCF-

7/LCC9 cells exhibit increased MMP only after treatment with the 3MA+YC137+ICI 

combination (p<0.001; Figure 3.16). A decrease in PI staining occurs in resistant cells 

only after the addition of 3MA to the combination YC137+ICI (ANOVA p<0.001; 

Figure 3.17). There is no significant decrease in the number of cells in S-phase after 

treatment of resistant cells with YC137, ICI, YC137+ICI, 3MA, or the 

3MA+YC137+ICI combination when compared to control treated cells (n.s; Figure 

3.18). However, as expected, there is a decrease in the number of MCF-7/LCC1 cells 

undergoing S-phase after ICI, YC137+ICI, and 3MA+YC137+ICI treatment when 

compared to control treated cells (ANOVA, p=0.016; Figure 3.18). 
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 To establish further the roles of Bcl-2 and Bcl-w, we performed similar studies in 

Bcl-2/Bcl-w siRNA co-transfected resistant cells treated with ICI and/or 3MA. After 

treating the siRNA transfected MCF-7/LCC9 cells with a combination of ICI and 

3MA, we find a significant increase in relative Annexin staining in Bcl-2 and Bcl-w 

siRNA co-transfected cells when compared to nonsilencing siRNA, Bcl-2 siRNA or 

Bcl-w siRNA transfected MCF-7/LCC9 cells and nontreated cells (ANOVA p<0.001; 

Figure 3.19). A significant decrease in PI staining is also observed after BCL2/BCL-W 

knockdown in combination with ICI and 3MA treatment when compared to 

nonsilencing siRNA, BCL2 siRNA or BCL-W siRNA transfected MCF-7/LCC9 cells 

and nontreated cells (ANOVA p=0.05; Figure 3.20). These data suggest that autophagy 

plays a role in the regulation of both necrosis and apoptosis in antiestrogen resistant 

LY2 and MCF-7/LCC9 cells. 

  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13  Autophagy inhibition combined with Bcl-2/Bcl-w inhibition does 

not decrease cell proliferation more than Bcl-2/Bcl-w inhibition alone in 

resistant MCF-7/LCC9 cells 

Cells were treated with ICI, 3MA, YC137, or a combination of the three for 7 Days 

to examine cell proliferation.  Bars represent the mean ± SE of relative proliferation 

(normalized to empty vector control).  ANOVA P < 0.001, p<0.05 for treatment vs 

3MA, 3MA+ICI, or control treated cells. 
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Figure 3.14  Bcl-2/Bcl-w inhibition decreases cell proliferation in ICI 182,780 

treated resistant LY2 cells 

Cells were treated with ICI, YC137, or a combination of the two for 7 Days to 

examine cell proliferation.  Bars represent the mean ± SE of relative proliferation 

(normalized to empty vector control).  ANOVA P < 0.001, p<0.05 for treatment vs 

control treated cells and for YC137+ICI treated cells vs YC137 and ICI. 
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Figure 3.15  Combined autophagy inhibition and Bcl-2/Bcl-w co-inhibition 

increases apoptosis in resistant MCF-7/LCC9 and LY2 cells 

Cells were treated with YC137, ICI, 3MA, YC137+ICI, or a combination of 

YC137, ICI, and 3MA for 48 hours prior to Annexin staining. Bars represent the 

mean ± SE of the relative annexin staining (normalized to empty vector controls) 

for three independent experments. ANOVA P < 0.001, p<0.001 for treatment vs 

control and/or 3MA or treatment vs YC137, ICI, and YC137+ICI.  p<0.05 for LY2 

combo w/3MA vs control, 3MA, YC137, ICI, and YC137+ICI.   
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Figure 3.16  Autophagy inhibition and Bcl-2/Bcl-w co-inhibition increases 

MMP in ICI treated antiestrogen-sensitive and –resistant breast cancer cells 

Cells were treated with ICI, 3MA, YC137, or a combination for A. 8 hours  B. 12 

hours or  B. 18-20 hours prior to JC-1 staining. ANOVA P < 0.001, p<0.001 for 

treatment vs control or combination treatment vs ICI or YC137+ICI. 
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Figure 3.17  Combined autophagy inhibition and Bcl-2/Bcl-w co-inhibition 

decreases necrosis in resistant MCF-7/LCC9 and LY2 cells 

Cells were treated with YC137, ICI, 3MA, YC137+ICI, or a combination of 

YC137, ICI, and 3MA for 48 hours prior to PI Staining.  Bars represent the 

mean ± SE of the relative PI staining (normalized to empty vector controls) for 

three independent experments.  ANOVA P < 0.001, p<0.001 for YC137+ICI vs 

control, 3MA, YC137, or ICI.  %cells stained: LCC9 ctrl 6.8, 3MA 7.6, YC137 

6.0, ICI 7.3, YC137+ICI 12.1, combo with 3MA 7.1 
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Figure 3.18  Combined Autophagy inhibition and Bcl-2/w inhibition does not 

alter the cell cycle in the resistant cell line.   

Cells were treated with ICI, 3MA, YC137, or a combination for 48 hours prior to 

ethanol fixation and FACs analysis.  ANOVA P < 0.001, p<0.001 for treatment vs 

control or YC137 and for combination treatment vs ICI or YC137+ICI. 
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Figure 3.19  Combined autophagy inhibition and Bcl-2/Bcl-w knockdown (Bcl-

2/Bcl-w siRNA co-transfection)  increases apoptosis in ICI 182,780 resistant 

MCF-7/LCC9 cells 

MCF-7/LCC9 cells were transfected with a combination of Bcl-2 and Bcl-w siRNA 

24 hours prior to treatment with ICI and 3MA.  48 hours after treatment cells were 

stained with Annexin. Bars represent the mean ± SE of the relative annexin staining 

(normalized to empty vector controls) for three independent experments.  ANOVA 

P < 0.001, p<0.05 for 3MA+ICI vs control, ICI, or 3MA. 
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Figure 3.20  Combined autophagy inhibition and Bcl-2/Bcl-w knockdown (Bcl-

2/Bcl-w siRNA co-transfection)  decreases in ICI 182,780 treated resistant 

MCF-7/LCC9 cells 

MCF-7/LCC9 cells were transfected with a combination of Bcl-2 and Bcl-w siRNA 

24 hours prior to treatment with ICI and 3MA.  48 hours after treatment cells were  

stained with PI. Bars represent the mean ± SE of the relative annexin staining 

(normalized to empty vector controls) for three independent experments.  ANOVA 

P < 0.008, p<0.05 for treatment vs control and p<0.05 for Bcl-2/Bcl-w siRNA 

combination vs individual Bcl-2, Bcl-w, and nonsilencing siRNA. 
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3.3.6  Beclin-1 mediates key effects of YC137, Bcl-2 and Bcl-w.  

 Bcl-2 and Bcl-w regulate autophagy through their interaction with the autophagy 

protein Beclin-1 (262). While basal Beclin-1 expression levels are comparable in 

sensitive and resistant cells (data not shown), we could not exclude the possibility that 

its role is functionally different in these cellular contexts. Thus, we explored the 

mechanistic relationship between Bcl-2/Bcl-w and Beclin-1 (BECN1) using shRNA-

mediated knockdown of Beclin-1 in resistant cells. Beclin-1 shRNA effectively 

decreases Beclin-1 expression (approximate 5-fold) in MCF-7/LCC9 cells (p=0.029; 

Figure 3.21). Also, Beclin-1 shRNA infected MCF-7/LCC9 cells are more sensitive to 

YC137 (50 nmol/L) and ICI (500 nmol/L) than control infected cells, and cell 

proliferation is downregulated after treatment with YC137 and/or ICI (ANOVA, 

p<0.001; Figure 3.21). However, cell proliferation following YC137+ICI treatment is 

significantly lower than either treatment alone. For Beclin-1 knockdown combined 

with ICI treatment, the calculated relative index RI=1.23 suggests at least an additive 

interaction between the two drugs. Unlike control infected cells, apoptosis is 

upregulated in Beclin-1 shRNA infected cells treated with YC137 or YC137+ICI 

(ANOVA P<0.001; Figure 3.22). Furthermore, apoptosis is significantly increased in 

cells treated with YC137+ICI when compared to control, YC137, or ICI alone 

(ANOVA P<0.001; Figure 3.23). The level of necrosis is upregulated in control 

infected cells and downregulated in Beclin-1 shRNA infected cells treated with 

YC137+ICI (ANOVA P<0.05; Figure 3.24). These data strongly suggest that Beclin-1 
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knockdown, in combination with Bcl-2/Bcl-w co-inhibition, inhibits autophagy, 

restores ICI sensitivity, and increases apoptosis (not necrosis) in ICI treated MCF-

7/LCC9 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.21  Beclin-1 shRNA significantly downregulated Beclin-1 expression 

in MCf-7/LCC9 cells 

Approximately 20 µg of whole cell lysates from control and BECN1 shRNA 

infected MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Beclin-1 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Beclin-1:actin ratio (normalized to control cells) for three 

independent experiments.  p=0.029 for ctrl shRNA vs BECN1 shRNA. Inset, a 

representative blot.   
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Figure 3.22  Bcl-2/Bcl-w inhibition and/or ICI 182,780 treatment decreases 

proliferation in Beclin-1 shRNA infected MCF-7/LCC9 cells 

Control and Beclin-1 shRNA infected MCF-7/LCC9 cells were treated with YC137 

and/or ICI for 7 days to examine cell proliferation.   Bars represent the mean ± SE 

of relative cell proliferation (normalized to control EtOH treated cells) for a single 

representative experiment performed in triplicate. ANOVA P < 0.001, p<0.05 for 

treatment vs ctrl and BECN1 YC137+ICI vs BECN1 ctrl, YC137, and ICI.  
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Figure 3.23  Bcl-2/Bcl-w co-inhibition and/or ICI 182,780 treatment increases 

apoptosis in Beclin-1 shRNA infected MCF-7/LCC9 cells 

Control and Beclin-1 shRNA infected MCF-7/LCC9 cells were treated with 

YC137, ICI, or a combination of YC137 and ICI for 48 hours prior to Annexin 

staining. Bars represent the mean ± SE of the relative annexin staining (normalized 

to empty vector controls) for three independent experments. ANOVA P < 0.001, 

p<0.05 for BECN YC137 vs BECN1 ctrl and ICI, and BECN1 YC137+ICI vs 

BECN ctrl, YC137 and ICI.  %cells stained:  ctrl – 6.2, YC137 4.7, ICI 7.6, 

YC137+ICI 4.6; BECN-1 – ctrl 10, YC137 14.8, ICI 10.2, YC137+ICI  22.1 
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Figure 3.24  Bcl-2/Bcl-w co-inhibition in combination with ICI 182,780 

treatment decreases necrosis in Beclin-1 shRNA infected MCF-7/LCC9 cells 

control and Beclin shRNA infected MCF-7/LCC9 cells were treated with YC137, 

ICI, or a combination of YC137 and ICI for 48 hours prior to PI staining. Bars  

represent the mean ± SE of the relative annexin staining (normalized to empty 

vector controls) for three independent experments. ANOVA P < 0.05, p<0.05 for  

treatment vs ctrl, and BECN YC137+ICI vs BECN ctrl, YC137, and ICI.  %cells 

stained:  ctrl – 3.5, YC137 3.9, ICI 4.9, YC137+ICI 6; BECN-1 – ctrl 5.3, YC137 

5.5, ICI 5.59, YC137+ICI  5.0 
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3.4  Discussion 

 Antiestrogen resistance in breast cancer patients remains a major challenge for both 

physicians and patients (277). One proposed mechanism of resistance is the change in 

the expression of genes or proteins involved in tumor cell survival (144) but the precise 

genes associated with regulating cell fate in this context remain unclear. We now show 

that overexpression of antiapoptotic Bcl-2 family members, Bcl-2 and Bcl-w, occurs in 

resistant cells. Furthermore, co-inhibition of Bcl-2 and Bcl-w is required to restore 

sensitivity to antiestrogens, a process that is driven by increased autophagy and 

necrosis, but not apoptosis. Finally, we have shown that increased autophagy inhibits 

apoptotic cell death and activates necrotic cell death in resistant cells. 

 

3.4.1  Antiestrogen-resistant breast cancer cells have increased expression of Bcl-2 

and Bcl-w  

 In breast tumors, Bcl-2 expression measured prior to therapy correlates with ER 

expression and an improved response to antiestrogen therapy (211). However, Bcl-2 

levels decrease after TAM therapy, but only in those women that obtain a clinical 

benefit from the treatment (278). Apoptosis levels within breast tumors increase after 

the first 24 h of TAM treatment, but are markedly decreased 3-months later. Moreover, 

Bcl-2 expression is elevated in the residual (resistant) cancer cell population (279). We 

hypothesized that increased expression of the antiapoptotic Bcl-2 family members Bcl-
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2 and Bcl-w may play a role in antiestrogen resistance by allowing resistant cells to 

evade apoptosis. 

Bcl-2 expression is increased by estrogen in MCF-7 cells, and there are two 

estrogen-responsive elements in the Bcl-2 coding region (227). However, we have 

found that, in the absence of estrogen, there is an increase in basal and ICI treated Bcl-

2 promoter activity and mRNA expression (data not shown) in resistant cells when 

compared to sensitive cells. These observations are consistent with our previously 

published findings that there is increased transcriptional activity of two uipstream 

regulators of Bcl-2, the transcription factors NFκB and XBP1, in antiestrogen-resistant 

breast cancer cells (129, 184). Similar to mRNA levels, there is an increase in basal 

and treated Bcl-2 protein expression in resistant compared with sensitive cells. These 

data suggest altered transcriptional regulation of the Bcl-2 gene in some antiestrogen-

resistant breast cancer cells.  

 Bcl-w, like Bcl-2, forms complexes with proapoptotic Bcl-2 family members and 

regulates apoptosis by promoting cell survival (185). However, very little is known 

about Bcl-w expression and function in breast cancer. Since Bcl-w is overexpressed in 

some human colon cancer cells (186, 280) and its expression is regulated by estrogen 

in cerebrocortical neuron cultures (242), Bcl-w could also play a role in antiestrogen-

resistant cell survival. We show that Bcl-w expression is increased by ICI in both 

sensitive and resistant cells, suggesting that an increased co-expression of both Bcl-2 

and Bcl-w is required for antiestrogen resistance. Hence, the ICI-induce increase in the 
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expression of Bcl-w alone, as seen in the antiestrogen sensitive cells, has little effect on 

antiestrogen sensitivity unless accompanied by a concurrent increase in Bcl-2 as we 

detect in the resistant cells.  

 

3.4.2  Bcl-2 inhibition restores sensitivity to antiestrogens by increasing autophagy 

and necrosis.  

 The Bcl-2 family plays a significant role in the regulation of apoptotic cell death 

and specific, small-molecule inhibitors of Bcl-2 activity can restore sensitivity to other 

agents that induce apoptosis (246). Some of these compounds preferentially inhibit the 

proliferation of cells that express high levels of Bcl-2 (281). However, several 

antiapoptotic Bcl-2 family members also regulate autophagy through binding to and 

inhibiting the autophagy protein Beclin 1 (262, 282, 283). Studies have also shown that 

the inhibition of Bcl-2 can induce autophagy in some cancer cells (274, 284). After 

measuring the levels of apoptosis, autophagy, and necrosis in resistant MCF-7/LCC9 

and LY2 cells, we found that only the levels of autophagy and necrosis increase after 

the YC137 and ICI combination treatment, but there was no significant and concurrent 

increase in apoptotic cell death. Similar to the results found when examining apoptotic 

cell death, there is no increase found in MMP following YC137 and ICI combination 

treatment in resistant MCF-7/LCC9 cells.  

 We used Bcl-2 and/or Bcl-w siRNA to compare to the results seen with YC137. As 

expected, Bcl-2/Bcl-w co-inhibition has no effect on apoptosis in ICI treated MCF-
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7/LCC9 cells. However, similar to YC137 treated cells, both autophagy and necrosis 

increase after Bcl-2/Bcl-w co-inhibition in ICI treated MCF-7/LCC9 cells. Inhibition 

of antiapoptotic Bcl-2 family members, Bcl-2 and Bcl-xL, decreases cellular ATP and 

increases necrosis (but not apoptosis) in acinar cells hyperstimulated with CCK-8 

(285). Autophagy can activate necrosis in apoptosis-deficient mouse embryonic 

fibroblasts (286), and increased autophagosome formation is induced early during 

necrotic cell death and contributes to the cellular destruction that occurs during 

necrosis in Caenorhabditis elegans (287). These results suggest that Bcl-2/Bcl-w 

inhibition can increase antiestrogen sensitivity in resistant breast cancer cells by 

activating necrosis through the direct regulation of autophagy. 

  

3.4.3  Inhibition of Bcl-2, Bcl-w and autophagy increases apoptotic cell death in 

resistant cells  

 Inhibiting autophagy in TAM-resistant breast cancer cells can increase 

mitochondria-mediated apoptosis (288). With ICI resistance, we show that, when 

compared to Bcl-2/Bcl-w inhibition alone, the inhibition of autophagy, in combination 

with Bcl-2/Bcl-w co-inhibition in ICI treated resistant cells, increases mitochondria-

mediated apoptosis without further decreasing cell proliferation. We also observed a 

decrease in necrosis after inhibiting autophagy in combination with Bcl-2/Bcl-w 

inhibition. Cell cycle analysis shows no change in the number of cells undergoing S 

phase after 3MA, YC137, and ICI combination treatment. Our results strongly suggest 
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that autophagy plays a role in the regulation of cell death (necrosis or apoptosis) in ICI-

resistant breast cancer cells. 

 

3.4.4  Inhibition of Bcl-2 and Bcl-w increases ICI 182,780 sensitivity in sensitive cells 

 While the importance of restoring antiestrogen sensitivity in resistant cells is clear, 

we also measured YC137’s ability to increase ICI sensitivity in antiestrogen-sensitive 

breast cancer cells.  YC137 further increases ICI sensitivity in MCF-7/LCC1 after 5 

days of treatment with ICI when compared to ICI treatment alone. When antiestrogen 

sensitive cells are treated with ICI, there is a significant decrease in Bcl-2 expression. 

Therefore, YC137 may enhance ICI efficacy through co-inhibition of both Bcl-2 and 

Bcl-w. 

 

3.4.5  Bcl-2 and Bcl-w indirectly regulate necrosis through the direct regulation of 

autophagy and apoptosis  

 In summary, our studies strongly suggest that the Bcl-2/Bcl-w inhibition restores 

ICI sensitivity in antiestrogen-resistant cells and increases ICI sensitivity in 

antiestrogen-sensitive cells. Additionally, it is now evident that the overexpression of 

Bcl-2/Bcl-w is linked to determining cell fate through autophagy, apoptosis and 

necrosis, at least in ICI-resistant cells (Figure 3.25). We have also shown that Bcl-

2/Bcl-w inhibition increases autophagy and necrosis with no effect on the extent of 

apoptotic cell death (Figure 3.26). Finally, our data suggest that Bcl-2/Bcl-w indirectly 
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activate apoptosis and necrosis through the direct regulation of autophagy in ICI-

resistant cells (Figure 3.27). We have concluded that inhibition of Bcl-2/Bcl-w restores 

sensitivity in antiestrogen-resistant breast cancer cells by promoting an autophagy-

induced increase in necrosis. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Figure 3.25  Diagram of the relationship between Bcl-2/Bcl-w overexpression, 

autophagy, necrosis, and apoptosis in ICI-resistant cells treated with ICI 

182,780. 
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Figure 3.26  Diagram of the effect of Bcl-2/Bcl-w inhibition on autophagy, 

necrosis, and apoptosis. 
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Figure 3.27  Diagram of the effect of Bcl-2/Bcl-w inhibition in combination 

with autophagy inhibition on autophagy, necrosis, and apoptosis. 
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Chapter 4:   The Regulation and Interaction of Bcl-2 Family Members with 

Proteins Involved in Cancer Progression and Antiestrogen Resistance 

 

4.1   Introduction 

 Apoptotic cell death is a form of programmed cell death that occurs when a cell 

encounters a death stimulus. This process is required for the destruction of cells that 

are damaged or unwanted (including cancer cells) and apoptosis is essential for the 

development of the mammary gland (164).  Antiapoptotic and proapoptotic Bcl-2 

family members regulate apoptotic cell death through their interaction with each other 

and the mitochondria (256).  In the absence of a death signal, many of the family 

members localize to separate compartments (mitochondria, endoplasmic reticulum, and 

the nuclear membrane) (117, 256, 289, 290).  However, in nontransformed breast cells, 

following a death signal proapoptotic family members translocate to the mitochondrial 

membrane and initiate a caspase cascade that leads to apoptosis (291, 292).  In 

transformed cells, studies have shown that the overexpression of several antiapoptotic 

Bcl-2 family members can promote tumor cell survival through the dimerization of 

proapoptotic family members and suppression of mitochondrial mediated apoptosis 

(291). The Bcl-2 family’s regulation of apoptosis is most commonly associated their 

interaction with each other; however, these proteins are also regulated by, and interact 

with many other proteins, including other apoptotic and nonapoptotic proteins.    
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4.1.1   Proteins that regulate Bcl-2 family transcription 

A number of proteins have been found to regulate the transcription of Bcl-2 family 

members.  In vitro studies have shown that interferon consensus sequence binding 

protein (ICSBP) downregulates the transcription of the Bcl-2 gene in murine myeloid 

cell lines overexpressing BCR/ABL (293).  Studies have also shown that wild type p53 

can also downregulate the transcription of the Bcl-2 gene in breast cancer cells (240).  

In addition to transcriptional  downregulation of Bcl-2, proteins that have been shown 

to transcriptionally upregulate Bcl-2 family gene expression and promote breast 

tumorigenesis are inhibitor of DNA binding 1 (Id1) and beta protein 1 (BP1; DLX4 ) 

(241, 294).  In MCF-7 breast cancer cells, Id1 has been shown to downregulate Bax 

expression, upregulate Bcl-2 and Bcl-xL expression, and prevent apoptosis (294).  

Similarly, in MCF-7 cells, BP1 functions to transcriptionally activate Bcl-2 gene 

expression by directly binding to its P1 promoter and increasing Bcl-2 promoter 

activity (241).   

In estrogen-ERα mediated gene transcription, the ER has been found to interact 

with and stabilizes other transcription factors such as activator protein-1 (AP-1) and 

stimulating protein-1 (SP1) (295).  The AP-1 family includes several basic region 

leucine zipper proteins that can form homo- or heterodimers with each other (296).  

AP-1 is comprised of members of two families of phosphoproteins, Jun (c-jun, JunB, 

and JunD) and Fos (c-fos, Fra1, Fra2, and FosB) (297).  However, studies have shown 

that c-jun regulates bcl-2 gene transcription (296).  Jun and Fos proteins dimerize and 
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bind to a DNA sequence known as the 12-0-tetradecanoyl-14-phorbol acetate-

responsive element (TRE) (297).  Activation of AP-1 has been shown to enhance 

adaptive modifications in cells, resulting in the deregulation of apoptosis and cell 

survival (298).  Also, in clinical samples of hormone-responsive breast cancer, TAM-

resistance has been associated with increased AP-1 expression and activity (137).  

Like AP-1, the binding of SP1 to its response element is enhanced by estrogen-ER 

signaling (295).  SP1 belongs to a family of DNA binding proteins that have three 

conserved Cys2His2 zinc fingers (299, 300).  SP1 binds and acts through GC-rich 

binding sites and both estrogen and antiestrogens can activate SP1 transcriptional 

activity at binding sites (301). Studies have reported that ERα interacts with 

transcriptional machinery at the binding sites of both AP-1 and SP-1 (302-304). Perillo 

et al has shown that there are two EREs in the Bcl-2 gene coding region and that there 

are no ERE located in the bcl-2 promoter (227).  However, the interaction of ERα with 

AP-1 and SP1 at their binding sites in the Bcl-2 promoter has been shown to increase 

Bcl-2 gene transcription in 17-β-estradiol stimulated breast cancer cells (302).  We 

have examined the expression of these two transcription factors, AP-1 and SP1, to 

determine their role in the deregulation of bcl-2 gene transcription in antiestrogen-

resistant breast cancer cells.     
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4.1.2   Proteins that interact with Bcl-2 family members  

In addition to transcriptional regulation, studies have shown that Bcl-2 family 

protein function can regulate, and be regulated through, interactions with proteins 

involved in many signaling pathways.  The DNA repair protein, Ku70, is localized to 

the mitochondrial membrane and suppresses the apoptotic translocation of Bax to the 

mitochondria (305, 306).  The C terminus of Ku70 and the N terminus of Bax are 

required for the interaction of the two proteins.  This interaction between Ku70 and 

Bax prevents mitochondrial mediated apoptosis by sequestering Bax from the 

mitochondria (306).  In preliminary microarray data we discovered that the Ku70 gene 

is significantly upregulated in the ICI/TAM-resistant cell line.  Therefore, in this study 

we examined Ku70 expression in antiestrogen-sensitive and –resistant cell lines.   

 

4.2  Materials and Methods  

4.2.1 Cell Culture and Reagents 

MCF-7/LCC1 (ER+, estrogen independent, antiestrogen sensitive, MCF-7 variant; 

(229, 230)) and MCF-7/LCC9 (ER+, estrogen independent, TAM and ICI 182,780 

cross resistant, MCF-7 variant derived directly from MCF-7/LCC1 cells by selection 

against ICI 182,780; (230)) were routinely grown in CCS-IMEM and supplemented 

with 5% CCS-IMEM (Biofluids). All cells were maintained at 37°C in a humidified 

incubator with 95% air atmosphere and 5% CO2.  17β-estradiol and 4-

hydroxytamoxifen were obtained from Sigma Aldrich (St. Louis, MO). The 
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antiestrogen, ICI was obtained from Tocris Bioscience (Ellisville, MO). The Bcl-2 

inhibitor YC137 was generously provided by Dr. York Tomita at the Georgetown 

University Lombardi  (Washington, DC; (231)).   

 

4.2.2   Western blot analysis 

Cells were grown in either 6- or 12-well tissue culture plates before lysis.  To 

determine the effects of 4HT on protein expression, cells were treated with vehicle and 

1 µmol/L 4HT 24-72 hrs. Cells were then lysed in radioimmunoprecipitation assay 

buffer [150 mmol/L NaCl, 50 mmol/L Tris (pH 7.5), 1% Igepal CA-630, and 0.5% 

deoxycholate] supplemented with Complete Mini protease inhibitor cocktail tablets 

(Roche) and 1mmol/L sodium orthovanadate phosphatase inhibitor (Sigma).   

Approximately 20µg of protein (total protein) was isolated from both treated and 

untreated cell populations and size fractionated by electrophoresis using Invitrogen 

NuPage 10% or 12% Bis-Tris gels.  The gels were then transferred onto nitrocellulose 

membranes and blocked in a solution of TBS/0.1% Tween-20 (TBST), pH 7.4, and 

blocked in a milk solution (nonfat cow’s milk diluted to 10% in TBST) for 30 min with 

constant agitation.   

After blocking, the nitrocellulose membrane was washed with TBST (x3 for 15 

min) and incubated with the following antibodies; rabbit polyclonal AP-1  primary 

antibody (1:500; Sigma), rabbit polyclonal SP1 primary antibody (1:500; Abcam, 

Cambridge, MA), mouse monoclonal Ku70 primary antibody (1:500; Abcam), rabbit 
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polyclonal Beclin 1 primary antibody (1:500; Cell Signaling) diluted in TBST 

overnight.  The membranes were then washed with TBST (x3 for 15 min) and 

incubated for 1 hr in anti-mouse or anti-rabbit horseradish peroxidase-conjugated IgG 

(Amersham Biosciences, Piscataway, NY) at a 1:5000 dilution (room temperature).  

Following final washes of the membrane in TBST, antigen-antibody complexes were 

visualized using the ECL detection system (Amersham Biosciences) and SuperSignal 

Chemiluminescent Substrate (Thermoscientific).  Protein expression was quantified 

using densitometric analysis and the data (mean ± SE) are presented as the ratio of 

target protein:βactin signals. 

 

4.2.3   Lentiviral shRNA infection 

Cells were plated in 6-well plastic tissue culture plates at a density of 10,000 cells/well 

and allowed to incubate for 24 hrs prior to shRNA infection.  Beclin lentiviral particles 

and control lentiviral particles were purchased from Dharmacon (Lafayette, CO). The 

transfection was carried out according to the Dharmacon SMARTvector shRNA 

lentiviral particle infection protocol using the Polybrene (Millipore) One week after 

infection, cells were treated with ethanol vehicle, ICI, YC137, or a combination of 

YC137 and ICI. Additional assays were performed 48 hrs or 7 days after treatment. 
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4.2.4   Cell proliferation assay 

For total cell quantitation, cells were first plated in 96-well plastic tissue culture plates 

(5000 cells per well).  Cells were then treated with ethanol vehicle, ICI, YC137, or 

combination of ICI and YC137 for 7 days.  Following treatment, cells were washed 

with PBS, stained with a crystal violet staining solution, and allowed to dry for 48-72 

hrs.  After drying, sodium citrate buffer was added to each well and allowed to 

incubate for 5 min at room temperature.  Absorbance was measured at 450 nM using a 

microplate reader (Biorad, Hercules, CA). 

 

4.2.5   Apoptosis and necrosis analysis 

To measure apoptosis, the cells were plated in 6-well tissue culture plates, treated with 

ICI, YC137, 3MA, a combination of the three, or ethanol vehicle for 48 hours, 

harvested, and stained as described in the TACS Annexin V Kit (Trevigen, 

Gaithersburg, MD).  Apoptosis was measured by by fluorescence activated cell sorting 

(FACS) of Annexin V stained cells.  Necrosis was measured by fluorescence activated 

cell sorting (FACS) of propidium iodide (PI) stained cells. (Lombardi Comprehensive 

Cancer Center, Flow Cytometry Shared Resource). All FACS analyses were performed 

by the Lombardi Comprehensive Cancer Center Flow Cytometry Shared Resourse.   
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4.2.6   Statistical Analyses 

Student’s t-test was used to determine differences between in AP-1, SP1, Ku70, and 

Beclin 1 expression.  One-way ANOVA was used to determine overall significant 

differences following treatment in the cell proliferation, apoptosis, and necrosis.  All 

statistical calculations were performed using SigmaStat version 3.0. 

 

4.3   Results 

4.3.1   AP-1, but not SP1, expression is deregulated after long term ICI treatment 

in ICI/TAM-resistant breast cancer cells. 

 AP-1 expression was measured in 4HT and ICI treated ICI/TAM-sensitive MCF-

7/LCC1 cells and -resistant MCF-7/LCC9 cells. The AP-1 antibody was designed to 

recognize 39 kDa c-jun; however, the antibody also recognizes 41 kDa JunB, which 

may account for the upper band. After 4HT treatment there is no significant difference 

in AP-1 expression found when comparing either the sensitive and resistant cell lines, 

or when comparing control treated cells to 4HT treated cells (n.s.; Figure 4.1).  

However, after 72 hours of ICI treatment, AP-1 expression is significantly upregulated 

in the resistant MCF-7/LCC9 cells when compared to control treated and MCF-

7/LCC1 cells treated for 72 hours (ANOVA P<0.05; Figure 4.2).  Like AP-1 

expression, after 4HT treatment there is no significant difference in SP1 expression 

found when comparing the sensitive and resistant cell lines or when comparing control 

treated cells to 4HT treated cells (n.s.; Figure 4.3).  Similarly, there is no significant 
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difference in SP1 expression after ICI treatment in either cell line (n.s.; Figure 4.4)  

These data suggest that the transcriptional activity of AP-1, not SP1, may contribute to 

the deregulation of Bcl-2 expression (shown in Chapter 3) in ICI treated MCF-7/LCC9 

cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

Figure  4.1   AP-1 expression is not deregulated in 4HT treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific AP-1 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative AP-1:actin ratio (normalized to control cells) for three 

independent experiments.  Inset, a representative blot. 
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Figure  4.2   AP-1 expression is upregulated in 72 hour ICI treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific AP-1 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative AP-1:actin ratio (normalized to control cells) for three 

independent experiments.  ANOVA p <0.05, p<0.05 for LCC9 72 ICI vs LCC9 

EtOH and LCC1 72 ICI. Inset, a representative blot. 
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Figure  4.3   SP1 expression is not deregulated in 4HT treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific SP1 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative SP1:actin ratio (normalized to control cells) for three 

independent experiments.  Inset, a representative blot. 
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Figure  4.4   SP1 expression is not deregulated in ICI treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific SP1 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative SP1:actin ratio (normalized to control cells) for three 

independent experiments.  Inset, a representative blot. 
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4.3.2   Ku70 expression is not deregulated in 4HT or  ICI treated ICI/TAM-

resistant breast cancer cells. 

 Ku70 protein expression was examined in 4HT and ICI treated MCF-7/LCC1 and 

MCF-7/LCC9 cells to determine if protein expression correlates with Ku70 gene 

expression obtained from our preliminary microarray data.  After 4HT treatment, we 

determined that there is no significant difference between antiestrogen-sensitive and –

resistant cells when comparing Ku70 expression levels (n.s.  Figure 4.5).  Similarly, 

after ICI treatment, there was no significant difference in Ku70 expression when 

comparing the sensitive and resistant cell lines (n.s.; Figure 4.6).  These data suggest 

that Ku70 does not affect the antiapoptotic:proapoptotic ratio in the ICI/TAM-resistant 

cell line. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure  4.5   Ku70 expression is not deregulated in 4HT treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Ku70 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Ku70:actin ratio (normalized to control cells) for three 

independent experiments.  Inset, a representative blot. 
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Figure  4.6   Ku70 expression is not deregulated in ICI treated ICI/TAM 

resistant cells 

Approximately 20 µg of whole cell lysates from 24 and 72 hour treated MCF-

7/LCC1 and MCF-7/LCC9 cells were separated by SDS-PAGE and subjected to 

Western blot analysis with a specific Ku70 monoclonal antibody. Nitrocellulose 

membranes were reprobed with β-actin to ensure equal loading. Bars represent the 

mean ± SE of the relative Ku70:actin ratio (normalized to control cells) for three 

independent experiments.  Inset, a representative blot. 
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4.4   Discussion 

 Bcl-2 family function can be altered by proteins that regulate gene transcription 

and by proteins that bind directly to Bcl-2 family members.  Many of these proteins 

have been examined to determine their relationship with Bcl-2 and their role in 

tumorigenesis.  Studies have shown that the deregulation of Bcl-2 function in tumor 

cells is directly related to the altered expression of several transcription factors or 

binding partners that regulate Bcl-2 expression and activity (241, 282, 293, 306).  In 

this study, we focused on the role of Bcl-2 family transcription factors and binding 

partners in antiestrogen-resistant breast cancer cells. 

 

4.4.1   AP-1 expression is upregulated after long term ICI treatment in ICI/TAM-

resistant breast cancer cells  

In previous studies we have determined that NFκB (p65/RelA), a known Bcl-2 

transcription factor, increases the expression of Bcl-2 and we have shown that this 

protein is upregulated in antiestrogen-resistant MCF-7/LCC9 cells (184). In addition to 

NFκB (p65/RelA), we have shown than an additional Bcl-2 transcription factor XBP1 

has increased expression in resistant MCF/LCC9 cells (129).  We are aware that in 

addition to NFκB and XBP1, other transcription factors may be responsible for the 

transcriptional deregulation of Bcl-2 gene expression; therefore, in this study we have 

examined several known Bcl-2 transcription factors to determine their role in 

antiestrogen-resistance. 
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 The transcription factor AP-1’s has two known binding sites within the Bcl-2 

promoter and its interaction with the ER increases its transcriptional activity (307). In 

past studies, the transcriptional activity of AP-1 has been implicated in the regulation 

of apoptotic cell death (297).  High levels of the activated AP-1 component, c-jun, 

have been found in 20% to 40% of breast tumors (308).  In MCF-7 cells 

overexpression of c-jun has been found to promote invasiveness and hormone-

independence (308).  Also, in breast tumors increased levels of c-jun and phospho-c-

jun were associated with increased invasion, TAM resistance, and an overall poor 

prognosis (308, 309).   

In this study we examined AP-1 expression in TAM and ICI treated ICI/TAM-

sensitive and –resistant breast cell lines.  After 4HT treatment we found no change in 

AP-1 expression in either the sensitive or resistant cell lines.  However, in ICI treated 

resistant MCF-7/LCC9 cells we found that AP-1 expression is upregulated, when 

compared to control treated cells and ICI treated sensitive MCF-7/LCC1 cells.   These 

data suggest that AP-1 may be responsible for the deregulation of bcl-2 gene 

transcription in ICI/TAM-resistant cells.  Dumont et al. has shown in in vitro studies 

that in hormone-independent, TAM-resistant breast cancer cells AP-1 activity is 

increased when compared to the hormone-dependent parental cell line (310).  

Therefore, we are aware that in addition to AP-1 expression, the transcriptional activity 

of AP-1 must also be examined in future studies to determine its direct affect on bcl-2 

gene transcription. 
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The transcription factor SP1 has approximately 17 binding sites within the Bcl-2 

promoter and its transcriptional activity can be regulated by estrogen-ER signaling 

(295).  Like AP-1, studies have determined that SP1 is involved in the regulation of 

apoptotic death (311).  Also, increased expression of SP1 in breast cancer tissues is 

linked to increased invasion, metastasis, and an overall poor prognosis (311).  

However, after examining SP1 in antiestrogen-sensitive and –resistant cells we found 

no change in SP1 expression.  These data suggest that SP1 does not contribute to the 

antiestrogen-resistant phenotype; however, like AP-1, the transcriptional activity of 

SP1 must also be examined in future studies to determine its direct affect on bcl-2 gene 

transcription. 

 

4.4.2   Ku70 expression is not altered in antiestrogen-resistant breast cancer cells 

 A large part of Bcl-2 family members’ function is occurs through their interactions 

with each other.  However, the Bcl-2 family of proteins can also interact with other 

proteins outside of the family.  We examined two proteins, Ku70 and Beclin 1, to 

determine their role in the deregulation of Bcl-2 family function and antiestrogen-

resistance.  As previously mentioned, Ku70 is a DNA repair protein that functions to 

repair DNA double strand breaks through nonhomologous end joining in mammalian 

cells (312).  Studies have shown the expression of Ku70 is often deregulated in many 

cancer cells lines (313).  However, additional studies have determined the knockdown 

of Ku70 in tumor cells can increase cellular sensitivity to genotoxic stresses that trigger 
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mitochondrial-mediated apoptosis (313, 314).  Recent research has found that this 

protein can also regulate apoptotic cell death through its interaction with and 

suppression of proapoptotic Bax (305, 306, 313).  In this study Ku70 was not 

upregulated in untreated or treated antiestrogen-resistant MCF-7/LCC9 cells.  

Therefore, our data does not support the idea that Ku70 expression is deregulated in 

antiestrogen-resistant breast cancer cell lines. 

  

 

 

 

 

 

 

  

 
 
 
 

 
 
 

 

 

 



 165

Chapter 5:   Discussion 

 

5.1   The Bcl-2 family may contribute to the development of the TAM-resistant 

phenotype 

The use of TAM as a form of adjuvant breast cancer therapy has been very 

effective in the treatment of ER-positive breast cancer.  In adjuvant therapy studies, 

TAM treatment reduces the odds of recurrence and mortality by 40% to 50% (315).  

Also, TAM treatment provides temporary remissions in 30% to 50% of breast cancer 

patients with metastatic breast disease (316). However, as previously mentioned, long 

term TAM treatment often leads to acquired resistance (145).  There are many 

proposed mechanisms of TAM resistance (i.e. changes in the expression of ERα and/or 

ERβ); however, the focus of our study is the Bcl-2 family and their role in the evasion 

of apoptosis in antiestrogen-resistant cells.   

 In antiestrogen-sensitive breast cancer cells, TAM treatment induces morphological 

changes consistent with apoptosis, including condensation of the cytoplasm and DNA 

fragmentation (196).  Also, Zhang et al has shown that TAM treatment can induce 

apoptosis by modulating Bcl-2 levels in breast cancer cells and that Bcl-2 expression is 

downregulated in breast cancer cells following TAM treatment (196).  Additionally, 

clinical studies have found that greater downregulation of the ER and Bcl-2 in breast 

tumors after 6 months of TAM therapy is correlated with a better prognosis and quality 

of response to therapy (317).  However, following long term TAM treatment recurrent 
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breast tumors that have acquired TAM-resistance often have increased Bcl-2 

expression (150).    Additionally, Callagy et al found that the expression of Bcl-2 is an 

independent prognostic marker of breast cancer and its expression, in combination with 

ER, PR, and HER2 expression, can predict recurrence in TAM-treated node negative 

breast cancer (179).  Studies have also shown that overexpression of the antiapoptotic 

Bcl-2 family members, Bcl-2 and Bcl-xL, can result in suppression of apoptosis and 

resistance to several anticancer drugs (50).  Therefore, increased Bcl-2 levels in breast 

cancer have been associated with the development of resistance and an increase in 

metastasis.  

Our findings show that there is deregulation of antiapoptotic Bcl-2 and Bcl-w 

expression occurring at the level of transcription in untreated and TAM treated 

resistant MCF-7/LCC9 cells (model for ICI/TAM-cross-resistance).  In a recent study, 

Planas-Silva et al determined that the overexpression of Bcl-2 in TAM-resistant breast 

cancer variants may contribute to the progression and metastasis following hormone 

therapy(318).  Therefore we hypothesized that; similar to the previously mentioned 

study, both Bcl-2 and Bcl-w may contribute to the TAM-resistant phenotype by 

suppressing apoptosis following TAM treatment.  However, we believed that these 

ICI/TAM-cross-resistant breast cancer cells are now more susceptible to cell death 

induced by Bcl-2 inhibitors. 

In vitro studies have found that the inhibition of Bcl-2 does not directly initiate the 

apoptotic process but is effective in enhancing the effects of deaths signals in many 



 167

different types of cancer, including breast, glioma, lymphoma, and small cell lung 

carcinoma (319, 320).  In the breast cancer cell line MCF-7, downregulation of Bcl-2 

enhances the effects of chemotherapeutic drugs (i.e. etoposide, doxorubicin, and 

cisplatin), and increases TAM sensitivity in antiestrogen-sensitive breast cancer cells 

(228, 320, 321).  Given the data from previous studies, one of the main objectives of 

our study was to determine if Bcl-2/Bcl-w inhibition can restore TAM sensitivity in 

antiestrogen-resistant cells.  However, Bcl-2/Bcl-w inhibition did not result in the 

restoration of TAM-sensitivity in the resistant breast cancer cells.  Our data suggest 

that, in our model of ICI-resistance/TAM cross-resistance, the overexpression of Bcl-2 

and Bcl-w is not required for TAM-resistance. However, because of the upregulation 

of Bcl-2 and Bcl-w expression, it is our theory that both proteins may contribute to the 

TAM-resistant phenotype (Figure 5.1A).  To test this theory, inhibition of Bcl-2 and/or 

Bcl-w using constitutive siRNA expression to create a stable MCF-7/LCC9 cell line 

can be used to examine each protein’s role in TAM-resistance.

 As previously mentioned, Bax and Bad are Bcl-2 and Bcl-w binding partners and 

both proapoptotic proteins regulate apoptotic cell death through their interaction with 

the mitochondria (215).  Bax expression is induced by γ-radiation, chemotherapeutic 

drugs and other forms of genotoxic stress (166, 199, 322).  The function of Bax is 

essential to mitochondrial mediated apoptosis and abnormalities in this proapoptotic 

protein have been found in approximately 50% of gastrointestinal and colon cancers 

(215, 323).  Bax is expressed in normal mammary epithelium and, unlike Bcl-2, its 
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expression is independent of estrogen (166, 289, 324).   In vitro studies have shown 

that increased Bax expression sensitizes breast cancer cells to radiation therapy by 

enhancing apoptotic cell death (325).  As previously mentioned, the primary function 

of proapoptotic Bad is to bind to and inhibit antiapoptotic protein activity (215).   

Similar to Bax, studies have shown that there is a lower level Bad expression in cancer 

cells and overexpression of Bad in breast tumors is associated with improved disease 

free survival of breast cancer patients (201).   

Proapoptotic Bcl-2 family members, Bax and Bad, were examined in this study to 

determine if their expression is deregulated in antiestrogen-resistant breast cancer cells.  

We have now shown that in the model for resistance to ICI and TAM, there is no 

difference in Bax or Bad expression when comparing the sensitive and resistant cell 

lines.  However, it is important to note that studies have shown that the ratio of 

antiapoptotic:proapoptotic Bcl-2 proteins ultimately determines a cell’s response to an 

apoptotic stimuli (117, 257, 260).  Thus, Bax and/or Bad’s interaction with their 

antiapoptotic Bcl-2 family binding partners should be examined in resistant cells.  

In the TAM only-resistance model we found that Bax and Bad expression is 

downregulated after short term TAM therapy, with expression significantly increasing 

after long term treatment.  These data suggest that TAM-cross-resistance (that occurs 

with ICI exposure) may be different from TAM-resistance (that occurs solely with 

TAM exposure). These data also suggest that the deregulation of Bax and Bad 

expression in the TAM-resistant cell line may promote TAM-resistance (Figure 5B); 
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however, we believe that this deregulation is not solely responsible for the TAM-

resistant phenotype.  To test this theory siRNA can be used to inhibit Bax and/or Bad 

expression and to determine if this alters TAM-sensitivity in sensitive MCF-7 cells.  

 

5.2   Antiapoptotic Bcl-2 family proteins may regulate apoptosis, autophagy, and 

necrosis in ICI-resistant breast cancer cells 

 As previously mentioned, Bcl-2 family proteins are well characterized regulators of 

apoptosis.  However, recent studies have suggested that antiapoptotic Bcl-2 proteins 

are also able to regulate autophagy and necrosis (326-328).  Autophagy is 

characterized by the sequestration of organelles into double and/or multi-membrane 

vacuoles and this process can be antiapoptotic or proapoptotic (depending upon the 

cellular environment) (261, 275).  Studies have determined that antiapoptotic Bcl-2 

family members are able to regulate autophagy through their interaction with 

evolutionarily conserved autophagy protein Beclin 1 (262).  In vitro studies using 

MCF-7 breast cancer cells have shown that the downregulation of Bcl-2 activates the 

process of autophagy (272, 274).  Similarly, the downregulation of antiapoptotic 

protein Bcl-xL activates autophagy in Hela cells (329).  Like results seen in past 

studies, we found that the inhibition of antiapoptotic Bcl-2 and Bcl-w increases 

autophagy following ICI treatment in breast cancer cells.  However, this phenomenon 

was only found in ICI-resistant breast cancer cells, which suggests that the inhibition 

of autophagy, by Bcl-2 and Bcl-w, may contribute to the ICI-resistant phenotype.    
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Necrosis is defined by the disruption of the plasma membrane and spillage of 

intracellular proteins that activate an inflammatory response (ultimately leading to cell 

death) (330).  Until recently, necrotic cell death has been considered as an unregulated, 

passive form of death; however, in recent studies there is evidence that this form of cell 

death can be regulated by specific proteins (including Bcl-2 family proteins) (330).  In 

vitro studies have found that MCF-7 cells expressing low levels of Bcl-2 undergo 

necrosis rather than apoptosis following treatment with antibiotic staurosporine (331).  

Similarly, in this study we determined that, like autophagy, necrosis is increased 

following Bcl-2/Bcl-w inhibition in ICI-resistant cells following ICI treatment.  These 

results suggest that, in ICI-resistant breast cancer cells, antiapoptotic Bcl-2 proteins 

may regulate both autophagy and necrosis.     

Given our data linking antiapoptotic Bcl-2 proteins to the regulation of autophagy 

and necrosis, we chose to further investigate the relationship between autophagy, 

necrosis, and apoptosis by inhibiting autophagy in resistant cells.  As previously 

mentioned in Chapter 3, increased autophagy can promote necrosis in apoptosis-

deficient cells and the inhibition of autophagy can promote apoptosis in antiestrogen-

resistant breast cancer cells (286, 288).  In this study we determined that Bcl-2/Bcl-w 

inhibition increases autophagy and necrosis in antiestrogen-resistant cells. However, 

similar to the previously mentioned studies, we also determined that the inhibition of 

autophagy (in combination with the inhibition Bcl-2/Bcl-w) decreases necrosis and 

increases apoptotic cell in resistant cells. Our findings strongly suggest that, in addition 
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to the direct regulation of apoptosis, antiapoptotic Bcl-2 family members can also 

indirectly regulate necrosis and apoptosis through the direct regulation of autophagy 

(Figure 5C).  This theory could be further tested by examining additional antiapoptotic 

Bcl-2 family members (i.e. Bcl-xL) that inhibit the function of Beclin-1 and 

determining their effect on autophagy, necrosis and apoptosis in antiestrogen-resistant 

breast cancer cells.  Additionally, our results also support studies that have determined 

that autophagy can delay or inhibit mitochondrial mediated apoptosis in breast cancer 

cells (263, 288).  Finally, these data help to prove that (in some cases) necrosis may act 

as a form of programmed cell death and that there may be a relationship between 

autophagy and necrotic cell death in antiestrogen-resistant breast cancer cells.   

 

5.3   AP-1 may play a role in the deregulation of Bcl-2 expression in ICI-resistant 

breast cancer cells 

Many studies have found that the transcriptional deregulation of Bcl-2 can promote 

and enhance tumorigenesis and drug resistance in breast cancer cells (129, 184, 310).  

In recent years, the expression and activity of several bcl-2 gene transcription factors 

have been found to be altered in antiestrogen-resistant breast cancer cells (129, 184, 

239).  Studies have determined that there is overexpression and/or increased 

transcriptional activity of transcription factors NFκB, XBP1, and AP-1 in antiestrogen-

resistant breast cancer (129, 137, 184).   
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Early publications from our lab found that the expression of both NFκB and XBP1 

is upregulated in the ICI/TAM-resistant cell line, MCF-7/LCC9 (129, 184).  However, 

until now, the expression of AP-1 had not been examined in this resistant cell line.   In 

this study we examined the expression of AP-1 in TAM and ICI treated antiestrogen-

resistant cells. Similar to NFκB and XBP1 expression, we found that AP-1 expression 

is significantly upregulated in the ICI/TAM-resistant cell line after long term ICI 

treatment.   These data help to support earlier studies suggesting that AP-1 activity may 

play a role in the antiestrogen-resistant phenotype in breast cancer (310).  Also, studies 

have determined that the ER can activate the transcriptional activity of AP-1; therefore, 

our data may help to shed light on the ER’s role in the deregulation of Bcl-2 gene 

expression and the development of antiestrogen resistance (307, 332). 

 

5.4   Major Discoveries 

• Bcl-2 and Bcl-w may contribute to TAM-resistance in breast cancer cells; 

however, their inhibition does not restore TAM sensitivity in the ICI/TAM-

cross-resistant MCF-7/LCC9 cell line. 

• Co-inhibition of Bcl-2 and Bcl-w restores and enhances ICI sensitivity in 

antiestrogen-resistant and –sensitive cell lines. 

• Bcl-2 and Bcl-w may regulate apoptosis, autophagy, and necrosis in ICI-

resistant breast cancer cells. 
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• AP-1 may play a role in the deregulation of Bcl-2 gene transcription in ICI-

resistant breast cancer cells. 

 

5.5   Future Directions 

 5.4.1   The role of the Bcl-2 family in TAM-resistance  

 We determined that deregulation of Bcl-2 family members, Bcl-2, Bcl-w, Bax, and 

Bad, expression is not required for the TAM-resistant phenotype.  However, we did 

find that there is overexpression of antiapoptotic Bcl-2 and Bcl-w in untreated and 4HT 

treated ICI/TAM-resistant breast cancer cells.  We also found that Bax and Bad 

expression is downregulated after short term TAM therapy in TAM-resistant cells. 

Given these data, we believe that additional antiapoptotic and proapoptotic Bcl-2 

family proteins should be examined to determine their role in the development of 

TAM-resistance.  We know that the ratio between antiapoptotic and proapoptotic Bcl-2 

family proteins ultimately determine a cell’s fate; therefore, we believe that the 

protein-protein interaction between the family members should be examined in 

antiestrogen-sensitive and resistant cell lines.   

 

5.5.2   The Bcl-2 family’s regulation of autophagy and necrosis in antiestrogen-       

  resistant breast cancer cells

We determined that the inhibition of antiapoptotic Bcl-2 family proteins, Bcl-2 and 

Bcl-w, can restore ICI sensitivity in resistant breast cancer cells.  Additionally, we 
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found that Bcl-2 and Bcl-w can regulate apoptosis, autophagy, and necrosis in ICI-

resistant breast cancer cells.  Given these data we believe that a combination of Bcl-2 

inhibitor, antiestrogen, and an autophagy inhibitor should be tested in an in vivo model 

to help establish clinical relevance.  It would also be of interest to examine the 

relationship between autophagy and necrosis and determine if there are additional 

signaling pathways that may promote the relationship between the two cellular 

processes in breast cancer cells. Additionally, although we have determined that there 

may be a link between antiapoptotic Bcl-2 family function and necrosis, we are not 

clear about the role of the mitochondria in necrotic cell death.  We suggest 

investigating this relationship by examining mitochondrial activity (i.e. using a 

cytochrome c oxidase activity assay) following Bcl-2/Bcl-w inhibition and ICI 

treatment in antiestrogen-sensitive and –resistant cell lines. 

 

5.5.3   The role of AP-1 in the deregulation of bcl-2 gene expression 

In this study, we determined that AP-1 is overexpressed in ICI treated ICI/TAM 

resistant cells.  However, in order to fully understand the relationship between AP-1 

and antiestrogen resistance, additional studies must be done to determine if there is 

increased AP-1 transcriptional activity in resistant cells. Also, increased expression of 

the AP-1 components c-fos and c-jun has been linked increased apopototic cell death; 

however, c-jun induced apoptosis is delayed by Bcl-2 expression (333, 334).  

Therefore, it is possible that the function of both AP-1 components may be altered in 



 175

resistant cell lines and they should be examined to determine their individual effects on 

Bcl-2 gene transcription.  Also, it is important to determine if there are differences in 

AP-1 DNA binding when comparing antiestrogen-sensitive and –resistant cell lines.  In 

addition, given the relationship of the ER with AP-1 activity, the protein-protein 

interaction of these two proteins should be examined in antiestrogen-sensitive and –

resistant cells. 

 

5.6   Conclusion 

In this study we have shown that the inhibition of Bcl-2 restores ICI-sensitivity in 

antiestrogen-resistant MCF-7/LCC9 cells and increases sensitivity in sensitive MCF-

7/LCC1 cells.  We have also determined that antiapoptotic Bcl-2 family members, Bcl-

2 and Bcl-w, regulate apoptosis, autophagy and necrosis in ICI-resistant cell lines.  

Therefore, our data clearly show that the Bcl-2 family plays a functional role in 

promoting ICI resistance by allowing breast cancer cells to evade cell.  However, it is 

likely that this family of proteins may also play a role in the development of TAM 

resistance but their role in TAM-resistance may differ from their role in ICI-resistance.   

Early studies from our lab show that there is overexpression of Bcl-2 gene 

transcription factors, NFκB and XBP1, in antiestrogen-resistant cells (129, 184).  In 

this study we have shown that there is also overexpression of (an additional bcl-2 gene 

transcription factor) AP-1 in ICI treated ICI/TAM-resistant MCF-7/LCC9 cells.  Our 

work now provides sufficient evidence to suggest that many transcription factors may 
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contribute to the deregulation of Bcl-2 expression and to the development of the ICI-

resistant phenotype. 

Finally, the data presented here have provided sufficient evidence to show that Bcl-

2 and Bcl-w are able to promote acquired ICI-resistance by inhibiting autophagy, 

necrosis, and apoptosis in breast cancer cells.  This suggests that the overexpression of 

antiapoptotic Bcl-2 family members may be a novel indicator of acquired antiestrogen 

resistance in breast cancer; however, further investigation is necessary. 
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Figure 5.1  The Bcl-2 family’s possible role in the TAM and ICI-resistant 

phenotypes 
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