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Breast cancer is the second leading cause of cancer deaths in women.  It is unclear 

whether there is a link between cigarette smoking and increased breast cancer risk.  Cigarette 

smoke contains over 4,000 compounds, over 80 of which have been identified as carcinogens.  

There is evidence to support the fact that smokers metabolize mammary carcinogens and human 

studies show that tobacco constituents can reach breast tissue where they produce their harmful 

effects.  In previous studies, it has been demonstrated that cigarette smoke condensate (CSC), 

which has a similar chemical composition as cigarette smoke, is capable of transforming the 

spontaneously immortalized human breast epithelial cell line, MCF10A, possibly through the 

upregulation of the anti-apoptotic gene, bcl-xl.  Upregulation of this gene impedes the apoptotic 

pathway and allows the accumulation of DNA damage that can lead to cell transformation and 

carcinogenesis.  In the present study, the mechanism of CSC-mediated transcriptional 

upregulation of bcl-xl gene expression in MCF10A cells has been determined.  The human bcl-xl 

promoter (pBcl-xLP) was cloned and putative transcription factor binding sites were identified.  

Deletion constructs that removed the putative cis-elements were transfected into MCF10A cells 

to determine which element or elements were responsive to CSC treatment.  The promoter 
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activity was significantly decreased in constructs lacking C/EBP-binding sites.  Site-directed 

mutagenesis of C/EBP-binding sites on the pBcl-xLP attenuated the CSC-induced increase in 

promoter activity.  Western blot, gel-shift, and super-shift analysis confirmed that C/EBPβ bound 

to a C/EBP-binding site on the pBcl-xLP. Additionally, overexpression of C/EBPβ isoforms, 

particularly, LAP2, stimulated pBcl-xLP activity and Bcl-xL protein levels in the absence of 

CSC treatment.  Site-directed mutagenesis of the C/EBP sites on the pBcl-xLP also altered the 

promoter response to the C/EBPβ overexpression constructs.  These results indicate that 

C/EBPβ-LAP2 regulates bcl-xl gene expression in response to CSC treatment.  Understanding 

the mechanism of transcriptional regulation of bcl-xl can be used to identify chemotherapeutic 

targets for the prevention and treatment of breast carcinogenesis, especially that induced by 

cigarette smoke carcinogens. 

  

 



 

CHAPTER 1 
INTRODUCTION 

Breast Cancer  

  Breast cancer is the most common cancer and is second only to lung cancer as the 

leading cause of cancer death in women.  The American Cancer Society estimates that in 2008, 

67,770 new cases of carcinoma in situ, the noninvasive, earliest form of breast cancer, will be 

diagnosed.  In addition, 182,460 new cases of invasive breast cancer will also be diagnosed in 

the United States (American Cancer Society, 2008).  Although breast cancer is 100-times more 

common in females, 1,990 men will be diagnosed with the disease this year (American Cancer 

Society, 2008).  In 2008, 40,480 women and 450 men will succumb to this disease (American 

Cancer Society, 2008).  Breast cancer death rates have decreased since 1990.  This decrease is 

believed to be the result of early detection, increased awareness, and improved treatment.  While 

breast cancer survival rates have improved about 14% since the 1970, this progress has not 

impacted all populations equally.  When controlled for age and stage at diagnosis, mortality rates 

vary among racial and ethnic groups (National Cancer Institute, 2007).  While minorities have 

generally have lower incidence rates, they have higher mortality and develop more aggressive 

forms of breast cancer (American Cancer Society, 2008).   

Ordered mammary epithelial architecture is critical to maintaining a differentiated state 

and control of cell proliferation (Bissell et al., 2003).  Disruptions of this ordered architecture can 

lead to breast carcinogenesis.  While the progression of colon cancer has been extensively 

described in a linear model (Fearon and Vogelstein, 1990; Polyak et al., 1996; Vogelstein et al., 

1988), the progression of breast carcinogenesis is less understood.  Breast cancer is considered a 

heterogeneous disease that develops along a continuum; the multi-step process begins at ductal 

or lobular atypical hyperplasia and progresses to invasive carcinoma and metastasis (Beckmann 
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et al., 1997; Russo and Russo, 2001).  Accumulation of genetic errors in growth control and 

DNA repair genes occur at each step (Beckmann et al., 1997).  Two classes of genes are affected 

during this progression: oncogenes and tumor suppressors.  Oncogenes and tumor suppressor 

genes regulate epidermal growth factor receptors and genes involved in cell cycle progression, 

proliferation, and apoptosis.  Oncogenes act to increase cell replication and decrease 

differentiation.  The activation of oncogenes, such as ras and c-myc, by mutation, amplification, 

or rearrangements are associated with tumorigenesis.  Alternatively, tumor suppressor genes 

such as TP53 and retinoblastoma (Rb) are associated with cell cycle regulation, differentiation, 

and apoptosis.  By definition, these genes act to prevent tumorigenesis.  The loss of tumor 

suppressor function makes cells more susceptible to tumorigenesis and results from a mechanism 

known as the Knudson’s “two-hit” hypothesis.  In this model, the loss of function results from 

two occurrences: the first “hit” is a germline mutation in one copy of the gene and the second 

“hit”, a somatic mutation or deletion in the second copy of the gene, results in the loss of gene 

function (Knudson, 1971). 

Cigarette Smoke Carcinogens 

Epidemiological evidence has shown that not only cigarette smoke, but also unburned 

tobacco is carcinogenic to man (Hoffmann and Wynder, 1968).  Cigarette smoke condensate 

(CSC), because of its similar composition, is used as a surrogate for cigarette smoke in 

experimental studies.  Studies have been aimed at identifying and classifying the carcinogenic 

constituents in CSC (Table 1-1).  Animal bioassays and advances in analytical chemistry 

techniques have brought the number of proven carcinogens in cigarette smoke to approximately 

80 (Hecht, 2002; Hoffmann et al., 2001; Smith et al., 2003).  The International Agency for 

Research on Cancer (IARC) and the Registry of Toxic effect of Chemical Substances (RTEC) 

have classified the components of cigarette smoke by potential carcinogenicity and bioactivity, 
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respectively.  The IARC classifies mainstream cigarette smoke as a Group 1 (known human) 

carcinogen (International Agency for Research on Cancer, 1985).  Other categories include: 

Group 2A, probably carcinogenic to humans, Group 2B, possibly carcinogenic to humans, and 

Group 3, not classifiable as to their carcinogenicity to humans (International Agency for 

Research on Cancer 1972-2000).  Studies have reviewed the IARC carcinogen groups found in 

cigarette smoke from Group 1 (Smith et al., 1997), Group 2A (Smith et al., 2000), and Group 2B 

(Smith et al., 2000a; Smith et al., 2001).  These compounds have also been ranked by potential 

toxicity using IARC and RTECS data.  The purpose of this study was to use concentration, 

metabolism, bioactivity, and lipophilicity to develop “effective toxicities” as a means to compare 

compounds and to identify the most toxic for further study (Smith and Hansch, 2000).  Effective 

toxicity was used to group the cigarette smoke components into six categories, I: rodent 

carcinogens and reproductive effectors, II: rodent carcinogens, III: reproductive effectors, IV: 

benign tumorigens, V: in vitro mutagens, and VI: compounds that have insufficient evidence of 

biological activity (Smith and Hansch, 2000).   

Polycyclic aromatic hydrocarbons (PAHs) were the first pure compounds shown 

experimentally to be carcinogenic and are complete (Hoffmann and Wynder, 1971; Whitehead 

and Rothwell, 1969; Wynder and Wright, 1957).  PAHs are ubiquitous environmental pollutants 

produced by the incomplete combustion of fossil fuels (Trombino et al., 2000) and during the 

burning of tobacco (Hoffmann and Wynder, 1968; Wynder, 1967).  Benzo[α]pyrene (B[α]P), 

which was first isolated from coal tar in the 1930s, is one PAH found in cigarette smoke.  B[α]P 

is a mammary carcinogen (el-Bayoumy et al., 1995) and was classified in the most bioactive 

category I by Smith and Hansch because it is a rodent carcinogen that causes reproductive effects 

(2000).  The PAH, 7, 12-dimethylbenzanthracene (DMBA), is another well-known mammary 
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carcinogen present in cigarette smoke (Kumar et al., 1990).  The strongest PAH carcinogen, 

dibenzo[alpha,l]pyrene (DB[α,l]P), is a very active mammary carcinogen that has a greater 

potency than DMBA (Cavalieri et al., 1991).  Other carcinogenic compounds in cigarette smoke 

include N-nitrosamines such as tobacco-specific, 4-(methylnitrosamino)-1-(3-pyridyl)-1-

butanone (NNK) and N-nitrosonornicotine (NNN).  Both of these compounds are rodent 

carcinogens and classified in category II (Smith and Hansch, 2000).  Aromatic amine and metals 

are also present in CSC (Hoffmann et al., 2001).  Strong carcinogens such as PAHs, 

nitrosamines, and aromatic amines occur in smaller amounts (1-200 ng per cigarette).  Weaker 

carcinogens, such as acetaldehyde, are present at larger concentrations (1 mg cigarette).  The 

total amount of carcinogens in cigarette smoke is about 1-3 mg per cigarette, and is similar to the 

amount of nicotine (Hecht, 2003). 

Smoking and Breast Cancer Risk 

One of the most prevalent negative effects cigarette smoking has on human health is 

cancer (American Cancer Society, 2008).  Currently, smoking accounts for approximately 30% 

of all cancer cases in developed countries (Doll, 1981; Peto et al., 1996; U.S.  Department of 

Human and Health Services, 1989).  Smoking causes about 90% of lung cancer cases worldwide.  

Therefore it the overwhelming cause of lung cancer, which is the leading cause of cancer death 

worldwide (International Agency for Research on Cancer, 2004).  Tobacco is the most extreme 

example of a systemic carcinogen (DeMarini, 2004) and causes cancer in more organ sites than 

any other human carcinogen identified thus far.  In addition to causing cancers of the lung, 

mouth, and esophagus, cigarette smoke has been linked to some leukemias and cancers of distant 

organs such as the pancreas, cervix, kidney, and stomach (U.S.  Department of Human and 

Health  Services, 2004).  Smoking is also proposed to be an initiator of colorectal carcinogenesis 
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(Giovannucci et al., 1994a; Giovannucci and Martinez, 1996; Giovannucci et al., 1994b; 

Services, 1994).   

Epidemiological Studies 

Environmental carcinogens have long been suspected to contribute to human breast 

cancer.  However, no specific agents have been fully implicated except radiation (John and 

Kelsey, 1993).  One such environmental factor is cigarette smoking.  Although lung cancer has 

been concretely linked to cigarette smoking, its relationship to other cancers such as those of the 

breast is more difficult to establish.   

Epidemiological studies reflect conflicting associations between cigarette smoking and 

increased breast cancer risk.  Most studies indicate that cigarette smoking has no effect on breast 

cancer risk (MacMahon, 1990; Palmer and Rosenberg, 1993).  A large population based study 

found no increased risk even with heavy smokers and those who started to smoke at an early age 

(Baron et al., 1996).  Other studies recorded that cigarette smoking has little or no independent 

affect on breast cancer risk (Hamajima et al., 2002) and there was no association found with 

active smoking (Lash and Aschengrau, 2002).  Another study suggested that there is no increased 

risk of breast cancer in women who smoked during pregnancy (Fink and Lash, 2003).   

 Conversely, studies have also concluded that cigarette smoke is an etiologic factor for 

breast cancer (Bennett et al., 1999; Wells, 2000).  Early exposure to cigarette smoke and 

increased years since smoking commencement was found to play a role in increased breast 

cancer risk (Egan et al., 2002; Johnson et al., 2000; Terry et al., 2002).  Smoking prior to a first 

full-term pregnancy may also have a role in breast cancer development (Band et al., 2002; 

Johnson et al., 2000).  In a large California Teachers Study Cohort breast cancer risk was 

associated with active cigarette smoking (Reynolds et al., 2004).  Smoking has also been linked 

to increased breast cancer risk in women with mutations in carcinogen metabolizing genes.  
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Women with N-Acetyltransferase 2 (NAT2) slow acetylation phenotypes have increased risk for 

breast cancer (Ambrosone et al., 1996; Ambrosone et al., 2008).  NAT2 is involved in the 

metabolism of aromatic amines, a major class of cigarette smoke carcinogens. Variants slow the 

clearance of aromatic amines.  Other polymorphic metabolism genes include CYP1A1 and 

glutathione S-transferase M1 (GSTM1).  Polymorphisms in these genes affect the amount of 

DNA adducts in women with breast cancer, especially in smokers (Firozi et al., 2002).  In 

individuals that favor the metabolism of tobacco carcinogens (due to polymorphisms or 

mutations) smoking as a cause of breast cancer becomes more plausible (Hecht, 2002).       

The link between passive cigarette smoking (second hand smoke) and breast cancer risk 

has also been considered.  Passive smoking has been identified as a breast cancer risk factor in 

case-controlled studies (Johnson et al., 2000; Morabia et al., 1996).  A prospective study from 

the Nurse’s Health Study and others reported that passive smoking is unrelated to breast cancer 

(Egan et al., 2002; Lash and Aschengrau, 2002).  A report from the US Surgeon General 

concluded that the evidence linking secondhand smoke and breast cancer is suggestive, but not 

sufficient to infer a causal relationship (U.S.  Department of Health and Human Services, 2006).  

However, the American Society recommends that women should be aware of the possible link 

and limit their exposure to active as well as passive cigarette smoke (American Cancer Society, 

2008).   

  Studies have probed the reason for conflicting epidemiological results.  The effects of 

smoking on breast cancer risk may differ by menopausal status (Band et al., 2002; Johnson et al., 

2000).  Additionally, tobacco may also have anti-estrogenic effects that reduce breast cancer risk 

(Baron et al., 1990; Bremnes et al., 2007; Tanko and Christiansen, 2004).  In some studies 

cigarette smoking was found to have an inverse relationship to breast cancer (Baron et al., 1990) 
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and to protect rats from mammary tumor formation (Davis et al., 1975).  This opposing effect 

may explain why epidemiological studies reflect inconsistent results on the association between 

breast cancer risk and cigarette smoking (Bremnes et al., 2007).  Additionally, study methods can 

be skewed by biases in control selection, chance variation, type of stratification, or small sample 

size (Baron et al., 1996).  Other possibilities include the association with risk is too small to 

detect or that for some women there is increased risk, while others are afforded protection from 

cigarette smoking (Phillips and Garte, 2008).  It is plausible that smoking can cause breast cancer 

in humans, but this relationship is difficult to establish because of low carcinogen doses (Hecht, 

2002).   

Biological Studies 

Despite conflicting epidemiological results, biological studies support the hypothesis that 

cigarette smoke can play a role in breast carcinogenesis.  The anatomy of the breast makes it a 

susceptible target for chemical carcinogens.  Carcinogens in tobacco smoke can pass though 

alveolar membranes in the lung, enter the blood stream, and be transported to the breast tissue by 

plasma lipoproteins (Shu and Bymun, 1983), and can be readily stored and concentrated in the 

breast adipose tissue (Obana et al., 1981).  Since many of these compounds are lipophilic in 

nature, their concentration in breast adipose tissue increases exposure to adjacent epithelial cells 

(Perera et al., 1995).  Human mammary epithelial cells have a high capacity to metabolize 

carcinogens into DNA-binding substances and are therefore the ultimate targets for 

carcinogenesis (MacNicoll et al., 1980; Pruess-Schwartz et al., 1986; Stampfer et al., 1981). 

Cigarette smoke components have been found in the breast milk (Catz and Giacoia, 1972; 

O'Brien, 1974) and the presence of smoking products in nipple aspirates resulted in positive 

Ames Salmonella mutagenesis tests (Ames et al., 1975).  The concentration of compounds in 

breast ducts may provide a means by which cancer-initiating and promoting substances reach the 
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breast epithelium (Petrakis, 1977a, b).  Additionally, evidence suggests smokers metabolize 

cigarette constituents in their breast tissue.  Nicotine and its metabolite, cotinine, have been 

found in the breast secretions of non-lactating, women smokers (Petrakis et al., 1978).  These 

studies support the hypothesis that mutagenic substances reach the breast epithelia and may have 

implications in the pathogenesis of benign breast disease and cancer (Petrakis et al., 1980).   

The Mechanism of CSC-induced Breast Carcinogenesis 

Tobacco is a significant human mutagen.  DNA damage is the primary effect from 

exposure to cigarette smoke carcinogens.  Studies indicate that CSC can induce DNA strand 

breaks (DSBs) in rodents, mammalian cells in culture, and DNA in vitro (DeMarini, 2004).  CSC 

also causes DSBs in human cells in vitro (Luo et al., 2004; Nakayama et al., 1985).  In animal 

models the potency of carcinogens is strongly correlated with the ability to form covalent 

adducts with DNA (Bartsch et al., 1983; Pelkonen et al., 1980).  Therefore, DNA adducts, the 

covalent binding products of a carcinogen, its metabolite, or related substances to DNA, are 

central to the carcinogenic properties of tobacco products, including cigarette smoke (Hecht, 

1999).  Cigarette smoking has been associated with increased DNA damage in the lungs of 

smokers (Cuzick et al., 1990; Routledge et al., 1992) and studies suggest that similar damage 

may occur in the tobacco-induced neoplasms of other tissues (Cuzick et al., 1990).  DNA adducts 

known to be associated with exposure to PAHs and tobacco smoke have been found in breast 

tissue.  DNA adducts related to tobacco exposure were found in the breast tissue of women with 

breast cancer.  All of the positive samples were from smokers as compared to no adducts found 

in nonsmoker tissue (Perera et al., 1995).  Increased levels of aromatic DNA adducts were even 

found in the adjacent normal tissue of breast cancer patients (Li et al., 1996a).  These and other 

studies indicate that exposure to environmental carcinogens, such as those found in cigarette 

smoke may be associated with the etiology of human breast cancer (Li et al., 1996a).   
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CSC also causes cytogenetic damage to cells, including chromosomal deletions, in rat   

cells and murine models in vivo (Dertinger et al., 2001; Rithidech et al., 1989).  It also causes 

anaphase bridges in normal human fibroblast cells (Luo et al., 2004).  Anaphase bridges are 

chromosomal segregation defects first described in maize (McClintock, 1942).  These bridges 

probably originate from DNA DSB repair (Luo et al., 2004; Zhu et al., 2002) and are linked to 

chromosomal instability (CIN) in cancer cells (Gisselsson et al., 2000; Montgomery et al., 2003) 

and to tumorigenesis in mice (Artandi et al., 2000).  Anaphase bridges break during anaphase, 

exposing telomerase-free ends that can fuse with other broken strands or sister chromatids 

resulting in fused chromosomes.  These fused chromosomes can repeatedly undergo breakage-

fusion-bridge cycles during subsequent mitoses (Gisselsson, 2003).  Additionally, CSC 

transformed MCF10A-CSC3 cells (Narayan et al., 2004), in contrast to parental MCF10A cells, 

display polyploidy (Jaiswal, 2008).       

Hecht offers a model linking cigarette-induced DNA damage to lung carcinogenesis that 

can also be applied to other tobacco-induced cancers including breast carcinogenesis (Hecht, 

1999, 2003, 2006) (Figure 1-1).  Nicotine addition causes continual cigarette smoking and 

chronic exposure to cigarette smoke carcinogens.  Most of these carcinogens must be 

metabolically modified.  Glutathione-S-transferases and UDP-glucuronosyl transferases convert 

carcinogen metabolites into less harmful forms (Armstrong, 1997; Burchell, 1997) and the 

detoxified components are excreted out of the body.  Conversely, cytochrome P450 enzymes 

(P450s) convert the carcinogens to electrophilic compounds that can bind DNA and form 

adducts (Guengerich, 2001; Jalas et al., 2005).  P450 enzymes, are part of mammalian system 

that responds to foreign matter in the body (Guengerich, 2001).  P450s, CYP1A1 and CYP1B1, 

are inducible by the aryl hydrocarbon receptor which is important in the activation of PAHs 
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(Nebert et al., 2004).  The balance between activation and detoxification enzymes varies among 

individuals and affects cancer susceptibility (Vineis et al., 2003).  Cellular repair systems can 

remove DNA adducts and return the DNA structure to its original state (Goode et al., 2002).  If 

the adducts are not repaired (overwhelming of repair system or polymorphisms in repair 

enzymes) and persist during DNA replication, miscoding and permanent mutations can occur in 

the DNA.  DNA adducts lead to genotoxic damage including CIN, DNA strand breaks, 

chromosomal/gene mutations, and cytogenetic changes (DeMarini, 2004).  Damaged cells may 

be removed by apoptosis and the balance between mechanisms leading to and opposing 

apoptosis has a significant effect on tumor formation (Bode and Dong, 2005).  Mutations that 

cause loss of function in pro-apoptotic genes or the upregulation of anti-apoptotic genes allows 

DNA damage to persist and may result in abnormal gene expression.  The chronic DNA damage 

from cigarette smoke exposure is consistent with the genetic changes that occur as normal tissues 

progress from hyperplasia to invasive cancer (Osada and Takahashi, 2002; Park et al., 1999; 

Wistuba et al., 2002).  Mutations that occur in oncogenes or tumor suppressors can also 

contribute to the loss of normal cell growth control (Hecht, 1999) resulting in cell transformation 

and eventually tumorigenesis.   

Chemical Transformation of Human Breast Epithelial Cells 

  Chemicals contribute to carcinogenesis by inducing cellular transformation: the 

conversation of normal cells into cells with cancerous properties (Rudin, 1997).  Transformation 

primarily results from carcinogen-induced DNA damage.  The most significant characteristic of 

chemical transformation is increased proliferation.  Proliferating cells can readily metabolize 

carcinogens and harbor the resulting genetic mutations into subsequent generations (Russo and 

Russo, 1980, 1987; Russo et al., 1982).  Other characteristics of transformation are clonal growth 

(McCormick and Maher, 1989) and anchorage-independent growth, which is a relatively late 
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marker and can be correlated with tumorigenecity (DiPaolo, 1983; Shin et al., 1975).  Neoplastic 

cells display invasiveness (Ochieng et al., 1991) and locomotion (Albini et al., 1987; Repesh, 

1989) and malignant transformation is manifested by the ability to form tumors in mice (Change, 

1966; DiPaolo, 1983; McCormick and Maher, 1989).  These characteristics contribute to the six 

hallmarks of cancer: self-sufficiency in growth signals, insensitivity to anti-growth signals, 

evasion of apoptosis, limitless replicative potential, sustained angiogenesis, tissue invasion and 

metastasis, that are acquired by a cell as it becomes cancerous (Hanahan and Weinberg, 2000).   

The transformation of human breast epithelial cells with cigarette smoke carcinogens has 

been observed repeatedly.  Spontaneously immortalized human breast epithelial cells, MCF10F 

(Soule et al., 1990; Tait et al., 1990), displayed transformed characteristics after treatment with 

B[α]P and DMBA.  The cells had increased proliferation, anchorage-independent growth, and 

altered patterns when grown in collagen matrix when compared to control cells, but were not 

tumorigenic in vivo.  These cells also displayed greater chemoinvasive and chemotactic abilities 

when compared to control cells (Calaf and Russo, 1993).  Being chemoinvasive and chemotactic 

are characteristics enhanced in transformed cells that correlate with malignant characteristics in 

vivo (Bonfil et al., 1989; Liotta, 1984; MacCarthy, 1988; Mensing et al., 1984; Ochieng et al., 

1991; Zimmermann and Keller, 1987).  MCF10A, the counterpart of MCF10F cells that grow 

attached in vitro (Soule et al., 1990; Tait et al., 1990), can be transformed with a single treatment 

of CSC.  These cells displayed increased growth and anchorage-independent growth that were 

stable in re-established cell lines (Narayan et al., 2004).(Chen et al., 1997; Martin and Leder, 

2001)  NNK transformed MCF10A cells in a study that utilized low doses over a period of time 

to mimic long-term exposure to the carcinogen (Mei et al., 2003).  The transformed cells 

exhibited increased anchorage-independent growth, cell motility, and tumorigenecity in nude 
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mice (Mei et al., 2003), meaning the cells had become malignant.  These studies provide 

evidence that cigarette smoke components play a role in the multi-step oncogenesis of the breast.    

Apoptosis 

Programmed cell death (PCD), also known as apoptosis, was first described in 1972 

(Kerr et al., 1972).  It is an evolutionary conserved process that regulates cell proliferation and 

turnover and maintains genomic integrity by selectively removing highly mutated cells from a 

population (Cherbonnel-Lasserre et al., 1996).  In healthy cells, apoptosis is tightly regulated; too 

much cell death can lead to degenerative conditions, while too little can lead to autoimmune 

disorders and cancers (Thompson, 1995).   

Apoptosis is a process of death in which the cell takes an active role in its own demise.  

Characteristics of apoptosis include cell shrinkage, chromatin condensation, and disintegration of 

the cell, before it is removed by phagocytosis (Kerr et al., 1972).  Other forms of apoptosis 

include anoikis and amorphosis.  The survival of epithelial cells requires continual attachment to 

the extracellular matrix (ECM) (Streuli and Gilmore, 1999).  Anoikis occurs upon the 

detachment of epithelial cells from the extracellular matrix (Frisch and Francis, 1994).  The 

maintenance of cellular morphology is also necessary for the survival of epithelial cells (Chen et 

al., 1997; Martin and Leder, 2001).  Amorphosis is triggered by the alteration of cell shape 

(Martin and Vuori, 2004).  Classical apoptosis can occur through two major pathways.   

Intrinsic Pathway 

The intrinsic pathway eliminates cells in response to ionizing radiation, chemotherapy, 

mitochondrial damage, and certain developmental cues (Kuribayashi et al., 2006).  The 

mitochondrion is the central response unit to this pathway.  Mitochondrial swelling and outer 

mitochondrial membrane rupture results from a wide variety of apoptotic stimuli (Vander Heiden 

et al., 1997).  DNA damage or cell stress causes stabilization of p53 and subsequent activation of 
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Bcl-2 pro-apoptotic proteins such as Bax and Bak that induce the mitochondrial release of 

cytochrome c.  Bax mediates cell death (Chittenden et al., 1995) by homodimerizing to itself 

(Zha et al., 1996) and promoting the release of cytochrome c from the mitochondria (Reed, 

1997).  In the presence of liberated cytochrome c and ATP, the adaptor protein, Apaf-1, recruits 

pro-caspase-9.  It is believed that the presence of cytochrome c changes the conformation of the 

Apaf-1 negative regulatory domain of WD40 repeats, and allows for its association with pro-

caspase-9 (Li et al., 1997).  Apaf-1, cytochrome c, and procaspase-9 form the apoptosome 

complex that activates procaspase-9 (Li et al., 1997; O'Connor and Strasser, 1999).  Activated 

caspase-9 cleaves and activates downstream effector caspases such as caspase-3, -7, which 

execute apoptosis (Li et al., 1997).  Smac/DIABLO is also released from the mitochondria.  

These compounds inhibit inhibitor of apoptosis proteins (IAPs) and further promoting the 

activation of caspases (Du et al., 2000; Verhagen et al., 2000).   

Extrinsic Pathway 

The extrinsic pathway eliminates unwanted cells during development, immune system 

maturation, and during the immunosurveillance removal of tumor cells (Kuribayashi et al., 

2006).  This pathway bypasses the steps that are regulated by Bcl-2 family members.  It is 

triggered by receptors of the tumor necrosis factor (TNF) receptor type I family, TRAIL 

receptors, or Fas (CD-95/APO-1) receptors and their ligands.  The Fas-induced death pathway is 

the major pathway that occurs in the lymphoid system (Newton et al., 1998; Strasser et al., 1995) 

and has become the paradigm for the extrinsic pathway (Kuribayashi et al., 2006).  Ligand 

binding results in receptor trimerization and formation of the death-inducing signaling complex 

(DISC).  The adaptor molecule, Fas-associated protein with death domain (FADD), is then 

recruited to the receptor’s cytosolic tail by its death domain (Chinnaiyan et al., 1995; Green and 

Kroemer, 2004).  Procaspase-8 or -10 are recruited to FADD by an interaction of the N-terminal 
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death effector domain (DED) of both proteins (Chittenden et al., 1995).  The DISC allows for the 

auto-activation and maturation of caspase-8, -10 (Boatright et al., 2003; Donepudi et al., 2003).  

The activation of these caspases initiates the death signaling cascade by cleaving and activating 

the downstream effector caspase-3, -7.  The intrinsic and extrinsic apoptotic pathways are 

interconnected.  Activated caspase-8 cleaves the BH3-only protein, tBID, which in turn 

facilitates the release of cytochrome c from the mitochondria (Li et al., 1998).    

Apoptosis and Cancer 

 Studies support the hypothesis that apoptosis selectively removes the most damaged cells 

from the population (Cherbonnel-Lasserre et al., 1996).  Apoptosis is a critical defense against 

radiation-induced mutations, malignant transformation, and neoplastic progression.  Damaged 

cells that escape this pathway are more likely to have increased levels of mutations due to 

heavily damaged DNA.  DNA damage-induced mutations that occur can contribute to a 

proliferative advantage that might drive the cell towards malignancy (Cherbonnel-Lasserre et al., 

1996).  From this and other studies, the concept emerged that an increased threshold for 

apoptosis represents a central step in tumorigenesis.  The surviving damaged cells are the most 

likely to develop into neoplastic clones (Adams and Cory, 1998; Cherbonnel-Lasserre et al., 

1996).  Anti- and pro-apoptotic proteins therefore play opposing roles in the prevention or 

progression of tumorigenesis, respectively.  Since many chemotherapeutic drugs kill cancer cells 

by triggering apoptosis, the modulation of cell apoptosis threshold is of critical therapeutic 

potential (Chinnaiyan, 1999). 

The B cell leukemia-2 (Bcl-2) Protein Family 

The B cell leukemia-2 (Bcl-2) protein family is involved in the regulation of apoptosis.  

The founding member, Bcl-2, was identified as a translocation found in human follicular 

lymphoma cells (Tsujimoto et al., 1984) and has anti-apoptotic activity (Vaux et al., 1988).  At 
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least twenty other Bcl-2 members have been identified in mammalian cells (Adams and Cory, 

1998; Cory et al., 2003; Gross et al., 1999).  All members contain at least one of the four Bcl-2 

homology (BH) domains which influence the dimerization required for the function of some 

members (Kelekar and Thompson, 1998; Yin et al., 1994).   The anti-apoptotic members: Bcl-2 

(Tsujimoto et al., 1984), Bcl-xL (Boise et al., 1993), Bcl-w (Gibson et al., 1996), Mcl-1 

(Kozopas et al., 1993), and A1 (Lin et al., 1996) contain all four BH domains.  Anti-apoptotic 

proteins function by directly or indirectly binding and inhibiting the activity of pro-apoptotic 

proteins that activate effector caspases (Cory and Adams, 2002; Opferman and Korsmeyer, 

2003).  Pro-apoptotic members fall into two categories.  Bax is the founding member of the first 

category (Hsu et al., 1997; Hsu and Youle, 1998).  Bax and the remaining proteins in this group, 

Bak and Bok, have domains BH1, BH2, and BH3 and directly induce the release of cytochrome 

c from the mitochondria.  BH3 only proteins (Bad, Bim, Bid), as the name implies, possess only 

the the BH3 domain (Chittenden et al., 1995; Kelekar and Thompson, 1998).  These proteins 

bind anti-apoptotic proteins and prevent them from sequestering the first group of pro-apoptotic 

proteins (Letai et al., 2002).  BH3-only proteins function upstream of, and are dependent on Bax 

and Bak and can not kill cells that lack the two proteins (Zong et al., 2001).  The dimerization of 

Bcl-2 proteins can titrate each others functions, suggesting that relative concentrations and ratios 

of Bcl-2 family proteins act as a rheostat controlling the apoptosis program and cell survival 

(Farrow and Brown, 1996; Lohmann et al., 2000; Oltvai et al., 1993).   

Bcl-x Gene and Promoter Structure 

The human bcl-x gene was identified by the cross-hybridization of gene libraries with a 

bcl-2 probe (Boise et al., 1993).  The gene structure is similar to that of bcl-2 (Seto et al., 1988).  

Bcl-x is composed of three exons (Figure 1-2A); the first exon is untranslated, while exons II and 

III code for bcl-x mRNAs.  Exon II contains translation initiation codons, while exon III contains 
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the translation termination codons.  The exons are separated by a 283 bp intron between exons I 

and II and a large 9 kb intron between exons II and III.  The 5’ untranslated region (UTR) spans 

from exon I to the beginning of exon II (Grillot et al., 1997).    

The initial promoter studies occurred in mice.  Two bcl-x murine promoters were cloned 

and described (Grillot et al., 1997).  The first promoter was 57 bp upstream of the second exon 

and most active in FL5.12 and K542 cell lines by primer extension.  A major transcriptional 

initiation site was mapped to this region.  This promoter lacked a TATA box and instead 

contained a consensus initiator (Inr) element (YYANT/AYY) at -149 to -142 (Grillot et al., 

1997).  Inr sites are involved in transcription initiation at TATA-less promoters and the 

transcription start site usually overlaps the Inr consensus sequence (Smale and Baltimore, 1989).  

However, the Inr here is probably not involved in transcription initiation because the major start 

site mapped outside the Inr sequence (Grillot et al., 1997).  The second promoter was further 5’, 

upstream of exon I.  This promoter was utilized mostly in the brain and thymus.  This GC-rich 

region had Sp protein binding motifs and two major transcription start sites: in the brain the 

position was -727 and in the thymus the site was mapped to -655 before the initiation codon in 

exon II (Grillot et al., 1997).  Later, studies indicated that the mouse bcl-x promoter was active in 

many tissues and three additional tissue specific murine bcl-x promoters were been identified 

(Pecci et al., 2001).  

Human and murine bcl-x open reading frames have 93% nucleotide identity (Gonzalez-

Garcia et al., 1994).  Bcl-x mRNAs are transcribed from the human bcl-x gene as the result of 

alternative mRNA splicing, each coding for a single protein isoform (Figure 1-2B).  Three bcl-x 

mRNAs and  proteins have been reported in humans: Bcl-xLong (Bcl-xL) (Boise et al., 1993), 

Bcl-xShort (Bcl-xS) (Boise et al., 1993), and Bcl-xBeta (Bcl-xβ) (Ban et al., 1998).  Bcl-xl 
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results from the splicing together of the two coding exons (II and III).  Bcl-xs results from the use 

of an alternative 5’ splice site in exon II and lacks the 3’ terminal 63 amino acids that comprise 

BH1 and BH2 which are needed to inhibit apoptosis.  It codes for a 178 amino acid protein 

(Boise et al., 1993) that is approximately 18 kDa (Gonzalez-Garcia et al., 1994) and functions as 

a pro-apoptotic protein by antagonizing Bcl-2 and Bcl-xL to promote apoptosis.  Bcl-xS is 

expressed in cells with high turnover rates (Boise et al., 1993).  Bcl-xβ results from the unspliced 

bcl-x transcript of Exon II that introduces a new stop codon before the third exon.  Therefore, it 

lacks the carboxy-terminal hydrophobic 19 amino acid domain and has a unique stretch of 21 

amino acids at the carboxy terminus (Gonzalez-Garcia et al., 1995).  In vitro studies show that 

Bcl-xβ interacts with the pro-apoptotic protein Bax (Ban et al., 1998).  Whether the protein has 

anti- or pro-apoptotic effects remains unclear.   

Bcl-xL Protein 

Bcl-xl is the major, most abundant bcl-x mRNA and protein expressed in murine and 

human tissues (Boise et al., 1993; Gonzalez-Garcia et al., 1995; Gonzalez-Garcia et al., 1994; 

Rouayrenc et al., 1995).  The human bcl-xl promoter is upstream (5’) to exon I and codes for the 

majority of bcl-x transcripts in humans.  Bcl-xl mRNA originates from the 5’ untranslated region 

(UTR) of the promoter (Grillot et al., 1997; Sevilla et al., 1999).  A novel bcl-x promoter and 

exon located upstream of exon I has been identified in human lymphoma cells (MacCarthy-

Morrogh et al., 2000).   

Bcl-xL is a 241 amino acid protein (Boise et al., 1993) of 29-30 kDa (Yin et al., 1994).   

The structure of human Bcl-xL has been crystallized and characterized (Muchmore et al., 1996).  

The protein is composed of a total of seven α-helices.  The two central anti-parallel hydrophobic 

helices, α5 and α6, are flanked by helices α3 and α4 on one side and α1, α2, and α7 on the other 

side.  The α-helices 5 and 6 form a hairpin that shares homology with the hairpin structure found 

27 



 

in the translocation domain of diphtheria toxin (Muchmore et al., 1996) and the carboxy-terminal 

end contains a hydrophobic segment (Huang et al., 1998; Yin et al., 1994).  The α5-α6 hairpin 

and the carboxy-terminal end of Bcl-xL are involved in anchoring the protein to mitochondrial 

membranes.           

A large non-conserved flexible loop connects α1 and α2 (Muchmore et al., 1996) and has 

been shown to negatively regulate the activity of the protein (Chang et al., 1997).  This loop 

domain comprises about one quarter of the protein and contains all the phosphorylation sites of 

Bcl-xL between amino acids 32 and 83 (Chang et al., 1997).  Similar to Bcl-2, the 

phosphorylation of Bcl-xL decreases its anti-apoptotic function (Biswas et al., 2001; 

Poruchynsky et al., 1998).  Bcl-xL lacking the flexible loop renders the protein unable to be 

phosphorylated thus causing the protein to block apoptosis more efficiently than wild-type     

Bcl-xL (Muchmore et al., 1996).  Bcl-xL is also deaminated on this the flexible loop.  

Deamination is a modification in which an asparagine is converted into an aspartate (Takehara 

and Takahashi, 2003).  Bcl-xL is deaminated at two asparagines in response to anti-neoplastic 

agents.  Deamination negatively modulates the pro-survival activity of Bcl-xL and the inhibition 

of this modification increases the cells’ resistance to these agents (Deverman et al., 2002).  

Proteins with such long regions of random coil do not normally have long half-lives because the 

region is vulnerable to cellular proteases (Ciechanover, 1994).  It is likely that the loop region of 

Bcl-xL and other similar proteins are protected by associations with other proteins.  A similar 

loop has been found on Bcl-2 (Chang et al., 1997).  Bcl-xL binds to itself with the weakest 

affinity, indicating that is monomeric in nature (Muchmore et al., 1996) and is localized to the 

nuclear envelope, extra-nuclear membranes, the mitochondria, and is also present in the cytosol 

(Gonzalez-Garcia et al., 1994; Hsu et al., 1997).   
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Bcl-xL functions as an anti-apoptotic protein   

Bcl-xL is an anti-apoptotic member of the Bcl-2 protein family and is most closely 

related to Bcl-2 (Boise et al., 1993; Grillot et al., 1997).  The two proteins display 43% amino 

acid identity (Muchmore et al., 1996; Petros et al., 2001).  Bcl-xL and Bcl-2 are in the group of 

oncogenes that function as repressors of apoptosis and do not affect proliferation rates 

(Korsmeyer, 1992; Miyashita et al., 1994).  The role of Bcl-xL in apoptosis is evident; disruption 

of bcl-x gene leads to death in E12-E13 mouse embryos due to massive apoptosis of neuronal 

and hematopoietic progenitors (Motoyama et al., 1995).  It is therefore essential for neurogenesis 

(Gonzalez-Garcia et al., 1994; Motoyama et al., 1995) and is a key protein during cytokine-

regulated myelopoiesis (Packham et al., 1998).  Bcl-xL inhibits staurosporine-induced cell death, 

caspase-3 and caspase-7 activation, and PARP cleavage (Chinnaiyan and Dixit, 1996) and is 

capable of suppressing apoptosis of IL-3 dependent cells upon growth factor withdrawal (Boise 

et al., 1993; Gonzalez-Garcia et al., 1994).  It also inhibits anoikis in breast cancer cells 

(Fernandez et al., 2002).   

Dimerization with pro-apoptotic proteins.  Bcl-xL prevents the intrinsic apoptosis 

pathway (Chinnaiyan and Dixit, 1996; Gonzalez-Garcia et al., 1994) by localizing to 

mitochondrial membranes, inhibiting the release of cytochrome c, and preventing the 

downstream activation of apoptotic signal transduction cascades (Boise et al., 1993; Fang et al., 

1994; Gonzalez-Garcia et al., 1994).  Bcl-xL does so by heterodimerizing with pro-apoptotic 

proteins (Boise et al., 1993; Oltvai et al., 1993; Yin et al., 1994).  Bax monomers must 

oligomerize to permeate membranes and lead to apoptosis (Annis et al., 2005).  The 

overexpression of Bcl-xL prevents the oligermization of Bax (Finucane et al., 1999; He et al., 

2003).  Bcl-xL can also bind to and inhibit the BH3-only protein Bad.  Normally Bad is 

phosphorylated and sequestered by the scaffold protein, 14-3-3.  Apoptotic signaling results in 
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the dephosphorylation of Bad, that then binds to Bcl-xL and counteracts its pro-survival activity 

(Zha et al., 1996).  The overexpression of Bcl-xL can sequester Bad to the mitochondria (Cheng 

et al., 2001; Jeong et al., 2004), leaving excess Bcl-xL to continue its pro-survival functions.  

The BH1 and BH2 domains have been shown to be important for Bcl-xL to antagonize Bax 

(Minn et al., 1999; Yin et al., 1994).  Later studies determined that BH1-BH4 and the carboxy-

terminal domains are required for the sequestering of Bax.  Alternatively, BH1, BH3, and the 

carboxy-terminal tail are necessary for Bcl-xL to sequester Bad to the mitochondria (Zhou et al., 

2005).               

Mitochondrial stability.  Studies indicate that Bcl-xL acts in dimerization-independent 

mechanisms to inhibit apoptosis (Chang et al., 1997; Cheng et al., 1996; Fiebig et al., 2006) in 

the absence of Bax and Bak.  (Chang et al., 1997).  Bcl-xL physically inhibits the release of 

mitochondrial contents such as cytochrome c.  It can prevent apoptosis by maintaining 

mitochondrial membrane potential and volume homeostasis (Boise and Thompson, 1997; Vander 

Heiden et al., 1997).  The loss of F1F0-ATPase activity, that occurs through the permeability 

transition pore complex (Zoratti and Szabo, 1995), terminates mitochondrial respiration and 

triggers the release of cytochrome c (Cai et al., 1998).  The three-dimensional structure of the 

Bcl-xL pore-forming domain (Muchmore et al., 1996) has been implicated in the regulation of 

membrane permeability (Cramer et al., 1995; London, 1992).  Bcl-xL has been shown to 

function like bacterial toxins that have similar pore domains.  It can insert into synthetic lipid 

vesicles or planar lipid bilayers and form ion-conducting channels (Minn et al., 1997).  It is 

possible that the channels formed by Bcl-xL serve to prevent the release of proteins, such as 

cytochrome c.  Pores formed by Bcl-xL may also serve to stabilize mitochondrial volume 

potential.  The ability of Bcl-xL to prevent apoptosis, however, is probably not solely dependent 
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on it pore-forming capability (Minn et al., 1997).  Bcl-2 and Bax can also form ion channels in 

synthetic membranes (Antonsson et al., 1997; Schendel et al., 1997). 

Interactions with the apoptosome.  Bcl-xL has been found to form a ternary complex 

with the apoptotic effector caspase, pro-caspase-9, and Apaf-1.  The first indication of this 

characteristic was discovered when the nematode, Caenorhabditis elegans protein, CED-9, and 

its mammalian homologue, Bcl-xL, bound to and inhibited the function of CED-4, the 

mammalian counterpart to Apaf-1.  This interaction suggested that Bcl-xL may block cell death 

by a similar mechanism in mammalian cells (Chinnaiyan and Dixit, 1997).  Subsequent studies 

found that in 293 human embryonic kidney cells, caspase-9 and Bcl-xL bound distinct regions of 

Apaf-1 and formed a ternary complex (Pan et al., 1998).  This interaction inhibited the activation 

of caspase-9 in human embryonic kidney cells with SV40 large T antigen, 293T (Hu et al., 

1998).  These studies offer an alternative model to the anti-apoptotic mechanism of Bcl-xL in 

which the protein directly prevents the release of cytochrome c, and also inhibits the activation of 

pro-caspase-9 through direct interaction with Apaf-1.  The mechanism by which Bcl-xL inhibits 

apoptosis while bound to Apaf-1 may be cell-type dependent.  In prostate epithelial cells, Bcl-xL 

interacts with Apaf-1 but it inhibits apoptosis by preventing the release of cytochrome c from the 

mitochondria (Chipuk et al., 2001).  Caspase-9 and -3 are still activated because the addition of 

cytochrome c results in their cleavage.  It is possible that the interaction between Bcl-xL and 

Apaf-1 may also depend on experimental conditions or an unidentified protein (Chipuk et al., 

2001). 

Bcl-xL and the extrinsic apoptotic pathway.  Bcl-xL also inhibits extrinsic apoptotic 

pathways.  Tumor necrosis factor (TNF)-induced apoptosis was inhibited in the human myeloid 

leukemia cell line , HL-60, by overexpressing Bcl-xL which was thought to block an early step 
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in TNF signaling.  Bcl-xL may have blocked TNF-induced apoptosis in these cells by reducing 

the expression of a downstream target of TNF, AP-1 and JNK and MAPK kinases, which 

regulate AP-1 (Manna et al., 2000).  Bcl-xL also inhibited TNF-induced apoptosis in MCF-7 

breast carcinoma cells (Jaattela et al., 1995; Srinivasan et al., 1998).   

Bcl-xL inhibits Fas-induced cell death by several mechanisms.  It  protected primary B 

cells from Fas-mediated apoptosis (Schneider et al., 1997).  Bcl-xL inhibited Fas-induced 

apoptosis in Bcl-xL-tranfected Jurkat cells treated with Fas antibodies not by blocking caspase 

activation, but by inhibiting the subsequent loss of ΔΨm (Boise and Thompson, 1997).  In Jurkat 

T lymphocytes and breast carcinoma cells, Bcl-xL inhibited apoptosis induced by microtubule 

damaging drugs such as paclitaxel and vincristine.  In these cells, overexpression of Bcl-xL 

inhibited the Fas pathway by binding calcineurin and interfering with the nuclear translocation of 

NFAT proteins that transcriptionally activate the Fas ligand (Biswas et al., 2001).   

Mechanism by which Bcl-xL inhibits caspase-8-dependent apoptosis.  It was 

discovered in early studies that Bcl-xL and Bcl-2 could block caspase-8 activation (Chinnaiyan 

and Dixit, 1996).  It was hypothesized that Bcl-xL might act upstream of the CED-3 homologue, 

caspase-8 (Chinnaiyan and Dixit, 1997), by inhibiting its interaction with the DISC or that the 

protein acted downstream of caspase-8, by preventing its action on target proteins.  In peripheral 

human T cells resistance to CD95-induced apoptosis is characterized by lack of caspase-8 

recruitment to the DISC and increased Bcl-xL levels (Peter et al., 1997).  However, most studies 

support the latter theory.  The overexpression of Bcl-xL did not affect caspase-8 activation in 

MCF-7 cells expressing high levels of CD95 (MCF-7-Fas), but the cells still become resistant to 

CD-95-induced apoptosis (Jaattela et al., 1995).  In MCF-7-Fas cells there were no associations 

found between Bcl-xL and pro-caspase-8 or active caspase-8 subunits, however, PARP cleavage 
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was completely blocked.  Therefore, Bcl-xL seemed to inhibit Fas-induced apoptosis 

downstream of caspase-8, but upstream of PARP cleavage.  Bcl-xL probably inhibited the 

activity of another caspase-3-like protein that cleaved PARP in these cells but the mechanism 

remained unclear (Medema et al., 1998).  In the next issue of the same publication, it was 

reported that Bcl-xL inhibited not only Fas-induced apoptosis, but also TNF receptor induced 

apoptosis in MCF-7 cells transfected with Fas and Bcl-xL cDNAs (MCF-7/FB) (Srinivasan et 

al., 1998).  Bcl-xL was capable of inhibiting apoptosis, despite the full activation of caspase-8.  

This inhibition manifested as changes in cytochrome c localization and cell morphology.  Bcl-xL 

could even inhibit apoptosis when the cell was microinjected with active caspase-8.  However, 

the activity of caspase-7, a downstream target of caspase-8, was attenuated after treatment with 

Fas antibody or TNF, and was totally blocked in cells treated with UV.  The inhibition of 

apoptosis by Bcl-xL was therefore, also found to occur downstream of caspase-8 but upstream of 

one of the caspase-8 targets.  Bcl-xL may have inhibited caspase-8 activity by translocating the 

protein from the plasma membrane, sequestering caspase-8 targets, or by regulating the 

availability of cofactors necessary for caspase-8 to cleave its targets (Srinivasan et al., 1998).  

The property of Bcl-xL to inhibit apoptosis downstream of initiator caspases but upstream of 

their targets (possibly effector caspases) have been previously observed (Boise and Thompson, 

1997; Medema et al., 1998), however the mechanism by which Bcl-xL inhibits extrinsic pathway 

of apoptosis seems to be cell-type dependent.   

Bcl-xL and breast cancer 

Bcl-x proteins are involved in normal mammary involution and development. In humans, 

the expression of Bcl-2 and related proteins such as Bcl-xL is not well studied in the mammary 

gland.  Studies focused on the expression of Bcl-2 family members in rodents have been 

extrapolated for the analysis of human samples.  Bcl-x isoform expression changes in alveolar 
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cells during involution, a period of mammary cell apoptosis and remodeling, compared to 

lactation (Heermeier et al., 1996).  Bcl-xl and bcl-xs expression were analyzed with RT-PCR and 

differential hybridization.  In virgin mice, during lactation, and pregnancy, bcl-xl mRNA was 

ten-fold higher than bcl-xs expression.  During involution, bcl-xs levels increased up to six-fold 

compared to bcl-xl levels and bax is also upregulated during this time (Heermeier et al., 1996; Li 

et al., 1996b, c).  Transfection experiments showed that cells expressing Bcl-xL had higher cell 

viability (27% died) after DNA damage.  Co-expression of Bcl-xS and Bcl-xL proteins resulted 

in the inhibition of the Bcl-xL protective effect (80% cells died).  This study further supports the 

theory that the ratio of pro-apoptotic and anti-apoptotic species in a single cell can determine cell 

fate.   

Bcl-xL is up-regulated in some cancers (Packham et al., 1998) and is implicated in 

having a role in colorectal carcinogenesis (Krajewska et al., 1996; Maurer et al., 1998).  In many 

cases, Bcl-xL expression occurs at the adenoma to carcinoma transition, continuing through 

metastasis (Krajewska et al., 1996; Liu and Stein, 1997).  Reduction of apoptosis is associated 

with the development to fibrocystic changes in the breast and increased cancer risk (Allan et al., 

1992).  However, Bcl-xL has not been fully implicated in human breast tumorigenesis.  The 

effects Bcl-xL has on breast carcinogenesis primarily hinge on the protein’s ability to prevent 

apoptosis and promote survival.  The role of Bcl-xL in breast carcinogenesis is evident from 

biological studies.  Bcl-xL has roles in breast carcinogenesis on the levels of primary tumor 

growth, metastasis, and chemotherapy resistance.   

Bcl-xL and primary tumor growth.  Bcl-xL is overexpressed in some primary human 

breast carcinomas and the breast cancer cell line, T47D (Olopade et al., 1997; Schott et al., 1995) 

and is a marker for increased tumor grade and nodal metastasis (Olopade et al., 1997).  It is also 
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increased cancerous, but not normal breast epithelium and may serve as an indicator or patient 

prognosis (Krajewski et al., 1999).  Although Bcl-xL overexpression in mouse tumors, it does 

not increase the number of mitotic figures (Liu et al., 1999) is therefore does not affect cell 

proliferation or cell cycle progression. 

Bcl-xL and metastasis.  Bcl-xL has a more important role in metastasis than in primary 

tumor development.  The overexpression of Bcl-xL does not induce primary tumor formation but 

enhances MEK-induced tumorigenesis in the mammary gland environment (Martin et al., 2004).  

Metastasis is the primary cause of treatment failure in cancer patients (Chambers et al., 2001).  

Overexpression of Bcl-xL in MDA-MB-435 breast cancer cells increased cell metastatic activity.  

Resistance to cytokine-induced apoptosis, increased cell survival in circulation, and increased 

anchorage-independent growth were all characteristics of these cells (Fernandez et al., 2002).  

MDA-MB-435 cells transfected with Bcl-xL metastasized to the lung, lymph nodes, and bone 

when inoculated into the mammary fat pads of nude mice (Rubio et al., 2001).  Bcl-xL increased 

tumor cell survival in the bloodstream (Fernandez et al., 2000) and the metastatic properties of 

breast cancer cells that had already lost extracellular matrix dependence by improving cell 

survival under conditions with no cellular adhesion, enhancing anchorage-independent growth.  

Surprisingly, Bcl-xL did not increase metastatic activity in cells that had not escaped the 

extracellular matrix. MDA-MB-435 cells transfected with the bcl-xl gene and inoculated into 

nude/SCID mice resulted in increased lymph node metastasis (Fernandez et al., 2002). 

The mechanisms by which Bcl-xL increases metastasis have been investigated.  It has 

been suggested that the key event in breast cancer metastatic progression is the deregulation of 

cell death (Fernandez et al., 2002).  Therefore, apoptosis resistance has a role in metastasis 

(Fernandez et al., 2000; McConkey et al., 1996).  Additionally, Bcl-xL overexpression could 
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functionally associate with genes that control the events that result in the acquisition of 

metastatic phenotypes and shorten the dormancy of metastatic cells in several organs (Mendez et 

al., 2006).  Tumor dormancy is the prolonged quiescent period in which the metastatic 

progression is not clinically detected (Yefenof et al., 1993).  Studies suggested that Bcl-xL 

shortens the dormancy of metastatic cells.  Experiments with mice injected with cells 

overexpressing Bcl-xL indicated that Bcl-xL has role in dormancy by promoting the survival of 

cells in metastatic foci (Rubio et al., 2001).  Pro-survival proteins, such as Bcl-xL, displace the 

offset the balance between death and proliferation, shortening the period between dissemination 

and the appearance of clinical metastasis (Karrison et al., 1999).  Bcl-xL does not appear to 

affect the actual movement of metastatic cells to foci because, breast cancer cells overexpressing 

Bcl-xL reach target organs in similar numbers as the vector controls.  Since the Bcl-xL tumors 

developed more metastases than control cells, Bcl-xL may promote the survival of and harbor 

metastatic cells at metastatic foci (Rubio et al., 2001) allowing the metastatic cells to adapt to 

changes in their cellular environment (Fernandez et al., 2002; Li et al., 2002).   

The loss of apoptosis is also instrumental in accumulating genomic damage.  The 

extended lifespan of cells overexpressing Bcl-xL allows for more genetic mutations. This is 

evident in that the loss of apoptosis in breast carcinoma is more frequent in tumors with 

microsatellite instability (MSI) (Mendez et al., 2001) and leads to the appearance of variants with 

malignant potential such as survival at metastatic foci (Zhivotovsky and Kroemer, 2004).  It has 

been proposed that genetic instability correlates with anti-apoptotic proteins, such as Bcl-xL, that 

are involved in the selection of highly metastatic cells during tumorigenesis.  Therefore the 

accumulation of genetic alternations caused by the deregulation of Bcl-xL in breast cancer are 

essential to metastasis (Mendez et al., 2005).  These studies suggests that the primary role of  
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Bcl-xL in the breast cancer metastasis is allowing for the accumulation of genetic mutations and 

alterations, decreasing tumor cell dormancy, and providing a mechanism for which metastatic 

cells can adapt to new microenvironments (Fernandez et al., 2002).   

 Bcl-xL and chemotherapy resistance.  The molecular mechanisms responsible for 

chemoresistance are unclear.  One mechanism involves altering the expression of anti-apoptotic 

proteins such as Bcl-xL because many chemotherapy drugs kill tumor cells by inducing 

apoptosis (Barry et al., 1990; Kaufmann, 1989).  Cells expressing Bcl-xL are more likely to be 

chemo-and radiotherapy-resistant (Cherbonnel-Lasserre et al., 1996; Simonian et al., 1997).  The 

role of  Bcl-xL in chemotherapy resistance overlaps it role in metastatsis and is primarily the 

survival and therefore subsequent adaptation of cancer cells to their new environments (Gu et al., 

2004).  It has been suggested that chemotherapy treatment selects for tumor clones that 

overexpress       Bcl-xL.  This is evident because the staining intensity of such proteins increased 

after chemotherapy of primary tumors (Campos et al., 1993; Castle et al., 1993; Maung et al., 

1994; Weller et al., 1995).  Cancer cells overexpressing Bcl-xL are more easily selected for 

resistance after drug treatment because of their lack of apoptosis (Fernandez et al., 2000).  

Additionally, Bcl-xL increases genetic instability in cells that can result in phenotypes that are 

more adaptive than others (Gu et al., 2004).  Resistant to chemotherapy in SCC 25 squamous 

carcinoma cells in vitro is associated with Bcl-xL expression (Datta et al., 1995).  Animal studies 

indicated that Bcl-xL promoted chemotherapy resistance in mouse models.  The tumors caused 

by SCK mammary cells transfected with Bcl-xL are resistant to apoptosis induced by 

chemotherapeutic agents, methotrexate and 5-fluorouracil.  The protein may function in a similar 

fashion in human cells the overexpress Bcl-xL (Liu et al., 1999).   The role of Bcl-xL in organ 
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specificity and overcoming dormancy (Rubio et al., 2001) indicates that it may be a hallmark of 

metastasis and contributes to therapy resistance in doing so (Gu et al., 2004).   

The CCAAT/Enhancer Binding Protein (C/EBP) Family  

The CCAAT/enhancer-binding protein (C/EBP) family is a group of leucine zipper 

transcription factors that plays roles in the differentiation of adipocytes, myeloid, and other cells, 

metabolism, inflammation, proliferation, and other cellular functions (Ramji and Foka, 2002).  

Each family member is composed of divergent (<20% homology) amino-terminal region, and a 

conserved carboxy-terminal domain.  This carboxy-terminal region consists of a basic DNA-

binding domain followed by α-helical leucine zipper region which is involved in dimerization 

(Lekstrom-Himes and Xanthopoulos, 1998; Ramji and Foka, 2002).  The specificity of DNA-

binding is dictated by the amino acids in the basic region (Johnson, 1993) and dimerization is 

required for DNA-binding (Landschulz et al., 1989).  Dimers bind DNA at the sequence             

A/G TTGCG C/T AA C/T (Johnson, 1993; Osada et al., 1996; Vinson et al., 1989), as an 

inverted Y, each arm a single α-helix that binds one half of the palindromic sequence in the DNA 

major groove like a pair of scissors (Tahirov et al., 2001; Tahirov et al., 2002).   

Three C/EBP proteins are expressed in mammary tissue: C/EBPα, C/EBPβ, and C/EBPδ 

(Gigliotti and DeWille, 1998; Sabatakos et al., 1998) and have been studied extensively (Osada 

et al., 1996).  C/EBPα is expressed in but is not required for the normal development of the 

mammary gland (Seagroves et al., 1998).  The expression of C/EBPα causes growth G0-G1 cell 

cycle arrest and inhibits mammary cell proliferation (Gery et al., 2005).  In fact, the protein is 

downregulated in and has been considered a potential tumor suppressor gene for breast cancer 

(Gery et al., 2005).  C/EBPδ functions in the maintenance of mammary epithelial cells (Gigliotti 

et al., 2003).  The protein functions in cell cycle exit/G0 entry and it inhibits mammary cell 

growth in vitro (Gigliotti et al., 2003; O'Rourke et al., 1997; O'Rourke et al., 1999; Sivko and 
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DeWille, 2004).  C/EBPδ is tightly regulated during G0 growth arrest of human mammary 

epithelial cells which allows cells to quickly re-enter cell cycle and proliferate upon growth 

factor stimulation (Sivko and DeWille, 2004).  C/EBPδ is also down-regulated in breast cancer; 

with the progression from normal mammary epithelium to breast carcinoma (Porter et al., 2003).  

Both C/EBPα and C/EBPδ are correlated with cell-cycle inhibitory proteins, Rb, p27, and p16 

(Milde-Langosch et al., 2003).   

C/EBPβ protein  

Human C/EBPβ (NF-IL6) was identified as a protein with high DNA-binding homology 

to rat C/EBP[α] (Landschulz et al., 1988a; Landschulz et al., 1988b) that mediated IL-6 signaling 

by binding to IL-6 responsive elements on the tumor necrosis factor (TNF), interleukin-8 (IL-8), 

and granulocyte colony-stimulating factor (G-CSF) promoters (Akira et al., 1990; Poli et al., 

1990).  Homologues have been found in other species including: IL6-DBP (Poli et al., 1990), 

LAP (Descombes et al., 1990), AGP/EBP (Chang et al., 1990), CRP2 (Williams et al., 1991), 

and NF-M (Kowenz-Leutz et al., 1994).  Later, a Greek letter notation was coined for each 

C/EBP protein (α, β, γ, δ, ε, ζ) (Cao et al., 1991).     

C/EBPβ protein function 

C/EBPβ differs from other C/EBP members in that it promotes the proliferation and 

represses the differentiation of many cell types (Lekstrom-Himes and Xanthopoulos, 1998).  

Knockout mice have been used to determine the biological functions of the protein.  The primary 

defects occur in several different categories: the immune system (Screpanti et al., 1995; Tanaka 

et al., 1995), adipocyte differentiation (Tanaka et al., 1997), liver function (Croniger et al., 1997; 

Greenbaum et al., 1998), and female fertility (Sterneck et al., 1997).  C/EBPβ knockout mice 

also displayed defects in mammary development (Milde-Langosch et al., 2003).  Glandular 

development was impaired in virgin, pregnant, and lactating C/EBP-deficient mice (Robinson et 
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al., 1998).  Functional markers of murine mammary gland differentiation, where low or absent in 

these mice and they displayed dysfunctional differentiation of secretory epithelium, even in 

response to lactation specific hormones (Seagroves et al., 1998).  Impaired mammary glands had 

delayed growth, enlarged ducts, and decreased branching.  The defects seen in these mice were 

intrinsic to the epithelial cells because the lack of C/EBPβ in the stroma did not affect ductal 

elongation and branching during puberty or alveolar development during pregnancy (Grimm and 

Rosen, 2003).  The protein acts as the mediator of mammary cell fate by influencing hormonal 

receptors such as progesterone receptor (PR) (Seagroves et al., 2000).  Additionally, C/EBPβ is 

required for ductal morphogenesis, lobuloalveolar development, and functional differentiation of 

murine mammary epithelial cells and for the proper proliferation and morphogenic responses 

during mammary gland maturation and for differentiation of milk-producing secretory cells 

during pregnancy (Robinson et al., 1998).  These studies emerge C/EBPβ as a critical component 

in the control of mammary epithelial cell proliferation and differentiation and the in hormonal 

signaling cascades responsible for the healthy, fully developed, and lactating mammary gland 

(Robinson et al., 1998).     

C/EBPβ protein isoforms 

The cebpb gene consists of single exon gene with no introns and the transcription of the 

gene results in a single 1.4 kb mRNA (Zahnow, 2002).  Three C/EBPβ protein isoforms are 

generated post-transcriptitionally: LAP1, LAP2, and LIP (Figure 1-3) through a leaky ribosome 

scanning mechanism that uses alternative translation initiation start sites (Descombes and 

Schibler, 1991; Ossipow et al., 1993).  LIP has also been hypothesized to result from the 

proteolytic cleavage of other C/EBPβ isoforms (Baer and Johnson, 2000; Dearth et al., 2001; 

Welm et al., 1999) 
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LAP1 (liver-enriched activation protein 1), also called LAP*, is the full-length isoform.  

The protein is 38 kDa in mice (Calkhoven et al., 2000; Williams et al., 1995) and 45 kDa in 

humans (Eaton et al., 2001).  Human LAP1 represses the cyclin D1 promoter and is proposed to 

regulate transcription of genes in non-proliferating or differentiating cells (Eaton et al., 2001).  

LAP1 is detected in the normal mammary glands of mice (Dearth et al., 2001; Eaton et al., 

2001).  In humans, the protein is detectable in normal, mostly non-dividing human breast tissue 

and in secretory mammary epithelial cells exfoliated in human breast milk (Eaton et al., 2001; 

Milde-Langosch et al., 2003). 

Human LAP2 (liver-enriched activation protein 2), also called LAP, differs from human 

LAP1 by 23 amino acids in humans, and 21 amino acids in mouse, rat, and chicken (Kowenz-

Leutz et al., 1994; Williams et al., 1995). The protein is 32 kDa-35 kDa in rodents (Calkhoven et 

al., 2000; Descombes et al., 1990) and 42 kDa in humans (Eaton et al., 2001).  It is the most 

transcriptionally active form of C/EBP (Williams et al., 1995) and promotes cell proliferation, 

motility, and invasion (Bundy and Sealy, 2003).  The growth-promoting functions of C/EBPβ are 

carried out in large by LAP2.  Human LAP2 activates cyclin D1 promoter and has been proposed 

to promote epithelial cell growth (Eaton et al., 2001).  LAP2 is expressed throughout rodent 

mammary development; two–three fold during pregnancy, decreases at parturition, but is still 

readily detectable through lactation and involution and modestly decreased at lactation (Raught 

et al., 1995; Seagroves et al., 1998).  In humans, LAP2 is expressed in normal and malignant 

breast tissue (Eaton et al., 2001; Milde-Langosch et al., 2003).   

LIP (liver-enriched inhibitory protein) lacks a 49 amino acid portion of its amino-

terminal transactivation domain but retains the dimerization and DNA-binding domains.  

Therefore it can antagonize the transcriptional activation of the LAP isoforms, C/EBP proteins, 
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and other leucine zipper proteins.  It does so by forming heterodimers with target proteins, 

resulting in C/EBP protein dimers unable to transactivate target promoters, or it binds C/EBP 

sites on target promoters with a greater affinity, competing with functional C/EBP dimers 

(Descombes and Schibler, 1991).  LIP is 20 kDa in rodents (Calkhoven et al., 2000; Descombes 

and Schibler, 1991) and humans (Eaton et al., 2001).  Its expression is associated with rapid 

mammary epithelial cell proliferation and it inhibits cell differentiation (Raught et al., 1995).  

LIP isn’t detectable in virgin rat mammary gland (Seagroves et al., 1998) but it increases 100 

times during pregnancy which coincides with increased alveolar cell proliferation during this 

time.  LIP expression is nearly undetectable at parturition and remains low throughout lactation 

and involution (Dearth et al., 2001; Raught et al., 1995; Seagroves et al., 1998).   

The ratios of LAP/LIP are an important determinant of C/EBPβ function (Seagroves et 

al., 1998) and critical in mediating the expression of C/EBPβ target genes (Descombes and 

Schibler, 1991).  These ratios rather than the absolute amounts of each isoform are an important 

indication of transcriptionally activity of C/EBPβ (Zahnow et al., 2001) and have a dramatic 

effect on mammary gland development.  Several lines of evidence indicate that C/EBPβ-

expressing cells exhibit unique LAP/LIP ratios, depending on cell type and that C/EBP does not 

always function in a positive manner when the expression of LIP exceeds negligible levels 

(Shimizu et al., 2007).   

Several mechanisms have been described for the differential expression of C/EBPβ 

isoforms.  It is hypothesized that the LAP1 and LAP2 translation start sites and a small uORF are 

embedded within a stem loop structure on the C/EBPβ mRNA and that both play an important 

roles in the regulation of AUG recognition and isoform translation (Raught et al., 1996; Xiong et 

al., 2001).  The mRNA binding protein, CUG repeat binding protein (CUG-BP1) (Baldwin et al., 
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2004; Timchenko et al., 1999), calreticulin (Timchenko et al., 2002), and eukaryotic translation 

initiation factors, eIF-2α and eIF-4E (Calkhoven et al., 2000) bind cebpb mRNA and direct 

isoform translation.  eIF2 plays a role in translation start site recognition (Donahue et al., 1988) 

and catalyzes the binding of Met-tRNA to the 40S ribosomal subunit (Schreier and Staehelin, 

1973) while eIF4E recognizes the 5’ mRNA cap as the first step in ribosomal scanning (Pause et 

al., 1994).   

C/EBPβ and Breast Cancer 

C/EBPβ mRNA is present in murine virgin mammary glands.  It increases during 

pregnancy, declines at mid-lactation, and increases again within 48 hours of involution (Gigliotti 

and DeWille, 1998).  In situ localization studies in the mouse mammary gland have identified the 

localization of C/EBPβ mRNA in vivo.  In humans, C/EBPβ mRNA is present in low levels in 

virgin mammary gland, increases during pregnancy, declines slightly during lactation, and is 

induced 24-28 hours after the onset of involution (Gigliotti and DeWille, 1998; Robinson et al., 

1998; Sabatakos et al., 1998).   

C/EBPβ plays a role in rodent breast carcinogenesis (Zahnow, 2002).  Mice 

overexpressing the gene in the mammary gland develop hyperplasia and carcinoma (Wang et al., 

1994).  C/EBPβ probably contributes to tumorigenesis by increases in mRNA and protein levels 

rather than somatic mutations (Grimm and Rosen, 2003).  Studies indicate that C/EBP proteins 

may also be involved in the etiology or progression of human mammary carcinomas, however, 

sparse information has been acquired so far (Milde-Langosch et al., 2003; Zahnow, 2002).  

Studies have indicated that the protein has a role in human breast carcinogenesis (Raught et al., 

1996; Zahnow et al., 1997).  C/EBPβ mRNA was two-five fold higher in MMTV/c-neu 

mammary tumors than the levels normally expressed during lactation or involution (Dearth et al., 

2001).   
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Since all C/EBPβ isoforms originate from a single mRNA, protein levels of each isoform 

provide a more accurate depiction of the role of C/EBPβ in breast carcinogenesis.  Changes in 

the ratios of C/EBPβ isoforms LAP/LIP have been observed in breast cancer (Eaton et al., 2001; 

Zahnow et al., 1997).  Each C/EBPβ isoform can contribute to breast carcinogenesis separately.  

LAP1 is expressed in normal breast epithelial cells and tissue from rodents and humans (Dearth 

et al., 2001; Eaton et al., 2001), so it plays few if any roles in breast carcinogenesis.  LAP2 is 

expressed in infiltrating ductal carcinoma extracts (Zahnow et al., 1997), is acquired in primary 

human breast tumors, and is present in cultured breast cancer cell lines (Eaton et al., 2001).  It 

was expressed at high levels of invasive primary breast tumor samples and was the only 

transactivator isoform expressed in breast cancer cell lines (Eaton et al., 2001).   LAP2 was also 

associated with advanced stages and increased proliferation in human breast tumors (Milde-

Langosch et al., 2003).  LAP1 and LAP2 functions differ and the altering of the ratio between the 

two isoforms may contribute to the transformation of human breast epithelial cells (Bundy and 

Sealy, 2003).     

The expression of LIP is tightly regulated during mouse mammary gland development 

and breast cancer progression (Raught et al., 1996; Zahnow et al., 1997).  The LIP isoform was 

detected in 10 different rat tumor lines and its expression was restricted to mammary tumors and 

not detectable in pre-neoplastic lesions or other primary tumors (Raught et al., 1996; Sundfeldt et 

al., 1999).  Generally, LIP is increased in more proliferative tumors or developmental time points 

and is highly expressed in the most aggressive, poorly differentiated human cancers (Raught et 

al., 1996; Zahnow et al., 1997).  Overexpression of LIP in mouse mammary epithelial cells 

increased proliferation, foci formation, and loss of contact inhibition.  It has been suggested that 

LIP overexpression stimulates a growth cascade that makes cells susceptible to additional 
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oncogenic hits, resulting in tumorigenesis (Zahnow et al., 2001).  LIP was correlated with ER-

negative phenotypes and increased proliferation (Milde-Langosch et al., 2003).  In fact, one 

study suggested that LIP expression should be evaluated further as a prognostic marker for 

human breast cancer (Zahnow et al., 1997).   

The role of LIP in breast carcinogenesis is controversial.  There was no significant level 

of LIP detected in high grade infiltrating mammary carcinomas (Eaton et al., 2001) and LIP 

overexpression in the non-transformed mouse mammary epithelial cell line, HC11, did not 

significantly affect cell proliferation or cell cycle progression (Dearth et al., 2001).   

The overexpression of LIP in NIH3T3 cells lead to cell death (Eaton et al., 2001) and strongly 

inhibited growth in MCF10A cells (Bundy et al., 2005).  Its role may also be concentration 

dependent.  Moderate LIP expression in mouse mammary epithelial cells (SCp2) promoted 

luminal morphogenesis, while increased LIP expression induced apoptosis (Hirai et al., 2001).  

The fact that LIP may result from cleavage in addition to de novo translation (Baer and Johnson, 

2000; Dearth et al., 2001; Welm et al., 1999), also makes it difficult to determine its role in 

carcinogenesis (Welm et al., 1999).  Together, these studies indicate that more research is needed 

to determine the role of the LIP isoform in breast tumorigenesis.   
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Table 1-1.  Carcinogens Present in Cigarette Smoke.  A partial list of these carcinogens is below.  
The IARC group reflects the likelihood of human carcinogenicity: (1) human 
carcinogen; (2A) probably carcinogenic to humans; (2B) possibly carcinogenic to 
humans; (3) not classifiable as to their carcinogenicity to humans.  Classifications 
reflect data up to 2004 (International Agency for Research on Cancer, 2004). Table is 
adapted with permission from Macmillian Publishers for Hecht, 2003.  (*) Adapted 
with permission from The American Chemical Society for Hoffman et al., 2001.  (**) 
Adapted with permission from Springer Science and Business Media for Hecht, 2006.     

Chemical class Examples* 

IARC 
group*
* 

Aldehydes Formaldehyde 1 
 Acetadehyde 2B 
Aromatic amines 4-Aminobiphenyl 1 
 2-Naphthylamine 1 
Inorganic compounds Arsenic 1 
 Lead 2B 
Polycyclic hydrocarbons 
(PAHs) Benzo(α)pyrene (B[α]P) 1 
 Dibenzo(a,h)anthracene 2A 
Phenols Caffeic acid 2B 
 Catechol 2B 

Nitroamines 
4(methylnitrosamine)-1-(3-pyridyl)-1-butanone 
(NNK) 1 

 N-nitrosonornicotine (NNN) 1 
Volatile hydrocarbons Benzene 1 
 Styrene 2B 
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Figure 1-1.  Mechanism of cigarette smoke-induced cancer.  Nicotine addition causes continual 
cigarette smoking and chronic exposure to cigarette related carcinogens.  Most of 
these carcinogens are either metabolically detoxified and excreted out of the body or 
activated.  The carcinogens that are metabolically activated form intermediates that 
bind to DNA and cause adducts.  If the adducts are not repaired and persist during 
DNA replication, miscoding and permanent mutations can occur in the DNA.  
Damaged cells may be removed by apoptosis.  However, if a mutation occurs in an 
oncogene or tumor suppressor, there could be a loss of normal cell growth control.  
Inactivation of apoptosis genes or upregulation of anti-apoptotic genes allows the 
DNA damage to persist and may result in abnormal gene expression.  Loss of cell 
cycle control, cell transformation, and eventually tumorigenesis can result.  Asterisks 
(*) represent the body’s endogenous defense systems.  Adapted with permission from 
Oxford University Press for Hecht, 1999.    
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Figure 1-2.  Human bcl-x gene structure and proteins.  (A) Bcl-x gene structure is composed of 
three exons.  Exon I is non-coding, while exon II and exon III code for bcl-x mRNAs.  
The bcl-xl promoter is located 5’ of Exon I.  (B) Human bcl-x mRNAs.  Bcl-x pre-
mRNA is alternatively spliced into three different mRNAs, each coding for a single 
protein.  Bcl-xL is anti-apoptotic, while Bcl-xS is pro-apoptotic and lacks the BH 
domain (BH) due to an alternative splicing site in Exon II.  Bcl-xβ results from 
unspliced mRNA and lacks the transmembrane domain.  Its role in apoptosis remains 
unclear.  The isoforms share several domains.  The BH Domain (BH) is the 63 amino 
acid region containing BH1 and BH2 domains, having the most homology to Bcl-2.  
The transmembrane domain (TM) is responsible for mitochondrial localization.  
Adapted with permission from the American Society for Biochemistry and Molecular 
Biology for Pecci et al., 2001.        
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Figure 1-3.  Human C/EBPβ mRNA structure and protein isoforms.  (A) C/EBPβ mRNA 
contains three translation initiation sites (AUGs) from which isoforms are translated.  
The 5’ end contains a RNA hairpin region.  Between the LAP1 and LAP2 AUGs, 
there is an AUG associated with a small open reading frame (sORF), which are 
important for the translational control of C/EBPβ isoforms.  (B) The mRNA is 
alternatively translated into three different isoforms by a leaky ribosome scanning 
mechanism.  LAP1 and LAP2 differ by only 21 amino acids.  LIP is considerably 
shorter and lacks the transactivation domain.  It retains the dimerization and leucine 
zipper domains, therefore it acts as a dominant negative to LAP1 and LAP2 protein 
function.  LIP also results from the proteolytic cleavage of the other LAP isoforms.  
Adapted from Zahnow, 2002.   
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CHAPTER 2 
MATERIALS AND METHODS 

Preparation of CSC 

CSC was prepared from the University of Kentucky Reference Cigarette IR4F (Davis, 

1984; Sullivan, 1984) which contains 9 mg tar and 0.8 mg nicotine per cigarette and 

approximates the average full flavor, low-tar cigarette available on the American market 

(Chepiga et al., 2000).  The CSC was prepared by a procedure previously described (Hsu et al., 

1991).  In short, the particulate phase (tar) was collected on a Cambridge filter pad from 

cigarettes smoked under standard Federal Trade Commission conditions (35 mL puff volume of 

a 2 sec duration) on a specialized machine (Griffith and Hancock, 1985).  The particulate matter 

was dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of 40 mg/mL, aliquoted 

into vials, and stored at -80°C.  For treatment, the stock solutions were diluted to the appropriate 

concentrations in complete medium.    

Culturing of MCF10A Cells 

MCF10A cells were maintained in 1X Dulbecco’s modification of Eagle’s 

medium/Ham’s F12 (DMEM/F12) 50/50 Mix with L-glutamine and 15 mM Hepes (MediaTech, 

Inc., Manassas, VA).  This medium was supplemented with 5% horse serum, 100U/mL 

penicillin/streptomycin, 0.5 µg/mL hydrocortisone, 100 ng/mL cholera toxin, 10 µg/mL insulin, 

and 10 ng/mL epidermal growth factor.  The cells were incubated in a 5% CO2 incubator at 

37°C.   

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 

RNA was isolated with TRIzol reagent (Invitrogen Corp., Carlsbad, CA) as per 

manufacturer instructions.  Cells were seeded on 60 mm tissue culture plates and treated at 50-

60% confluency.  At the appropriate times, the plates were rinsed with cold 1X Dulbecco’s 
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phosphate buffered saline (DPBS) (MediaTech, Inc., Manassas, VA), three milliliters of TRIzol 

were added directly into each plate and the plates were rotated for 15-20 min until the cells 

detached.  The TRIzol-cell solution was pipetted from each plate into a round bottom Falcon 

tube (BD Biosciences Pharmingen, Mississauga, ON), 700 µl of chloroform was added, and the 

tubes were incubated for 15 min, shaking every 2 min.  The tubes were centrifuged at 10,000 

rpm at 4°C for 20 min.  The upper aqueous phase was removed into a fresh tube, 1.8 mL 

isopropanol was added, and the tubes were incubated at room temperature for 10 min with 

intermittent mixing.  After centrifugation at 10,000 rpm for 20 min at 4°C, the supernatant was 

carefully removed, leaving the pellet.  The pellet was washed with 700 µl of 75% ethanol in 

diethylpyrocarbonate (DEPC) water; after a final centrifugation, the alcohol was removed, and 

the pellet was resuspended in 10-20 µl DEPC water.  The samples were incubated at 65°C for 10 

min, allowed to cool, quantitated, and stored at 80°C until use.  All procedures were performed 

with RNAse free tubes and equipment.       

The isolated RNA (0.5 μg) was used to make cDNA with the SuperScript First Strand 

Synthesis System for RT-PCR (Invitrogen Corp., Carlsbad, CA) as per manufacturer 

instructions.  Two microliters of cDNA was then used for PCR with primers specific for Bcl-xL 

(800 bp) or GAPDH (320 bp).  The primers used were Bcl-xL sense: 5’- TTGGACAATGGAC 

TGGTTGA-3’, Bcl-xL antisense: 5’-GTAGAGTGGATGGTCAGTG-3’ and GAPDH sense: 5’- 

GGGAAGCCACTGGCATGGCCTTCC-3’, GAPDH antisense: 5’- CATGTGGGCCATGAG 

GTCCACCAC-3’.  The PCR cycles were: 1 cycle of  94°C for 2 min; 35 cycles of 94°C for 20 

sec, 58°C for 30 sec, 72°C for 1 min; and a 4°C hold.  
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Western Blot Analysis 

MCF10A cells were plated on 150 mm plates and treated at 50-60% confluency with 

CSC as described in the figure legends.  After treatment the cells were processed into whole cell 

extract.  Cells were scraped into 50 mL conical tubes and pelleted at 1,500 rpm for 5 minutes at 

4°C.  Pellets were rinsed with 1X DPBS (Mediatech, Herndon, VA) and resuspended in 100-500 

µl lysis buffer (20 mM Tris pH 7.4, 100 mM NaCl, 1 mM PMSF, 0.5% deosycholate, 1% NP 40, 

1% SDS, 1.2 mM EDTA, 1 mM EGTA, 2 mM DTT, 1 mM sodium methavandate, 50 mM NaFl, 

1 µg each of aproptin, leupeptin, pepstatin).  The cells were rotated for 20 min at 4°C and then 

centrifuged at 13,200 for 10 min at 4°C.  The supernatant was removed into a fresh tube and used 

for Western analysis.  Lysates were prepared for electrophoresis with lysis buffer and 6X 

Western dye to a final concentration of 1X dye, and then boiled for 5 min.  After cooling and a 

brief centrifugation, proteins were separated on a 10% SDS-PAGE gel and electroblotted onto a 

Hybond-P PVDF membrane (Amersham Biosciences, Piscataway, NJ).  The blots were blocked 

with 5% milk in Tris buffered saline –1% Tween (TBS-T).  The blots were then probed with the 

appropriate antibodies diluted in 2.5% milk in TBS-T.  The blots were incubated, rocking, at 

room temperature for 2 h for primary antibodies and 1 h for secondary antibodies.  The 

antibodies used were: anti-Bcl-xL (sc-1041), and anti-C/EBPβ (sc-150), both from Santa Cruz 

Biotechnology, Inc. (Santa Cruz, CA). Blots were rinsed between antibodies with three washes 

of TBS-T, 10 min each.  ECL Plus Western Blotting Detection System (Ambersham 

Biosciences, Piscataway, NJ) and autoradiography were used to detect protein levels.  Blots were 

stripped at 65°C for 30 min to 1 h, shaking every 10-15 min.  The stripped blots were rinsed with 

TBS-T, blocked again, and re-probed with the anti-Actin (sc-1616) antibody (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA) for the loading control 
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Cloning of the Human Bcl-xl Promoter (pBcl-xLP) 

The human bcl-xl promoter was previously cloned and sequenced in my lab.  Using 

primers modelled from Sevilla et al., (1999), nucleotides 226-915 from the published human   

bcl-xl promoter (Gene Bank Accession No. D30746) were cloned into a PGL-3 Basic Luciferase 

Vector (Promega Corp., Madison, WI) at XhoI and HindIII restriction enzyme sites.  The 

promoter cis-elements were determined with the TRANSFEC v4.0 Program (TESS: 

Transcription Element Search System, University of Pennsylvania) and two transcription 

initiation sites were identified.     

Cloning of pBcl-xLP Deletion Constructs 

 PCR was used to make nine sequential deletion pBcl-xLP constructs.  The full-length 

pBcl-xLP (-54,+647) was used as template for PCR with specific primers that amplified the 

appropriate regions resulting in the deletion constructs.  The primers were pBcl-xLP (-28,+707) 

sense: 5'-CCGCTCGAGCCACCTCCGGGAGAGTACTC-3', pBcl-xLP (-28,+707) anti-sense: 

5'-CCCAAGCTTGTCCAAAACACCTGCTCA-3'; pBcl-xLP (-28,+542) sense: 5'-CCGCTCG 

AGCCACCTCCGGGAGAGTACTC-3', pBcl-xLP (-28,+542) anti-sense: 5'-CCCAAGCTTCC 

AGAACTGGTTTCTTTGTGG-3'; pBcl-xLP (-28,+462): sense 5'-CCGCTCGAGCCACCTCC 

GGGAGAGTACTC-3', pBcl-xLP (-28,+462) anti-sense: 5'-CCCAAGCTTCCAGTGGACTC 

TGAATCTCCC-3'; pBcl-xLP (-28,+375) sense: 5'-CCGCTCGAGCCACCTCCGGGAGAGT 

ACTC-3', pBcl-xLP (-28,+375) anti-sense: 5'-CCCAAGCTTCCCCCGCCCCCACTCCCGCT 

C-3'; pBcl-xLP (-28,+342): sense 5'-CCGCTCGAGCCACCTCCGGGAGAGTACTC-3',     

pBcl-xLP (-28,+342) anti-sense: 5'-CCCAAGCTTTACATTCAAATCCGCCTTAG-3';              

pBcl-xLP (-28,+282) sense: 5'-CCGCTCGAGCCACCTCCGGGAGAGTACTC-3',  pBcl-xLP   

(-28,+282) anti-sense: 5'-CCCAAGCTTTCACAGGTCGGAGAGGAGG-3'; pBcl-xLP              

(-28,+222) sense: 5'-CCGCTCGAGCCACCTCCGGGAGAGTACTC-3', pBcl-xLP (-28,+222) 
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anti-sense: 5'-CCCAAGCTTGCTGGCAAAAAAACCAGCTC-3'; pBcl-xLP (-28,+132) sense: 

5'-CCGCTCGAGCCACCTCCGGGAGAGTACTC-3', pBcl-xLP (-28,+132) anti-sense: 5'-CC 

AAGCTTAACCAGCCCCCTCGTTGCT-3'; pBcl-xLP (-28,+42): sense: 5'-CCGCTCGAGCC 

ACCTCCGGGAGAGTACTC-3', pBcl-xLP (-28,+42) anti-sense: 5'-CCCAAGCTTCCCCTCT 

CTTGCACGCCC-3'.  The PCR cycles were: 1 cycle of  94°C for 3 min; 32 cycles of 94°C for 1 

min, 55°C for 1 min, 72°C for 3 min; 1 cycle of 72°C for 10 min; and 4°C hold.  The PCR 

products were gel extracted with the QIAXEXII Gel Extraction Kit (Qiagen, Inc., Valencia, CA) 

as per manufacturer instructions.  Samples and empty PGL-3 vector were digested with XhoI and 

HindIII for 4 h.  Digested products were ligated into the digested vector overnight at 16°C using 

T4 DNA ligase (New England BioLabs, Inc., Ipswich, MA).  The ligation products were 

transformed into Max Efficiency DH5α Chemically Competent cells (Invitrogen Life 

Technologies, Carlsbad, CA) according to package instructions and spread on Ampicillin-Luria 

Broth (LB) plates.  Colonies were screened for the correct insert with the QIAprep Spin 

Miniprep Kit (Qiagen, Inc., Valencia, CA) as per manufacturer instructions.  The isolated DNA 

was digested with XhoI and HindIII to confirm the presence of the correct insert.  The constructs 

were sent for sequencing and upon confirmation, were further amplified with the QIAGEN 

Plasmid Maxi Kit (Qiagen, Inc., Valencia, CA).  The resulting DNA was used in transfection 

assays. 

Promoter Activity Assays 

Approximately 0.5 million cells were seeded on 60 mm tissue culture plates.  Bcl-xl 

promoter constructs (pBcl-xLPs) were transfected into cells with FuGENE 6 Transfection 

Reagent (Roche Applied Bioscience, Indianapolis, IN) as per manufacturer instructions.  Nine 

microliters of FuGENE 6.0, 2 µl of the appropriate promoter construct, 0.5 µg pCMV                   

β-galactosidase plasmid, and 100 µl serum free medium (SFM) were mixed for each plate.  The 
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solution was incubated for 30 min at room temperature.  During this time, the plates to be 

transfected were rinsed with SFM.  After incubation, an additional 1.9 mL SFM was added to the 

DNA solution for each plate.  The DNA-lipid solution was mixed well and 2 mL was added to 

each transfection plate (after SFM rinse was removed).  Five hours later, the DNA-lipid solution 

was removed from the cells and 4 mL of fresh medium was added.  Sixteen hours later, the cells 

were treated and harvested at the appropriate time points.   

At the appropriate time points, cells were scraped into 15 mL conical tubes and pelleted 

at 1,500 rpm for 5 min at 4°C.  Pellets were rinsed with 1X DPBS (Mediatech, Herndon, VA) 

and resuspended in 50-100 µl 1X reporter lysis buffer, depending on the size of the pellet.  The 

1X reporter lysis buffer was diluted from 5X Reporter Lysis Buffer (Promega Corp., Madison, 

WI).  The samples were lysed with five freeze-thaw cycles of alternating liquid nitrogen and 

37°C water bath incubations for 5 min at a time.  After each water bath incubation, the samples 

were vortexed to ensure proper lysing.  The samples were then centrifuged at 13,200 rpm for 10 

min at 4°C.  The supernatant was removed to a fresh tube and used for promoter activity 

analysis.   

The pBcl-xLP promoter activity was measured with luciferase assays.  Luciferase assay 

reagent (20 mM tricine, 1.07 mM magnesium carbonate hydroxide, 2.67 mM magnesium sulfate, 

0.1 mM EDTA) was used to prepare luciferase assay buffer (4 mL luciferase assay reagent, 470 

μM luciferin, 270 μM coenzyme A, 530 μM ATP, 33.3 mM DTT).  All of the reagents for the 

luciferase assay buffer were purchased from Sigma-Aldrich (St. Louis, MO).  The assay was 

performed with a Monolight 3010 Luminometer (BD Biosciences Pharmingen, Mississauga, 

ON).  Ten milliliters of lysate were put into a Luminometer cuvette (BD Biosciences 
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Pharmingen, Mississauga, ON) and it was placed into the luminometer.  The machine injected 

100 µl luciferase assay buffer and recorded the resulting luciferase activity.   

β-galactosidase assays were performed in 96-well flat bottom tissue culture plates.  In 

each well, 10 µl of lysate was incubated with 50 µl double distilled water (DDW), 15 µl 5X 

Reporter Lysis Buffer (Promega Corp., Madison, WI), and 75 µl 2X assay buffer (200 mM 

sodium phosphate buffer pH 7.2, 2 mM MgCl2, 100 mM β–mercaptoethanol, 1.33 mg/mL  

σ-Nitrophenyl-B-D-galactopyranoside (ONPG)).  Wells were mixed and incubated at room 

temperature for 5 min to 1 h to allow the yellow color to develop.  The reactions were stopped 

with 75 µl 1M sodium carbonate and the plates were read for absorbance with 490 nm 

wavelength on a Vmax Kinetic Microplate Reader (Molecular Devices, Sunnyvale, CA).  These 

readings were divided into luciferase values to normalize for transfection efficiency.     

Electrophoretic Mobility Shift Assay (EMSA) 

Single-stranded oligonucleotides were annealed to produce double-stranded 

oligonucleotides for EMSA analysis.  For annealing, 25 μg of each oligonucleotide and its 

compliment were combined with 10 μl 1M KCl to a total of 50 μl DDW.  The mixture was 

heated at 90°C for 10 min and then allowed to slowly cool to 25°C.  Double-stranded 

oligonucleotides were diluted to 100 ng/μl.  The oligonucleotides used were C/EBP site-I wild-

type sense: 5’-AAAAACAAAAACCAACTAAA-3’, C/EBP site-I wild-type anti-sense: 5’-

TTTAGTTGGTTTTTGTTT TT-3’; C/EBP site-I mutant sense: 5’-AAAAGGGCCCAAAAC 

TAAA-3’; C/EBP site-I mutant anti-sense 5’-TTTTAGTTTGGGCCCTTTTT-3’; C/EBP site-II 

wild-type sense: 5’-CCTGAGCTTCGCAATTCCTG-3’, C/EBP site-II wild-type anti-sense: 5’-

CAGGAATTGCGAAGCTCAGG-3’; C/EBP site-II mutant sense: 5’-CCTAGCCACAGC 

ATTCCTG-3’, C/EBP site-II mutant anti-sense 5’-CAGGAATGCTGAGGCTCAGG-3’.  The 
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underlined nucleotides are the core of the C/EBP consensus sequence and the bold nucleotides 

were mutated.     

Double-stranded oligonucleotides were end-labelled in reactions of 200 ng of 

oligonucleotide, 4 µl 10X T4 Polynucleotide Buffer (New England BioLabs, Inc., Ipswich, MA), 

1 μl T4 Polynucleotide Kinase (New England BioLabs, Inc., Ipswich, MA), and 5 μl 32P γ-ATP 

to a final volume of 40 µl.  The mixture was incubated at 37°C for 30 min and purified through a 

Sephadex G-50 DNA grade Nick Column (Amersham Biosciences, Piscataway, NJ).  The 

amount of radioactivity was measured with a LS 6500 Multipurpose Scintillation Counter 

(Beckman Coulter, Fullerton, CA).       

EMSA and super-shift analysis was performed with nuclear extracts prepared as 

described in Shapiro et al. (1988).  DNA-protein binding reactions were assembled to a final 

volume of 20 µl with 20 mM Hepes pH 7.9, 1 mM DTT, 5 mM MgCl2, 80 mM KCl, 10% 

glycerol, 0.025% NP-40 and 0.5 µg poly(dI.dC).  After 10 min incubation at room temperature, 2 

μg of nuclear extract was added.  Three microliters of the appropriate 32P-labelled double-

stranded probe were added and incubated for another 20 min at room temperature.  For 

competition experiments, appropriate amounts of unlabelled probe were added after the addition 

of poly(dI.dC) and incubated at room temperature for 10 min before the addition of the 32P-

labelled probe.  To perform super-shift analysis the master mix consisted of 20 mM Hepes pH 

7.9, 1 mM DTT, 5 mM MgCl2, 37.5 M KCl, 7.5% glycerol, and 1 µg poly(dI.dC).  Five 

micrograms of nuclear extract and 4.5 μl of 32P-labelled probe were added.  Antibodies specific 

to C/EBPα (sc-9314X), β (sc-150X), and δ(sc-636X) (Santa Cruz Biotechnology, Santa Cruz, 

CA) proteins and formulated for use in EMSA and ChIP analysis were added to the reaction 

mixture prior to the addition of 32P-labelled probe and incubated for 30 min.  The reactions were 
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loaded on a nondenaturing 4% polyacrylamide gel Tris-borate-EDTA (TBE) which was pre-run 

at 100 volt for at least 30 min.  The samples were loaded (without dye) and run at 100 volts for 

the first 15 min and 150 volts for a total of 1.5 hours with 0.5X TBE used as running buffer.  

After the run was completed, the gel was transferred to filter paper and dried for 1.5 h at 80°C.  

The DNA-protein complexes were then visualized by autoradiography.  Exposure times varied 

from 2 h to 24 h.   

Chromatin Immunoprecipitation (ChIP) Assay 

ChIP analysis was carried out with the ChIP Assay Kit (Upstate Biotechnology, Lake 

Placid, NY) as per manufacturer instructions.  One million cells were seeded onto 100 mm tissue 

culture plates and treated at appropriate times.  The cells were fixed by adding 270 µl of 37% 

formaldehyde per 10 mL of cell media, and incubating for 10 min at 37°C.  The medium was 

removed, the plates were rinsed with ice-cold 1X DPBS (Mediatech, Herndon, VA) containing 

protease inhibitors, scraped into fresh tubes, and lysed with SDS lysis buffer containing protease 

inhibitors.  The lysate was sonicated on ice for 4 cycles of 30 sec with 20 intervals using a 

Branson Sonicator 450 (Branson Power Company, Danbury, CT) at a 5% duty cycle, 20% 

constant maximal power, and with a control output of 5.  The lysate was clarified, diluted, pre-

cleared, and immunoprecipitated with 2 μg antibody overnight at 4°C.  The antibody used was 

anti-C/EBPβ (sc-150X) (Santa Cruz Biotechnology, Santa Cruz, CA).  The resulting complexes 

were then rinsed, eluted, and heated to reverse the cross-linkages.  DNA was isolated by 

phenol/chloroform extraction and ethanol precipitation. 

The isolated DNA was used in PCR reactions using primers specific to C/EBP site-II on 

the pBcl-xLP.  The primers were C/EBP site-II sense: 5’-CGGGTGGCAGGAGGCCGCGGC-3’ 

and C/EBP site-II anti-sense: 5’-AACTCAGCCGGCCTCGCGGTG-3’, resulting in a 190 bp 

product.   
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Site-directed Mutagenesis 

 The QuikChange II Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to 

mutate two C/EBP sites on the pBcl-xLP construct, via manufacturer instructions.  Primers 

specific for the cis-element mutations were used to perform PCR.  The primers were C/EBP site-

I sense: 5’-TGGTGCTTAAATAGAAAAAAGGGCCCAAAACTAAATCCATACCAGCCAC 

C T-3’, C/EBP site-I anti-sense: 5’-GGTGGCTGGTATGGATTTAGTTTTGGGCCCTTTTTCT 

TTTTTCTATCTATTTAAGCACCA; C/EBP site-II sense: 5’-AGCAAGCGAGGGGGCTGGT 

TCCTGAGCCACAGCATTCCTGTGTCGCCTTCT -3’, C/EBP site-II anti-sense: 5’-AGAAG 

GCGACACAGGAATGCTGTGGCTCAGGAACCAGCCCCCTCGCTTGCT-3’.  The PCR 

products were digested with DpnI to degrade template DNA.  Digested products were 

transformed into XL-1 Blue Supercompetent Cells (Strategene, La Jolla, CA) and spread onto 

Ampicillin-LB agarose plates.  The presence of the correct mutation was confirmed and 

construct amplification was carried out as described earlier in this section.  

Overexpression of C/EBPβ  

MCF10A cells were plated at the density of 0.6 million cells per 60 mm plate and 

allowed to attach overnight.  The next day, 2 μg empty pCDNA3.1 vector, or either C/EBPβ 

overexpression construct was transfected into the cells with FuGENE 6.0 Transfection Reagent 

(Roche Applied Bioscience, Indianapolis, IN) as previously described in this section.  At the 

scheduled times, plates were harvested for luciferase assays or whole cell extract as described 

above.   

Statistical Analysis 

Experiments were averaged and appropriate statistics were performed.  Significance was 

calculated with T-tests and p-values below 0.05 were considered significant.  Statistics were 

performed with SigmaPlot 10.0 Software (SPSS Inc, Chicago, IL). 



 

CHAPTER 3 
CSC TREATMENT RESULTS IN THE TRANSCRIPTIONAL UPREGULATION OF       

BCL-XL IN MCF10A CELLS 

Introduction 

 CSC is capable of transforming the spontaneously immortalized breast epithelial cell line, 

MCF10A in culture (Narayan et al., 2004).  A single dose of CSC resulted in characteristics such 

as anchorage-independent growth, colony formation, and increased expression of NRP-1, a 

marker of neoplastic progression (Stephenson et al., 2002).  Additionally, these characteristics 

remained stable in cell lines established from the treated cells, with no further CSC treatment.  

These transformed cells were found to have elevated mRNA and protein levels of Bcl-xL versus 

the control cells.  Even though, most treated cells die, the transformed cells escaped cell cycle 

arrest and survived due to the overexpression of anti-apoptotic genes such as bcl-xl (Narayan et 

al., 2004).  The anti-apoptotic role of Bcl-xL and its implication in cancer, lead to the 

investigation of how the gene was regulated in response to CSC treatment in MCF10A cells.  

The hypothesis of this study is that the CSC-induced upregulation of Bcl-xL occurs by a 

transcriptional mechanism.  After CSC treatment, a transcription factor(s) binds the bcl-xl 

promoter, induces its transcriptional activity, and results in the increase of Bcl-xL protein levels.      

Results  

CSC Treatment Induces Bcl-xl mRNA and Protein Levels in MCF10A Cells 

The previous study suggested that CSC-induced Bcl-xL expression in MCF10A cells was 

mediated by an increase in bcl-xl mRNA (Narayan et al., 2004).  To confirm this finding, 

MCF10A cells were treated with increasing amounts of CSC for 24 h and bcl-xl mRNA levels 

were analyzed with RT-PCR (Figure 3-1A).  It is interesting to note the initial decrease in bcl-xl 

mRNA levels at 2.5 μg/mL of CSC treatment; then the levels continued to increase in a 

concentration-dependent manner.  At 50 μg/mL of CSC treatment, the bcl-xl mRNA level was 
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higher than the level in the control cells.  To confirm the subsequent induction of Bcl-xL protein 

levels, cells were treated with 25 μg/mL of CSC for a time course and with increasing 

concentrations of CSC for 24 h for a concentration curve.  Western analysis was used to 

determine the protein levels in these cells.  The time course and concentration curve confirmed 

the upregulation of Bcl-xL protein levels in a time and concentration-dependent manner (Figure 

1-3B).  These results confirmed that CSC induced bcl-xl mRNA and protein levels in treated 

MCF10A cells and that the mechanism of Bcl-xL upregulation in these cells was on the level of 

transcription.       

CSC Induces pBcl-xLP Promoter Activity in MCF10A cells 

One of the most important mechanisms of gene regulation is transcriptional (Weis and 

Reinberg, 1992).  To determine the how bcl-xl was induced by CSC, the human bcl-xl gene 

promoter (Grillot et al., 1997; Sevilla et al., 1999) was cloned into a pGL-3 Basic Luciferase 

vector as described in Materials and Methods and was named pBcl-xLP.  In the first step, it was 

determined which transcription factor(s) were responsible for the upregulation of bcl-xl in CSC-

treated MCF10A cells.  Transcription initiation sites were identified at +1 and +78 and putative 

cis-regulatory elements on the pBcl-xLP were identified (Figure 3-2).  The pBcl-xLP promoter 

had consensus sites for several transcription factors that were reported in earlier studies, such as 

NF-κB, Oct1, Sp proteins, GATA, STAT, and others (Grillot et al., 1997; Sevilla et al., 1999).  

The first promoter cloned was pBcl-xLP (-54,+647) according to its length, but further studies 

indicated that cis-elements were located upstream of this first construct.  At this point, the second 

promoter construct, pBcl-xLP (-145,+707), was made.  

To determine whether bcl-xl promoter activity was induced by CSC treatment in 

MCF10A cells, the two promoter constructs were separately transfected into MCF10A cells and 

treated with CSC for time course and concentration curve experiments.  The pBcl-xLP  
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(-145,+707) had no significant promoter activity (data not shown).  Alternatively, pBcl-xLP       

(-54,+647) showed a time dependent and concentration dependent increase in activity after CSC 

treatment (Figure 3-3).  Therefore pBcl-xLP (-54,+647) construct was identified as the basal 

promoter sequence and became our full-length promoter.  It will be referred to as pBcl-xLP from 

this point forward.  This experiment indicated the optimum treatment conditions for the 

induction of pBcl-xLP in these cells.  During the concentration curve the promoter activity 

peaked at 24 h of treatment (Figure 3-3A).  The highest level of promoter activity induced in the 

concentration curve after treatment with 50 μg/mL of CSC (Figure 3-3B).  However, at such a 

high concentration most of the cells have died.  A concentration of 25 μg/mL of CSC was used 

for the rest of the experiments because it represented a more common treatment concentration 

and resulted in less cell toxicity and death.  Other studies found similar results (Nagaraj et al., 

2006).  These studies confirmed that pBcl-xLP promoter activity was induced in MCF10A cells 

by CSC treatment in a time and concentration-dependent manner.   

C/EBP-binding Sites on the pBcl-xLP are CSC-responsive Elements  

Next, the cis-elements on the pBcl-xLP responsible for this upregulation were identified.  

Eukaryotic gene expression is regulated in part by transcriptional mechanisms including 

transcriptional initiation, which involves site specific protein to DNA and protein to protein 

interactions at the initiation site (Van Dyke et al., 1988).  Transcription factors are essential for 

the recruitment of RNA polymerase II (RNAP II) and other members of the pre-initiation 

complex (PIC) to the transcription initiation site.  Transcription initiation is the rate-limiting step 

in the gene transcription and the role of general transcription factors is therefore critical to the 

transcription of genes.   

     Putative cis-elements on the bcl-xl promoter represent possible binding sites for 

transcription factors that can activate or repress the transcription of the gene.  To determine 
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which transcription factor was increasing pBcl-xLP expression in treated cells, PCR was used to 

clone nine promoter deletion constructs from the pBcl-xLP promoter.  These constructs were 

designed to sequentially delete potential regulatory elements on the pBcl-xLP (Figure 3-4A).  

The pBcl-xLP and deletion constructs were individually transfected into MCF10A cells, treated 

with CSC, and promoter activity was measured (Figure 3-4B).  As expected, the pBcl-xLP         

(-145, +707) showed no significant promoter activity or induction.  Conversely, pBcl-xLP (-

54,+647) activity was significantly induced by CSC as shown in Figure 3-3.  Basal promoter 

activity was reduced with pBcl-xLP (-28,+707), which reflected the loss of the C/EBP-I site, but 

the CSC response was maintained, suggesting that C/EBP-I was important for the basal bcl-xl 

promoter activity and that it may or may not have been responsive to CSC treatment.  The bcl-xl 

promoter activity continued to decrease as other elements were deleted.  However, the CSC 

response was maintained up to pBcl-xLP (-28,+222).  The promoter activity decreased at the 

next construct, pBcl-xLP (-28,+132), which represented the loss of the site C/EBP-II.  Loss of 

this site resulted in an unrecoverable decrease in promoter activity.  These results suggested that 

the C/EBP-II on the pBcl-xLP may have been the primary CSC-responsive site on the pBcl-xLP 

promoter.   

 Site-directed mutagenesis was used to examine whether C/EBP sites were necessary for 

CSC-induced promoter activity.  Site-directed mutagenesis was performed separately on the 

C/EBP site-I and site-II of the pBcl-xLP promoter (Figure 3-5).  The mutant constructs were then 

transfected into MCF10A cells that were subsequently treated with CSC.  While the wild-type 

promoter showed a significant induction of activity in response to CSC treatment, neither mutant 

promoter construct showed a significant induction in response to treatment (Figure 3-6).  These 
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results indicate that C/EBP site-I and site-II elements on the pBcl-xLP respond to CSC treatment 

in MCF10A cells.   
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Figure 3-1.  Bcl-xl mRNA and protein levels are induced in MCF10A cells treated with CSC.  
(A) RNA was isolated from cells treated with increasing concentrations of CSC for 
24 h.  RT-PCR was performed with primers specific to the bcl-xl cDNA sequence. 
GAPDH primers were used on the same samples as a loading control.  (B) Treated 
cells were processed for whole cell extract.  For the time course, cells were treated 
with 25 µg/mL of CSC for various time points.  For the concentration curve, cells 
were treated with increasing amounts of CSC for 24 hours.  Blots were stripped and 
probed for β-Actin as a loading control.  Data is representative of three separate 
experiments. 
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Figure 3-2.  Sequence of the cloned human bcl-xl promoter, pBcl-xLP.  Nucleotides 226 to 915 
from the human bcl-xl promoter were cloned into a pGL-3 Basic Luciferase Vector 
and was named pBcl-xLP. The pBcl-xLP contains binding sites for several common 
transcription factors and the transcription initiation sites are located at +1 and +78.  
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Figure 3-3.  CSC treatment induces pBcl-xLP promoter activity in vitro.  The pBcl-xLP construct 
was transfected into MCF10A cells, which were subsequently treated with CSC.  
Cells were harvested for the (A) time course and (B) concentration curve and 
promoter activity was measured with luciferase assays normalized with                     
β-galactosidase activity.  Data is the average of three replicates + SE and 
representative of three independent experiments.  Asterisks (*) indicate a significant 
difference compared to the promoter activity of the untreated cells.        
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Figure 3-4.  The pBcl-xLP promoter contains CSC-responsive cis-elements.  (A) The basal 
promoter construct was identified as pBcl-xLP (-54,+647).  Nine pBcl-xLP deletion 
constructs (labelled according to their lengths) were designed to sequentially delete 
putative cis-elements.  Arrows indicate the transcription initiation sites. (B)  For the 
determination of the CSC-responsive cis-elements on the pBcl-xLP, luciferase assays 
normalized with β-galactosidase activity were used to measure pBcl-xLP promoter 
activity in MCF10A cells separately transfected with each construct and then treated 
with CSC.  Data is the average of three replicates + SE and representative of three 
independent experiments. 
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Figure 3-5.  C/EBP mutations introduced on the pBcl-xLP.  Site-directed mutagenesis was used 
to introduce two separate mutations in the pBcl-xLP construct.  The resulting 
constructs were named C/EBP site-I mutant and C/EBP site-II mutant, respectively.  
The mutations (in red) mirror the mutations used for subsequent EMSA experiments.    

69 



 

 

 
Figure 3-6.  Site-directed mutagenesis of C/EBP sites on the pBcl-xLP attenuates CSC-induced 

promoter activity.  Wild-type pBcl-xLP, C/EBP site-I mutant, or C/EBP site-II mutant 
were separately transfected into MCF10A cells.  The transfected cells were then 
treated with CSC and promoter activity was analyzed with luciferase assays 
normalized with β-galactosidase activity.  Data is the average of three replicates + SE 
and representative of three independent experiments.  Asterisks (*) indicate a 
significant difference compared to the promoter activity of the untreated cells. 
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CHAPTER 4 
C/EBPβ REGULATES BCL-XL IN CSC-TREATED MCF10A CELLS  

Introduction 

The loss of C/EBP site-I and -II reduced CSC-induced pBcl-xLP activity (Figure 3-6).  

C/EBPβ is one of the six C/EBP proteins and evidence suggests its role in human breast 

carcinogenesis, however, this role is not completely understood (Milde-Langosch et al., 2003; 

Zahnow, 2002).  Its putative role in human breast carcinogenesis made C/EBPβ an appropriate 

C/EBP target protein responsible for the upregulation in bcl-xl in CSC-treated MCF10A cells.   

Results 

C/EBPβ is Induced by CSC Treatment in MCF10A Cells 

Western analysis was used to confirm that C/EBPβ was induced by CSC treatment.  The 

antibody used in this Western analysis was raised against the carboxy-terminal of C/EBPβ, and 

therefore had the ability to detect all three isoforms.  Two C/EBPβ isoforms LAP1 (45 kDa) and 

LAP2 (42 kDa) were detected in whole cell extracts from CSC-treated MCF10A cells; however, 

LIP was not detected in these cells (Figure 1-4).  Only LAP2 levels were significantly increased 

in a time and concentration-dependent manner.  These experiments confirmed that C/EBPβ 

protein levels are induced by CSC treatment.      

C/EBPβ Site-II of the pBcl-xLP is Specific for the CSC Response in MCF10A Cells    

In previous experiments, two putative C/EBP sites on the pBcl-xLP were identified as 

being inducible by CSC.  EMSA was used to characterize these C/EBP sites as CSC-responsive 

sites on the pBcl-xLP.  To do this, 32P-labelled double-stranded probes, identical to C/EBP site-I 

and site-II sequences were incubated with MCF10A nuclear extract.  Two DNA-protein 

complexes (shifted bands I and II) were visualized with autoradiography (Figure 4-2).  These 

bands represent nuclear proteins binding to C/EBP regulatory elements on the bcl-xl promoter.  
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For competition experiments, the appropriate unlabelled wild-type or mutant oligos were added 

at increasing fold excess (Figure 4-2A).   For C/EBP site-I and C/EBP site-II, the unlabelled 

wild-type probe competed out the 32P-labelled probe, in a concentration dependent manner, as 

expected.  However, the unlabelled C/EBP site-I mutant oligo also competed out the 32P-labelled 

probe at that site.  This indicated one of the two scenarios: 1) the mutant is not sufficient enough 

to decrease binding, or 2) the binding at this site is non-specific.  Specificity was tested by 

adding increasing concentrations of a non-specific, unlabelled GAGA probe to the reactions as 

indicated.  The unlabelled probe also competed with the 32P-labelled wild-type probe for C/EBP 

site-I, confirming the second possibility that the binding at C/EBP site-I was non-specific.  

Conversely, the reactions with C/EBP site-II were not competed out by either the unlabelled 

mutant or the unlabelled non-specific GAGA probe, suggesting that MCF10A nuclear extract 

contained a protein that specially bound to C/EBP site-II.   

The protein binding to the pBcl-xLP C/EBP site-II was identified with super-shift 

analysis.  The three C/EBP proteins (C/EBPα, β, and δ) are expressed in mammary tissue 

(Gigliotti and DeWille, 1998; Sabatakos et al., 1998).  To determine whether the binding was 

specific to either protein, antibodies specific to each were added to the reaction mixtures as 

indicated.  No shifted bands are observed in reactions with the 32P-C/EBP site-I.  32P-C/EBP site-

II reactions showed a shifted band only with the addition of anti-C/EBPβ antibody (Figure 4-2B).   

It was also determined whether CSC induced C/EBPβ protein to show increased binding 

to the pBcl-xLP promoter in the gel-shift and super-shift assays.  32P-labelled C/EBP site-II 

probe was incubated with nuclear extracts isolated from untreated and CSC-treated MCF10A 

cells.  Results showed a drastic increase in the shifted band II with extract from CSC-treated 

cells as compared to untreated cells (Figure 4-2C).  In the reactions with untreated nuclear 
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extract, the addition of anti-C/EBPβ antibody resulted in a super-shift as seen in Figure 4-2B.  In 

the reaction with CSC-treated nuclear extract, there was a shift of band I and increased binding at 

band II.  The addition of anti-C/EBPβ antibody resulted in an additional shift of shifted band in 

lane 3 (without antibody) and increased binding at band II.  These results indicated that CSC 

treatment increased the binding of C/EBPβ proteins to the pBcl-xLP in vitro.    

C/EBPβ Binds the Endogenous Bcl-xl Promoter in Response to CSC Treatment 

To confirm that C/EBPβ binds the bcl-xl promoter in vivo, ChIP analysis was performed.  

MCF10A cells were treated with increasing concentrations of CSC for 24h.  The ChIP analysis 

was performed as described in Materials and Methods.  PCR of the resulting DNA was 

performed with primers specific to the pBcl-xLP C/EBP site-II.  In the untreated cells there was 

an initial binding of C/EBPβ to the bcl-xl promoter.  This binding slightly decreased at 10 µg/mL 

of CSC treatment, increased to a level higher than that in the untreated cells at 25 μg/mL, and 

was sustained at 50 µg/mL of CSC treatment (Figure 4-3).  This experiment mirrored the bcl-xl 

mRNA expression in Figure 3-1A.  The results from the EMSA and ChIP analysis suggested that 

C/EBPβ binds and regulates bcl-xl gene expression in MC10A cells in response to CSC 

treatment.   

Overexpression of C/EBPβ Protein LAP2 Increases pBcl-xLP Promoter and Protein Levels 
in MCF10A Cells 

To demonstrate that CSC treatment increased C/EBPβ levels which bound to the bcl-xl 

promoter and regulated it expression, this condition was recapitulated by overexpression of 

C/EBPβ protein in MCF10A cells.  To do this, each C/EBPβ isoform: hLAP1, hLAP2, and hLIP 

were transfected into MCF10A cells and the effect on pBcl-xLP promoter activity was measured 

with luciferase activity.  Each C/EBPβ construct induced promoter activity.  However, only 

hLAP2 had a significant induction when compared to the empty pCDNA3.1 vector (Figure 4-
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4A).  To determine the effect of these constructs on Bcl-xL protein levels, each construct was 

separately transfected into MC10A cells and after 48 h, the cells were harvested and processed 

for whole cell extract.  The protein was used for Western analysis of C/EBPβ and Bcl-xL protein 

levels.  C/EBPβ protein levels confirmed that the appropriate isoforms were overexpressed.   

Bcl-xL protein levels were similar in control cells and cells transfected with the empty 

pCDNA3.1 vector (Figure 4-4B).  The overexpression of hLAP1 slightly increased Bcl-xL 

protein levels, while LAP2 showed the most significant increase of Bcl-xL.  Conversely, hLIP 

expression caused a decrease in Bcl-xL protein.  These results suggest that C/EBPβ, specifically 

LAP2, has a role in the regulation of pBcl-xLP promoter activity and protein levels in the 

absence of CSC treatment.     

 Co-transfection of C/EBPβ overexpression constructs with pBcl-xLP mutant constructs 

indicated that the loss of C/EBP sites on the promoter disrupted the promoter activity compared 

to the results from Figure 4-4 with the wild-type promoter (Figure 4-5).  The presence of C/EBP 

site-II was required for the CSC-induced and C/EBPβ-induced upregulation of bcl-xl promoter 

activity in MCF10A cells and together, these data indicated that C/EBPβ was necessary for the 

upregulation of bcl-xl in CSC-treated MCF10A cells.           
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Figure 4-1.  C/EBPβ protein levels are induced in MCF10A cells treated with CSC.  MCF10A 
cells were treated with 25 µg/mL of CSC for various time points. For the 
concentration curve, cells were treated with increasing amounts of CSC for 24 hours.  
The protein was used for Western blot analysis of C/EBPβ protein.  Blots were 
stripped and probed for β-Actin as a loading control.  Data is representative of three 
independent experiments.   
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Figure 4-2.  C/EBPβ binds the bcl-xl promoter in vitro.  32P-labelled C/EBP site-I or 32P-labelled 
C/EBP site-II oligonucleotides were incubated with MCF10A nuclear extract.  (A) 
For competition experiments, 2.5, 5, and 10 fold excess of the appropriate unlabelled 
wild-type or mutant C/EBP site were added to the indicated lanes. Unlabelled GATA 
oligonucleotides were added to the lanes indicated to determine binding specificity.  
(B) Super-shift analysis of C/EBP site-II was carried out by adding antibodies 
specific to C/EBPβ, α, or δ to the reaction mixtures as the lanes indicate.  (C) The 
effects of CSC treatment on super-shift analysis were analyzed by adding anti-
C/EBPβ antibody to reaction mixtures using MCF10A nuclear extract from untreated 
or CSC-treated cells.  Data is representative of three independent experiments. 
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Figure 4-3.  C/EBPβ is present on the bcl-xl promoter of MCF10A cells in vivo.  ChIP was 

performed on MCF10A cells treated with increasing concentrations of CSC for 24h.  
An anti-C/EBPβ antibody was used to immunoprecipitate the DNA-protein 
complexes.  PCR was performed on the isolated DNA with primers specific for 
C/EBP site-II on the pBcl-xLP promoter.  Data is representative of three independent 
experiments. 
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Figure 4-4.  Overexpression of C/EBPβ induces pBcl-xLP promoter activity and Bcl-xL protein 

levels in MCF10A cells.  Human C/EBPβ overexpression constructs, LAP1, LAP2, 
and LIP were co-transfected with the pBcl-xLP promoter into MCF10A cells.  (A) 
Promoter activity was analyzed with luciferase assays and normalized with β-
galactosidase activity.  Data is the average of three replicates + SE and representative 
of three independent experiments.  Asterisks (*) indicate a significant difference from 
the promoter activity of the empty pCDNA3.1 vector. (B) Western analysis of 
C/EBPβ was used to confirm the overexpression of the appropriate construct and 
changes in Bcl-xL expression were assessed. The same whole cell extract was used to 
detect protein (C/EBPβ or Bcl-xL) on two blots.  The blots were stripped and probed 
for β-Actin as a loading control.  Data is representative of three independent 
experiments.   
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Figure 4-5.  Site-directed mutagenesis of C/EBP sites on the pBcl-xLP attenuates the C/EBPβ-

induced activation of the pBcl-xLP promoter.  C/EBPβ overexpression constructs 
were co-transfected with each C/EBP mutant construct.  Promoter activity was 
analyzed with luciferase assays and normalized with B-galactosidase activity.  Data is 
the average of three replicates + SE and representative of three independent 
experiments.  Asterisks (*) indicate a significant difference from the promoter activity 
of the empty pCDNA3.1 vector.    
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CHAPTER 5 
SUMMARY AND DISCUSSION 

Breast cancer is the most common cancer women.  In light of this and other studies, 

cigarette smoking may play a role in breast cancer development.  Approximately 45 million 

Americans currently smoke.  Even though the numbers of women smokers have decreased in the 

past, prevalence declined little from 1992-1998.  Smoking prevalence continues to increase in 

women with less education and/or those below the poverty level (Centers for Disease Control 

and Prevention, 2007; National Center for Health Statistics, 2006).  These growing groups of 

women are of particular interest because when they develop cancer, their accessibility to 

healthcare is limited.  Breast cancer can arise 30-40 years from the onset of smoking and 

smoking for a long duration may be associated with increased breast cancer risk (Terry and 

Rohan, 2002).  Additionally, females beginning to smoke at younger ages, increase their risk of 

smoking-related diseases including cancers (U.S.  Department of Health and Human Services, 

1994).  This trend may be linked to the growing number of breast cancer cases diagnosed in the 

United States.   

Prevention of breast cancer has been obstructed by the lack of knowledge about the 

etiology of the disease (Li et al., 1996a).  There are two categories of breast cancer risk factors: 

biological risk factors and life-style risks.  The primary biological risk factor is gender and 

increasing age.  Other biological factors include, but aren’t limited to genetic mutations in certain 

genes (BRCA1, BRCA2) and family, or personal history of breast cancer.  Reproductive risk 

factors include menstrual periods that start early or end late in life, not having children, and 

childbirth after the age of 30.  Behavioral factors include postmenopausal hormone replacement 

therapy (slight increased risk), alcohol use, obesity/high-fat diets, and lack of physical activity 

(American Cancer Society, 2008).  Known risk factors (family history and reproductive factors) 
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only account for 30% of breast cancer cases (John and Kelsey, 1993).  Understanding other risk 

factors, such as the role of smoking, is essential to developing prevention strategies and 

therapeutic interventions to breast carcinogenesis.   

In this study, the MCF10A cell line was utilized to determine the mechanism by which 

cigarette smoking might be linked to breast carcinogenesis.  The MCF10 series of cell lines are 

human breast epithelial cells that have been extensively characterized (Soule et al., 1990; Tait et 

al., 1990).  The founding cells, MCF10M, were derived from a 36-year old parous pre-

menopausal woman with extensive fibrocystic disease, but no family history or histological 

evidence of breast malignancy.  These mortal diploid cells had finite growth in culture and were 

described as estrogen receptor negative (ER-).  MCF10A (attached) cells are a spontaneously 

immortalized derivative that resulted from the culturing of MCF10M cells in medium containing 

low calcium.  Although this cell line is immortalized, MCF10A cells have characteristics of 

normal cells including: the lack of tumorigenecity in nude mice (Miller et al., 1993), growth 

factor-dependency, and anchorage-dependent growth (Soule et al., 1990; Tait et al., 1990).  

MCF10A cells are considered a model for normal epithelial cells and therefore provide the 

opportunity to study the earliest stages of transformation and tumorigenesis (Soule et al., 1990; 

Tait et al., 1990).  However, MCF10A cells have characteristics of luminal and basal 

myoepithelial cells and may represent multipotent progenitor cells (Gordon et al., 2003; Neve et 

al., 2006).  Inner luminal (secretory) and outer basal myoepithelial cells, are the two cell types 

that compose the acinus (Ronnov-Jessen et al., 1996; Taylor-Papadimitriou et al., 1989) , the 

smallest functional unit of the mammary duct (Bissell et al., 2003; Smith et al., 1984).  These cell 

types can be distinguished by gene expression profiling and with immunohistochemistry; luminal 

cells express keratins 8/18 and E-cadherin, while myoepithelial cells express keratins 5/6, 

81 



 

integrin-β4, and laminin (Perou et al., 2000; Ronnov-Jessen et al., 1996; Sorlie et al., 2001; 

Sorlie et al., 2003).  Recently, studies have reported that MCF10A cells have basal-like cell 

characteristics (Charafe-Jauffret et al., 2006; Neve et al., 2006).  Cells with basal phenotypes are 

more likely to undergo EMT and express more aggressive, metastatic phenotypes in vivo (Sarrio 

et al., 2008).  In fact, MCF10A transiently express characteristics of EMT when cultured in low 

densities (Sarrio et al., 2008).  Despite these characteristics, MCF10A cells cluster with other 

cells derived from normal mammary tissue (Lombaerts et al., 2006), display normal morphology 

when grown on basement membrane, and do not display a fully mesenchymal phenotype 

(Zajchowski et al., 2001).  Using primary mammary cells as an experimental model is difficult 

and usually does not allow for long-term observations.  The in vitro and in vivo characteristics of 

the MCF10A cell line indicate that these cells, as originally hypothesized (Soule et al., 1990; Tait 

et al., 1990), serve as the most appropriate model for normal epithelial cells in experimental 

studies.   

MCF10A cells also provide a model to study estrogen receptor negative (ER-) cells.   

Approximately one-third of breast cancer patients respond to endocrine therapy, most of these 

have ER+ tumors (Jordan, 1993).  Many breast cancers are ER-, making them refractory to anti-

hormone therapy and aromatase inhibitors.  These tumors are more aggressive (increased 

invasion and distant metastasis) than ER+ tumors (Gago et al., 1998).  A significant portion of 

patients with ER+ cancers are initially not responsive to treatments with selective estrogen 

receptor modulators (SERMs) such as tamoxifen (Kumar et al., 1996).  Additionally, initially 

responsive patients can develop resistance to anti-hormone therapy.  Understanding the 

mechanisms by which ER- cells are transformed can also give insights to treating the patients not 

eligible for traditional hormone therapy. 

82 



 

 In a previous study, CSC-mediated transformation of MCF10A cells has been described 

(Narayan et al., 2004).  CSC has also been found to transform endocervical cells (Yang et al., 

1998; Yang et al., 1997).  In both cases, the expression of anti-apoptotic proteins was increased 

in the transformed cells (Narayan et al., 2004; Yang et al., 1998).  In order to understand the 

mechanisms of cigarette-induced breast carcinogenesis, this study determined the transcription 

factor that upregulated bcl-xl expression in MCF10A cells after CSC treatment.  Determining the 

role of transcription factors in CSC-mediated regulation of bcl-xl gene expression may give 

insight to this and other risk factors involved in breast carcinogenesis.      

C/EBPβ-induced Upregulation of Bcl-xL in CSC-treated MCF10A Cells 

The treatment of MCF10A cells with CSC caused the upregulation of bcl-xl mRNA and 

protein levels and the induction of Bcl-xL protein occurred at the level of transcription (Narayan 

et al., 2004; Figure 3-1).  This observation is supported by other studies that found the induction 

of bcl-xl generally resulted from an increase in bcl-x promoter activity and de novo protein 

synthesis is required for the activation of bcl-xl transcription (Sevilla et al., 1999).  This is 

mainly because the bcl-xl transcript has a short half life of about four hours (Bachelor and 

Bowden, 2004; Pardo et al., 2002; Sevilla et al., 1999).  The increase in bcl-xl mRNA levels 

occurs through a biphasic mechanism.  The base-line levels of bcl-xl in untreated cells ensure the 

survival of the cells in culture.  CSC causes DNA damage in MCF10A cells (Kundu et al., 2007).  

After treatment with CSC, the amount of DNA damage causes the cells to respond by triggering 

DNA repair pathways.  This is evident in the increased levels of PCNA and GADD45 protein 

levels previously reported.  Increases in these proteins indicated active DNA repair and synthesis 

presumably resulting from the CSC-induced DNA damage (Narayan et al., 2004).  If the DNA 

damage overloads the repair mechanisms, the cells undergo apoptosis, resulting in the decrease 

in bcl-xl mRNA levels after the first treatment.  This decrease in bcl-xl levels indicated that most 
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treated cells die, as observed by Narayan et al. (2004).  The few surviving cells were responsible 

for the remaining low levels of bcl-xl expression after the initial treatment.  Cells expressing 

higher levels of bcl-xl were not removed by apoptosis.  Subsequent treatments produced more 

DNA damage and eventually persistent mutations, possibly in tumor suppressors or oncogenes in 

the remaining cells.  As the result of these mutations, important cell regulatory mechanisms may 

not have been working and bcl-xl expression continued to increase in these cells.  Additionally, 

each treatment also selected for the survival of cells expressing higher levels of bcl-xl.  As the 

surviving cells divided, their progeny shared the increased expression of bcl-xl, resulting in the 

time and concentration-dependent increase of bcl-xl mRNA levels.  The survival of a few cells is 

all that was needed to sustain increased Bcl-xL expression because such genetic defects are 

clonal in nature (Tomlinson, 2001).  While the time course Western blot had a biphasic response 

to CSC treatment, the concentration curve blot did not show this pattern.  One possible 

explanation is that RT-PCR is more sensitive assay that can detect smaller differences in 

expression levels.  It is also possible that there was differential regulation of bcl-xl mRNA and 

protein levels.   

The cloned human bcl-xl promoter (pBcl-xLP) was responsive to CSC treatment when 

transfected into MCF10A cells (Figure 3-3).  Two pBcl-xLP promoter constructs were cloned.  

The lack of promoter activity when the longest construct, pBcl-xLP (-145,+707), was transfected 

into MCF10A cells indicated that uncharacterized repressive cis-elements might have been 

present which were absent on the pBcl-xLP (-54,+647) construct (Figure 3-4B).  Reductions in 

promoter activity also resulted from the removal of uncharacterized repressive cis-elements on 

pBcl-xLP (-28,+282).  Promoter deletion studies suggested that two C/EBP cis-elements were 

responsible for the CSC-induced increase in bcl-xl promoter activity (Figure 3-4).  C/EBPβ was 
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investigated as the target C/EBP protein family member.    C/EBPβ is critical for mammary 

gland development (Robinson et al., 1998; Seagroves et al., 1998) and is increased in rodent and 

human breast cancer (Dearth et al., 2001; Eaton et al., 2001; Milde-Langosch et al., 2003; 

Zahnow et al., 1997).  Studies indicate that C/EBPβ can induce a survival phenotype in 

intravascular cells, possibly by its anti-apoptotic activity (Shimizu et al., 2007).  In subsequent 

experiments, protein levels of C/EBPβ were also induced by CSC treatment (Figure 4-1). 

Site-directed mutagenesis confirmed that CSC-induced pBcl-xLP activity was attenuated 

in the absence of either C/EBP site (Figure 3-6).  However, EMSA confirmed that C/EBPβ 

bound only to the bcl-xl promoter at C/EBP site-II in vitro.  The presence of protein binding at 

C/EBP site-I suggested that a protein bound to the bcl-xl promoter at that site, but this binding 

was not specific to a C/EBP protein (Figure 4-2A, B).  This is not surprising because C/EBP site-

I is not a true C/EBP consensus site on the pBcl-xLP promoter and C/EBP site-II is 100% 

identical to the core C/EBP consensus sequence.  The use of MCF10A nuclear extract in this 

assay meant that many proteins were available to bind the C/EBP site-I.  The data suggested that 

an unidentified transcription factor bound to the pBcl-xLP at C/EBP site-I in response to CSC 

treatment.  In parallel, C/EBPβ bound the bcl-xl promoter at C/EBP site-II in vivo, as shown by 

ChIP assay (Figure 4-3).  This binding had a biphasic pattern similar to that seen in the mRNA 

analysis (Figure 3-1A), indicating that bcl-xl mRNA levels correspond with C/EBPβ-binding to 

and regulating the bcl-xl promoter.  Overexpression studies confirmed that C/EBPβ-induced 

pBcl-xLP promoter and Bcl-xL protein levels (Figure 4-4) and site-directed mutagenesis showed 

that C/EBP-binding sites on the pBcl-xLP were necessary for C/EBPβ to properly regulate pBcl-

xLP activity (Figure 4-5).   
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  Only C/EBPβ-LAP2 protein levels were induced in time and concentration-dependent 

manner following CSC treatment (Figure 4-1).  Additionally, only LAP2 significantly induced 

pBcl-xLP activity and Bcl-xL protein levels (Figure 4-4).  Site-directed mutagenesis of C/EBP 

site-II on the pBcl-xLP results in the lowest promoter activity when LAP2 was co-transfected 

with the mutant construct (Figure 4-5B), supporting the hypothesis that C/EBPB-LAP2 binds to 

the pBcl-xLP at C/EBP site-II.  Although C/EBPβ-LAP2 has not been fully implicated in human 

breast carcinogenesis, studies support its role in the disease.  LAP2 is the most prevalent form of 

C/EBPβ in human breast cancer cells (Eaton et al., 2001).  Increased levels of C/EBPβ-LAP2 

have also been implicated in the transformation human breast epithelial cells.  MCF10A cells 

infected with a LAP2-expressing virus became anchorage independent, expressed markers of 

epithelial-mesenchymal transition (EMT), and acquired invasive phenotypes (Bundy and Sealy, 

2003).  EMT is a mechanism that is necessary for developmental processes such as gastrulation 

and neural crest formation (Thiery, 2003).  During EMT, cells of epithelial origin loss their 

characteristics and acquire mesenchymal phenotypes with increased migratory behavior and  

display loss of intercellular adhesion (E-cadherins), downregulation of epithelial markers 

(cytokeratins), and upregulation of mesenchymal markers (vimentin).  Therefore, aberrant EMT 

plays a role in tumor invasion and metastasis (Gupta and Massague, 2006; Savagner, 2001; 

Thiery, 2002; Thiery and Sleeman, 2006; Thompson et al., 2005).   

Additional studies found that MCF10A cells transfected with the same LAP2 virus 

gained epidermal growth factor (EGF)-independent growth and had disruption of normal acinar 

structure when grown on basement membrane (Bundy et al., 2005).  Many of the characteristics 

displayed by MCF10A cells overexpressing LAP2 are considered hallmarks of cancer cells 

(Hanahan and Weinberg, 2000).  The LAP-2-induced disruption of the polarized architecture in 
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MCF10A cells is similar to that induced by the activation of Erb2 (HER2) receptor expression in 

these cells.  HER2 is a transmembrane receptor tyrosine kinase (Stern et al., 1986) that is 

overexpressed in breast cancer (Slamon et al., 1984), has roles in tamoxifen resistance (Benz et 

al., 1992; Leitzel et al., 1995; Wright et al., 1992), and is associated with poor clinical prognosis  

(Slamon et al., 1989).  In MCF10A cells, activation of HER2 signaling in acini reinitiated 

proliferation and induced complex multi-acinar structures with filled lumen (Debnath et al., 

2002; Muthuswamy et al., 2001), a process considered to be carcinogenic (Muthuswamy et al., 

2001).  Interestingly, the overexpression of HER2 is correlated with the upregulation of Bcl-xL 

protein in MCF-7 breast cancer cells and breast ductal carcinoma in situ tissues (Kumar et al., 

1996; Siziopikou and Khan, 2005), indicating a link between LAP-2, HER2, and Bcl-xL 

expression.  This and other studies suggest that aberrant expression of C/EBPβ isoforms, 

especially LAP2, contributes to breast carcinogenesis (Grimm and Rosen, 2003).   

The expression and role of LIP varies by cell type.  Although MCF10A cells did not 

express the LIP isoform (Figure 3-1), the overexpression of LIP has differential effects on bcl-xl 

promoter and protein activity.  LIP expression slightly induces pBcl-xLP activity (Figure 4-4A).  

LIP heterodimers can act as dominant negative transcriptional regulators (Descombes and 

Schibler, 1991).  However, LIP has also been shown to increase transcriptional activation of 

some genes (Hsieh et al., 1998).  In MCF10A cells, LIP overexpression could have activated the 

transcription of pBcl-xLP into the cells.  Possible mechanisms include the inhibition of genes 

that repress bcl-xl or activation of genes that increase bcl-xl transcription (Dearth et al., 2001).  

This study indicates that when in excess, LIP may bind the pBcl-xLP at C/EBP site-I.  In Figure 

5-4A (disruption of C/EBP site-I), when LIP is overexpressed, the pBcl-xLP activity is at its 

lowest level compared to the other overexpression constructs.  This binding was not detected in 
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EMSA experiments (Figure 4-2) because LIP is not endogenously expressed in MCF10A cells 

(Figure 3-1).  Conversely, LIP overexpression decreases Bcl-xL protein levels in MCF10A cells, 

by decreasing protein levels of LAP2 (Figure 4-4B).  This and other studies have shown that LIP 

decreases LAP1 and LAP2 protein expression in MCF10A cells (Bundy et al., 2005) but the 

mechanism by which LIP decreases LAP2 expression remains unclear. 

Induction of C/EBPβ by CSC Treatment 

The mechanism by which C/EBPβ is induced by CSC continues to be unclear.  It is 

possible that the protein undergoes post-translational modifications in response to CSC 

treatment.  C/EBPβ is highly modified in breast cancer cells (Eaton et al., 2001).  Gel-shift 

analysis with nuclear extract from CSC-treated cells showed a slower migrating band before the 

addition of antibody, when compared to analysis with untreated nuclear extract (Figure 4-2C).  

This higher band could be the result of a modification that slows band migration.  Post-

translational modifications are required for the activation of C/EBPβ and phosphorylation readily 

occurs on the C/EBPβ protein.  Phosphorylation functions to increase C/EBPβ transcriptional 

activity and efficiency (Nakajima et al., 1993; Trautwein et al., 1993).  Dual phosphorylation at 

Thr188 by MAP kinase and then at Ser184 or Thr179 by glycogen synthase kinase β (GSK3β) 

causes a change in confirmation that renders the leucine zipper of the monomeric protein 

available for the dimerization that is required for DNA-binding activity (Tang et al., 2005) and 

renders the basic region accessible to bind regulatory elements (Kim et al., 2007).  The protein is 

also phosphorylated by mitogen-activated protein (MAP) kinase (Nakajima et al., 1993; 

Trautwein et al., 1993) and by protein kinase C (PKC) on Ser105 in the transactivation domain 

(Trautwein et al., 1993).  Differential phosphorylation of C/EBPβ may account for its 

participation in a wide variety of biological effects (Piwien-Pilipuk et al., 2002).  It has been 

speculated that C/EBPβ has negative regulatory regions that can also be phosphorylated.  
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Therefore, the protein may be present in cells as a repressed transcription factor that becomes 

activated upon phosphorylation (Kowenz-Leutz et al., 1994; Williams et al., 1995).   

C/EBPβ can also be acetylated (Cesena et al., 2007; Duong et al., 2002; Joo et al., 2004).  

The acetylation of proteins was first detected in histones and is considered a mechanism allowing 

DNA to become accessible to transcription regulatory machinery (Allfrey et al., 1964; Roth et 

al., 2001).  C/EBPβ has been shown to interact with the coactivator, p300 (Mink et al., 1997), 

that has acetyltransferase activity (Ogryzko et al., 1996) and with the acetyltransferase, cyclic 

AMP (cAMP) response-element-binding protein (Duong et al., 2002; Kovacs et al., 2003).  

Recently, a novel acetylation site at Lys-39, which is activated by growth hormone (GH), was 

identified.  Mutations in this site decreased the ability of the protein to mediate transcriptional 

activation of target genes, c-fos and c/ebpα (Cesena et al., 2007).  The effect acetylation has on 

C/EBPβ activity is context specific.  The association of Stat5 with histone deacetylase (HDAC) 

deacetylated C/EBPβ and promoted transcription of the target gene Id-1 (Xu et al., 2003).  

CSC treatment could also affect the localization of C/EBPβ protein in MCF10A cells by 

post-translational modifications.  The localization of the protein probably contributes to its 

function (Eaton et al., 2001).  C/EBPβ is localized primarily in the cytoplasm in primary human 

mammary epithelial cells, but shifts to the nucleus where it can more readily act on target genes, 

in breast cancer cell lines (Eaton et al., 2001).  Phosphorylation has also been shown to affect the 

subcellular distribution of C/EBPβ.  Relocalization of C/EBP proteins to an active, nuclear state 

is mediated by cAMP or Ca2+-dependent protein kinases (Metz and Ziff, 1991). The nuclear 

import of C/EBPβ allowed for the transcriptional activation of β-casein in mouse primary 

mammary epithelial cells (Kim et al., 2002).  CSC treatment may activate signal transduction 

pathways that affect the translation of C/EBPβ isoforms.  PKR and mTOR affect the translation 
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of C/EBPβ isoforms and aberrant translational control of these kinases inhibited differentiation 

and induced mammary epithelial cell transformation (Calkhoven et al., 2000).  Ras and PI3K 

signaling also targets C/EBPβ (Bundy and Sealy, 2003).   

The Potential Role of C/EBPβ in CSC-induced Breast Carcinogenesis  

C/EBPβ expression is a critical component in the control of mammary epithelial cell 

proliferation and differentiation in the functional mammary gland (Robinson et al., 1998; 

Seagroves et al., 1998).  It stands to reason that overexpression of the protein could lead to hyper 

proliferation of mammary epithelial cells and eventually breast carcinogenesis.  However, the 

mechanisms by which C/EBPβ influences breast carcinogenesis in general, are not well 

established.  The acquired metastatic properties of C/EBPβ may be partially regulated by 

enhanced survival of cells.  The overexpression of C/EBPβ in rat pancreatic tumor cells resulted 

in increased levels of Bcl-xL (Shimizu et al., 2007).  The current study indicates that the anti-

apoptotic activity of C/EBPβ may occur through the upregulation of Bcl-xL.  The involvement of 

C/EBPβ in breast carcinogenesis probably involves interactions with other proteins.  The role of 

C/EBPβ in cell cycle progression is dependent on its interactions with Rb and cyclin D1.  Rb 

interacts with C/EBPβ, however, the implications of these interactions are not fully understood 

(Charles et al., 2001; Chen et al., 1996a; Chen et al., 1996b).  LAP2 selectively activates the 

cyclin D1 promoter (Eaton et al., 2001).  The cyclin D1 gene, plays a role in cell cycle 

progression, is amplified in 15-20% of breast cancers, and the protein or mRNA is overexpressed 

in about 50% of breast cancers (Bartkova et al., 1994; Buckley et al., 1993).  It has been 

suggested that the inability of LAP1 to activate the cyclin D1 promoter is due to the lack of the 

required protein-protein interactions (Eaton et al., 2001).   
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C/EBPβ protein interacts with proteins to open chromatin for access to transcription 

factors and RNAPII.  LAP1 recruits SWI/SNF complexes to activate gene promoters (Kowenz-

Leutz and Leutz, 1999).  SWI/SNF is a chromatin remodeling complex that opens chromatin for 

RNA polymerase II loading and is required for eukaryotic transcription (Narlikar et al., 2002).  

C/EBPβ along with Runx2 recruits SWI/SNF to the bone-specific osteocalcin gene to recruit 

RnAP II (Villagra et al., 2006).  The oncogenic transcription factor, myb, and C/EBPβ work 

together to open chromatin at the (myb-inducible myelomoncytic-1) mim-1 promoter.  C/EBPβ 

alone partially activated promoter activity, but Myb was required for full transcriptional 

activation.  This study was the first to identify C/EBPβ in the initial steps of localized chromatin 

opening at a relevant target region (Plachetka et al., 2008).  From these studies it is reasonable to 

hypothesize that increased levels of C/EBPβ play a role in carcinogenesis by interacting with 

other proteins to open chromatin and induce transcription of oncogenic genes.   

The Relationship between C/EBPβ, Bcl-xL, and Breast Carcinogenesis  

The results of this study indicate that C/EBPβ is at least one of the transcription factors 

that regulates the induction of bcl-xl mRNA and protein levels in CSC-treated MCF10A cells.  

This discovery places the bcl-xl promoter as a novel target gene of transcription factor, C/EBPβ.  

The following model is proposed as a starting point to uncovering the role of C/EBPβ in the 

upregulation of bcl-xl in MCF10A cells treated with CSC (Figure 5-1).  When human breast 

epithelial cells are exposed to CSC, cells are damaged and most undergo apoptosis.  In the few 

surviving cells the C/EBPβ protein levels are activated by an unknown mechanism.  This 

activation triggers the dimerization of two C/EBPβ LAP2 monomers.  LAP2 homodimers then 

bind C/EBP site-II on the bcl-xl promoter and transcriptionally activate the mRNA and 

subsequent protein expression levels of Bcl-xL.  Since Bcl-xL is by definition an anti-apoptotic 

protein (Boise et al., 1993) it is expected that increased levels of Bcl-xL impede the apoptotic 
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pathway, allowing for the accumulation of DNA damage (Mendez et al., 2005; Mendez et al., 

2001).  When genes involved in DNA repair or the apoptotic pathway are also altered, the 

accumulation of DNA damage can lead to cell cycle deregulation.  Disruption of apoptotic 

pathways, may also allow for damaged cells to survive and acquire the characteristics of 

transformed cells.  Bcl-xL expression has roles in breast carcinogenesis.  Tumor cells 

overexpressing Bcl-xL can adapt to new microenvironments (Espana et al., 2004; Fernandez et 

al., 2002; Mendez et al., 2006; Rubio et al., 2001), have increased potential to metastasize 

(Fernandez et al., 2002; Rubio et al., 2001), and are also more prone to be resistant to 

chemotherapy and radiation therapy (Cherbonnel-Lasserre et al., 1996; Datta et al., 1995; 

Fernandez et al., 2002; Simonian et al., 1997).  All of these factors contribute to the initiation and 

promotion of breast carcinogenesis.    

The relationship between the C/EBPβ and Bcl-xL is supported by several lines of 

evidence.  This study indicates that C/EBPβ is required for CSC-induced regulation of bcl-xl in 

MCF10A cells.  The proteins are required for proper mammary gland development (Robinson et 

al., 1998; Seagroves et al., 1998; Seagroves et al., 2000; Walton et al., 2001).  Bcl-xL and 

C/EBPβ are both expressed in stages of mammary gland development characterized by rapidly 

proliferating cells such as lactation and pregnancy and are decreased during the apoptotic 

involution phase (Gigliotti and DeWille, 1998; Heermeier et al., 1996; Robinson et al., 1998; 

Sabatakos et al., 1998).  Additionally, both are overexpressed in human breast cancer (Eaton et 

al., 2001; Krajewski et al., 1999) and are associated with cancer progression, and more invasive 

tumors that display higher histological grades (Eaton and Sealy, 2003; Milde-Langosch et al., 

2003; Olopade et al., 1997).  This data suggests that it is likely that Bcl-xL and C/EBPβ 

cooperate during human breast tumorigenesis.  The role of C/EBPβ in inducing Bcl-xL 
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expression, along with other studies, also indicates that LAP2 is the primary C/EBPβ isoform 

involved in breast carcinogenesis.  The current study not only provides insight to the mechanism 

of cigarette smoke-induced breast epithelial cell transformation and carcinogenesis, it adds to the 

literature that supports the link between cigarette smoking and increased breast cancer risk.  The 

results of the present study can therefore be used to determine chemotherapeutic targets to 

decrease aberrant bcl-xl expression during breast carcinogenesis especially that which is induced 

by exposure to cigarette smoke.      

As with other proteins, there are a many factors that can regulate bcl-xl activity and other 

transcription factors may still have a role in bcl-xl regulation.  Studies have identified four major 

classes of transcription factors that regulate the bcl-xl gene: Ets, Rel/ Nuclear factor kappa B 

(NF-κB), STAT, and AP1 (Grad et al., 2000; Sevilla et al., 2001).  One of the first studies aimed 

at identifying transcription factors regulating the bcl-xl promoter identified Ets2.  Ets2, a member 

of the Ets transcription factor family, is a nuclear proto-oncogene with sequence identity to the v-

ETS protein of the gag-Myb-Ets fusion protein of the E26 avian retrovirus (Boulukos et al., 

1988; Ghysdael et al., 1986; Watson et al., 1985; Watson et al., 1988).  Ets inhibits colony-

stimulating factor 1 (CSF-1)-induced apoptosis macrophages by upregulating bcl-xl transcription 

(Sevilla et al., 1999).  Ets proteins are deregulated in a number of cancers (Boyd and Farnham, 

1999) and are implicated in the regulation of matrix metalloproteinase expression, which offers a 

potential connection to control of cell survival and metastasis (Westermarck and Kahari, 1999).   

The NFκB family of transcription factors is involved in the regulation of inflammation, stress 

and apoptosis (Beg et al., 1995; Sonenshein, 1997).  NF-κB has been repeatedly shown to 

regulation bcl-xl expression (Chen et al., 2000; Chen et al., 1999; Glasgow et al., 2001; Glasgow 

et al., 2000; Tsukahara et al., 1999).  The two proteins may form a positive feedback loop, 
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because Bcl-xL can affect upstream NF-κB activation (Badrichani et al., 1999).  The relationship 

between NF-κB and bcl-xl raise the possibility that activity of pro-survival genes may contribute 

to oncogenesis when NF-κB is aberrantly expressed (Chen et al., 2000).  Signal transducer and 

activators of transcription (STATs) play roles in growth factor, cytokine, or hormone-mediated 

cellular signal transduction (Darnell, 1997).  Members of this protein family have been shown to 

regulate bcl-xl (Grad et al., 2000) and evidence suggests that STATs contribute to oncogenesis 

by modulating Bcl-xL levels (Bromberg et al., 1999; Grandis et al., 2000; Karni et al., 1999).  

AP1 complexes have roles in proliferation and differentiation pathways (Bannister, 1997).  AP1 

complexes consist of the oncogenes, Fos and Jun heterodimers or Jun homodimers, that bind to 

the AP1 DNA binding sites and have been shown to regulate Bcl-xL expression (Jacobs-Helber 

et al., 1998; Sevilla et al., 1999).   

Despite these transcription factors, it is important to note that when MCF10A cells are 

treated with CSC, C/EBPβ is the primary transcription factor responsible for increased Bcl-xL 

expression.  Similar to the other transcription factors that regulate Bcl-xL, C/EBPβ seems to have 

a role in carcinogenesis.  The regulation of the bcl-xl gene is most likely dependent on cell type 

and stimuli (Grad et al., 2000).   

Future and Directions 

As with most scientific investigations, this study leads to other questions and experiments 

that will provide a complete picture of the CSC-induced transformation of MCF10A cells.  The 

present study focused specifically on the CSC-induced upregulation of bcl-xl in MCF10A cells 

and more studies are needed to confirm this mechanism in other cell types and situations. 

Determining the protein that binds to C/EBP site-I on the pBcl-xLP will shed light on the 

transformation of MCF10A cells treated with CSC, and identify another protein that may be used 

as a therapeutic target.  The determination of the mechanism by which CSC induces C/EBPβ is 
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also of up most importance.  The present study suggests C/EBPβ may be post-translationally 

upregulated by CSC treatment.  It is also possible that C/EBPβ can be regulated on the 

transcriptional level.  Future experiments should focus on which, if any modifications are 

induced by CSC treatment.  Determining the types and sites of modifications can give a clearer 

picture of CSC-induced C/EBPβ and subsequent increased Bcl-xL expression in MCF10A cells.   

Although the C/EBPβ hLIP overexpression construct allowed for an endogenous 

knockdown system, siRNA can be used to more efficiently rid cells of C/EBPβ expression and 

determine whether Bcl-xL levels are still responsive to CSC treatment.  Whether C/EBPβ is 

directly involved in the CSC-induced transformation of MCF10A cells can also be determined 

with a siRNA knockdown system.  Characteristics of transformation can be compared between 

MCF10A cells treated with CSC in the presence or absence of C/EBPβ siRNA.  An important 

question left unanswered by C/EBPβ-LAP2 overexpression studies (Bundy et al., 2005; Bundy 

and Sealy, 2003) is if LAP2 can cause MCF10A cells to become tumorigenic in a mouse model 

system.  Establishing this relationship will indicate that C/EBPβ, especially LAP2 has a role in 

breast carcinogenesis.   

 Bcl-xL is associated with decreased apoptosis in tumors, resistance to chemotherapy, and 

poor clinical outcome (Taylor et al., 1999).  Several strategies to decrease Bcl-xL expression 

have been developed.  One example is the use of bcl-xl antisense oligonucleotides (Ackermann 

et al., 1999; Dibbert et al., 1998; Espana et al., 2004; Pollman et al., 1998).  Newer 

oligonucleotides have been developed that are specific to bcl-xl and do not target bcl-x pre-

mRNA or bcl-xs (Simoes-Wust et al., 2000).  Bcl-xS expression has also been used as 

therapeutic agent against Bcl-xL (Ealovega et al., 1996).  A pharmacological intervention that 

simultaneously decreases Bcl-xL and increases Bcl-xS is also an important anti-tumor treatment 
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(Reed, 1995; Yang and Korsmeyer, 1996).  Studies have also developed probes that bind to the 

5’ of bcl-x mRNA and force the translation of Bcl-xS protein instead of Bcl-xL (Mercatante et 

al., 2001; Taylor et al., 1999).  Strategies that keep Bcl-xL deaminated also have therapeutic 

potential (Weintraub et al., 2004) because suppression of deamination occurs during 

carcinogenesis (Takehara and Takahashi, 2003; Zhao et al., 2004).  More recently, ABT-737, a 

small molecule inhibitor of Bcl-xL as well as Bcl-2 and Bcl-w was discovered.  It binds to the 

BH3 binding groove of these anti-apoptotic proteins, enhancing the death signal by keeping them 

from interacting with endogenous BH3-only proteins.  The molecule regressed established 

tumors and improved survival and cure rates in mouse models (Oltersdorf et al., 2005).  

However, interventions targeting C/EBPβ expression are limited.  The implications of this study 

include identifying C/EBPβ as a potential oncogene and sparking research into therapeutics 

aimed at decreasing its expression in cancer cells or tumors.  C/EBPβ may also become a 

valuable molecular tool used to determine patient response to therapy and prognosis (Milde-

Langosch et al., 2003; Zahnow et al., 1997).  Studies focusing on the regulation of the protein 

will no doubt be critical to developing such therapeutic interventions.   
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Figure 5-1.  Model of CSC-Induced C/EBPβ upregulation of Bcl-xL in MCF10A cells.  
Exposure of CSC to MCF10A cells causes DNA damage and most cells die.  The 
surviving cells display increased levels of C/EBPβ by an unknown mechanism.  
C/EBPβ-LAP2 homodimers form and bind to C/EBP site-II on the bcl-xl promoter, 
positively activating its transcription.  Increased levels of Bcl-xL protein prevents 
damaged cells from being removed by apoptosis.  Persistent DNA damage in these 
cells leads genetic alterations, transformation of normal epithelial cells, and 
eventually breast carcinogenesis.  During carcinogenesis, Bcl-xL expression is linked 
to metastasis and resistance to chemotherapy which affect tumor progression. 
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