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PREFACE 

 

 

 

 

During the summer of 2007, I was in the student exchange program and 

enrolled at the University of New Mexico.  I was also granted an internship at the 

Lovelace Respiratory Research Institute (LRRI) in Albuquerque, New Mexico.  

The Lovelace Respiratory Research Institute is a private biomedical research 

organization dedicated to improving public health through research on the 

prevention, treatment, and cure of respiratory disease. This internship was made 

possible by the Natural Science division at New College of Florida.  Employment 

at this institute gave me the unique opportunity to perform novel research in a 

professional environment. 

I was placed under the supervision of Dr. Yohannes Tesfaigzi, director of 

the chronic obstructive pulmonary disease program at LRRI.  I was assigned the 

task of investigating the effects of the expression a protein (Noxa) in a specific 

line of human airway epithelial cells.  Noxa had been implicated as a crucial 

protein in the process of removing damaged or unneeded cells in the human body.  

The role of Noxa in lung cells, however, was poorly understood.   

Dr. Tesfaigzi, along with the help of scientists working for him, 

demonstrated and allowed me to perform firsthand all of the procedures detailed 

in my thesis.  Dr. Tesfaigzi chose candidate proteins, the levels of which that 

would be interesting to observe due to Noxa expression inhibition.  All research 

discussed in the paper was performed on cells descendent from two individual 



 iv 

cells I isolated myself.  Understanding the function of Noxa could aid in the 

development of treatments for patients with COPD or related lung diseases. 
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ABSTRACT 

 

 

 

 

 The cytokine interferon-gamma (IFN-γ) induces Bcl-2 mediated cell death 

in epithelial cells.  Disruption of this process leads to mucus hypersecretions in 

the human airway epithelium. Apoptosis by IFN-γ is essential for the removal of 

the inflammation-induced mucous cells causing the excess mucous.  This buildup 

of mucus is the underlying cause for airflow obstruction and death caused by 

asthma, cystic fibrosis, and chronic obstructive pulmonary disease (COPD).  This 

study demonstrates that the BH-3 only protein Noxa sensitizes human airway 

epithelial cells (HAECs) to IFN-γ induced apoptosis.  Noxa promotes apoptosis 

by interfering with transcription factor NF-κB.  A single line of HAECs 

(AALEBs) transfected with Noxa siRNA exhibited reduced sensitivity to IFN-γ 

associated with decreased levels of cytosolic NF-κB.  Findings from this study 

suggest a novel method of NF-κB activity inhibition by Noxa. 
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LITERATURE REVIEW 

 

 

Introduction to Apoptosis 

 

Evolution and homeostasis, two foundations of life, rely on the 

inevitability of death at every level of organization.  Just as the death of plants and 

animals is necessary for the life of newer organisms, cells within a system do the 

same to maintain homeostasis.  Most cellular death can be categorized as either 

necrosis or apoptosis.  Cell death by necrosis is disordered and uncontrolled.  

Necrotic cell death entails cellular swelling and eventual lysis eliciting an 

inflammatory response (Kanduc et al., 2002). 

Apoptosis, on the other hand, is a form of programmed, managed cell 

death induced by specific signals from inside or outside the cell (Kanduc et al., 

2002).  Apoptosis is a crucial process for development and maintaining 

homeostasis in every observed multi-cellular organism.  Every nucleated animal 

cell contains the machinery for undergoing apoptosis (Jacobson, Weil, and Raff, 

1997).  Although apoptosis plays a critical role in developmental biology, its role 

in mature organisms is to eliminate infected, mutated or damaged cells, a process 

which inhibits pathogenesis/tumorigenesis (Youle and Strasser, 2008).  Apoptosis 

is distinguished by specific biochemical and morphological changes: plasma 

membrane budding/shedding, chromatin condensation, DNA cleavage, and 

exposure of phosphotidyl serine on the extracellular side of the plasma membrane 

caused by cysteine aspartyl-specific protease (caspase
1
) activation.  (Bouillet and 

                                                           
1
 Defined abbreviations from the entire text can be found in Appendix I. 



 2 

Strasser, 2002).  The remaining fragmented remnants of the apoptotic cell are 

eliminated by phagocytosis and do not induce cell death or inflammation of 

surrounding cells as is characteristic of necrotic cell death. The final 

morphological changes of a cell undergoing apoptosis are highly conserved 

throughout all nucleated animal cells studied despite numerous variations of the 

pathway between species and even between cell types of the same organism 

(Zhang et al., 2005).  

The signal for a cell to carry out apoptosis can originate from either 

outside or inside the cell.  The origin of this signal determines the form of 

apoptosis the targeted cell will undergo.  There is a general delineation of the 

processing between extrinsic or intrinsic signals.  These two forms of apoptosis 

are aptly named, the extrinsic and intrinsic pathways (Bouillet and Strasser, 

2002).   

The extrinsic pathway is initiated by the activation of any of the specific 

integral membrane proteins including tumor necrosis factor (TNF), Fas and TNF-

related apoptosis-inducing ligand (TRAIL) receptors by their respective TNF 

family ligands.  The activated receptors recruit TNF receptor-associated death 

domain (TRADD) proteins which, in turn, induce caspase activation leading to 

cell death by apoptosis (Wallach, 2008).    

 The intrinsic pathway is induced by various forms of intracellular stress 

including serum withdrawal, DNA damage, specific cytokine exposure, protein 

unfolding stresses in the endoplasmic reticulum (ER) and γ-irradiation.  

Intrinsically induced apoptosis in mammalian cells is mediated by a group of 
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proteins deemed B-cell lymphoma 2 (Bcl-2) family proteins (Youle and Strasser, 

2008; Delft and Huang, 2006).  Due to the involvement of Bcl-2 proteins in 

intrinsic apoptosis, the process is also termed “Bcl-2 mediated” apoptosis.  The 

various proteins in this family both directly and indirectly activate specific 

caspases which cause cell death.   Caspase activation is achieved primarily by 

mitochondrial release of cytochrome c due to membrane disruption caused by 

Bcl-2 proteins.  Cytochrome c binds to apoptosis protease-activating factor 1 

(Apaf1) forming an apoptosome (a large ternary protein) capable of activating 

caspase-9 and caspase-3.  These caspases directly activate deoxyribonucleases 

(DNases) and other substrates that carry out the final execution of the cell (Youle 

and Strasser, 2008; Delft and Huang, 2006).  Until recently, Bcl-2 mediated 

(intrinsic) apoptosis was thought to be completely dependent on disturbance of 

mitochondria membrane permeability.  However, recent studies have shown that 

in mammalian airway epithelial mucous cells, apoptosis proceeds in a 

mitochondrial independent/ER dependent manner (Stout et al., 2007).   Caspase 

activation, however, is common to all forms of apoptosis; the various extrinsic 

and intrinsic pathways trigger their specific associated subsets of caspases 

(Jyonouchi, 1999).    

As Bcl-2 family proteins are the key regulators of the intrinsic apoptotic 

pathway, understanding their function is vital to the elucidation of this process.  

The members of the mammalian Bcl-2 family share homology in at least one of 

the four distinct Bcl-2 homology (BH) domains 1, 2, 3 and 4 (Willis et al., 2003).  
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A protein domain is a spatially distinct unit with homology generally based on 

function (Ponting and Russell, 2002).   

There are three major divisions within the family of mammalian Bcl-2 

proteins which are based mainly on structure and function (Willis et al., 2003).  

The first division in this family is the Bcl-2 anti-apoptotic class which share 

homology in all four BH domains.  The second group, made up only of proteins 

Bax and Bak that share homology in the BH domains 1-3, is pro-apoptotic.  The 

last Bcl-2 family division is known as the BH-3 only class.
2
  These Bcl-2 proteins  

share homology in only the BH-3 domain and are pro-apoptotic as well (Youle 

and Strasser, 2008).   The study of Bcl-2 proteins is especially difficult because 

their functions can vary drastically based on cell type and form of apoptotic 

stimuli.    

 

Bcl-2 Proteins: The Anti-Apoptotic Class 

 

The members of the first division of mammalian Bcl-2 class proteins share 

homology in all four BH domains.  This division contains the only anti-apoptotic 

forms of Bcl-2 proteins (Cory and Adams, 2002). The most abundant form of 

these proteins, confusingly termed Bcl-2 proper, is widespread throughout 

nucleated cells and is an integral membrane protein found on the outer surfaces of 

mitochondria, the ER, and the nuclear envelope during normal cell function.  Bcl-

XL, Mcl-1 and Bcl-w are other mammalian forms of Bcl-2 like proteins in this 

division. Unlike Bcl-2 proper, these proteins are not typically located in the 

                                                           
2
 A complete list of mammalian Bcl-2 family proteins can be found in Appendix II. 
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membranes of the aforementioned organelles.  They only integrate into target 

outer membranes downstream of an apoptotic signal (Cory and Adams, 2002).   

Their hydrophobic c-terminal transmembrane domain aids in the translocation of 

these proteins to their specific membranes (Bouillet and Strasser, 2002).   This 

class of proteins are responsible for regulating tissue homeostasis and integrity 

and during normal cell function inhibit the activity of the next class (Bax-like 

class) of Bcl-2 proteins.  The mechanism of this inhibition is not known (Cory 

and Adams, 2002; Delft and Huang, 2006).   

 

Bcl-2 Proteins: The Bax-like Class 

         

The next class of mammalian Bcl-2 family proteins exhibit homology 

throughout the first three BH domains (1-3) (Tesfaigzi, 2006).  Bax and Bak are 

the only members of this class of pro-apoptotic proteins. These widely distributed 

proteins exhibit pro-apoptotic functions and are known primarily for disrupting 

mitochondrial membrane integrity (Mikhailov et al., 2002).  Recent studies 

indicate that they also associate with the ER membrane (Stout et al., 2007).  Bax 

is a cytosolic monomer in normally functioning cells, but when it receives an 

apoptotic signal, it changes conformation and integrates into the outer 

mitochondrial membrane (OMM) or the ER as it oligomerizes.  Its carboxyl 

terminal helix “flips-out” from in between BH domains 1-3 after an apoptotic 

signal to allow for translocation (Li, Lee and Lee, 2006).   
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Bak is an integral mitochondrial/ER membrane protein, and is found on 

the surface of both in healthy cells.  Like Bax, it also changes conformation and 

oligomerizes in response to apoptotic stimuli (Cory and Adams, 2002).  The 

oligomerization of both Bax and Bak proteins in response to apoptotic stimulation 

causes increased permeability of the OMM allowing the release of cytochrome c 

and other apoptosis inducing factors and co-factors into the cytosol (Tesfaigzi, 

2006).  Recent studies have shown that Bax and Bak both associate with the ER in 

response to certain apoptotic stimuli and induce the release of its stored calcium 

into the cytosol (Li, Lee and Lee, 2006).  Although the release of ER calcium 

stores is viewed as an unnecessary sensitizer of mitochondria to apoptotic stimuli 

in most mammalian cell types, it is an essential process for some, e.g., airway 

epithelial cells, in which apoptosis proceeds in a mitochondrial independent 

manner (Tesfaigzi, 2006; Stout et al., 2007). 

 

Bcl-2 Proteins: The BH-3 Only Class 

 

 Proteins in the last class of mammalian Bcl-2 proteins share homology in 

only the BH-3 domain.  This division contains the largest variety of specific 

proteins (over ten in mammals) that carry out distinct functions in different cell 

types (making the study of these proteins difficult).  BH-3 only class proteins, 

although distinct from each other in many ways, all perform pro-apoptotic 

functions in the intrinsic apoptotic pathway.  The major constituents of this class 

are: Bid, Bad, Bik, Bmf, Bim, Noxa and Puma (Tesfaigzi, 2006).  This group of 
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proteins is solely responsible for initiating the apoptosis pathway cascade in 

response to apoptotic signals (Cory and Adams, 2002).  In response to apoptotic 

stimuli, BH-3 only class proteins inhibit the function of Bcl-2 anti-apoptotic class 

proteins (Bcl-2 proper, Bcl-XL, Bcl-w, Mcl-1) (Jyonouchi, 1999; Chen et al., 

2005).  Inhibition of anti-apoptotic Bcl-2 protein function activates Bax and Bak 

which stimulate caspase and DNase function causing cell death (Tesfaigzi, 2006).    

 

Bcl-2-Like Protein Function in Caenorhabditis elegans 

 

Bcl-2 protein homologue function in the nematode C. elegans 

demonstrates a simple but accurate representation of the forms of inhibition and 

activation seen in the mammalian intrinsic apoptotic pathway.  In C. elegans, 

CED-9 (homologue of Bcl-2 anti-apoptotic protein) is found on the OMM bound 

to CED-4, a homologue of Apaf1 in mammalian cells (Cory and Adams, 2002).   

In response to apoptotic stimulation, BH-3 only pro-apoptotic protein EGL-1 

displaces CED-4 as it binds to and inhibits CED-9. Functioning like Apaf1 in 

mammals, CED-4 activates caspases (in this case caspase CED-3) killing the cell 

(Cory and Adams, 2002).  This model expresses the nature of the intrinsic 

apoptotic pathway as a balance between anti-apoptotic Bcl-2 proteins and their 

pro-apoptotic (Bax like and BH-3 only) Bcl-2 protein counterparts.  Intrinsic 

apoptosis is initiated when inhibition of apoptotic factors by anti-apoptotic Bcl-2 

proteins is overcome by BH-3 only Bcl-2 protein functions (Figure 1).  
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Figure 1. Model of Bcl-2 Mediated Apoptosis. (Adapted from Cory and Adams, 

2002).  This figure shows how intrinsic apoptosis inducing stimuli serve to 

activate a variety of BH-3 only proteins which inactivate specific Bcl-2 anti-

apoptotic proteins. This activates Bax like class proteins at certain organelles to 

continue the apoptotic pathway. 

 

 

BH-3 Only Proteins: A Closer Look 

 

 Each distinct BH-3 only protein is responsible for sensing specific 

apoptotic stimuli and distinct functions within the intrinsic apoptotic pathway. 

Caspase 9 

Apaf1 

Apoptosis 

inducing stimuli 

BH-3  BH-3  

Activates 

Inhibits 

Legend: 

Bcl-2 

Apoptosis 

Bax/Bak Bax/Bak 

BH-3  

Caspase 12 

Caspase 7 Caspase 3 

Caspase 6 

Release cyt. c
 

Release Ca
2+ 

+ other factors
 

Endoplasmic Reticulum Mitochondrion 



 9 

These proteins are activated by a variety of apoptotic stimuli and controlled by 

several different mechanisma.  Some BH-3 only proteins are controlled 

transcriptionally and some are kept inactive by posttranslational modification 

(Tesfaigzi, 2006; Mebratu et al., 2008).   

 Bim and Bmf are sequestered by binding to dynein light chains associated 

with microtubules and with the actin cytoskeleton respectively (Bouillet and 

Strasser, 2002).  Bad is commonly bound to scaffold proteins and is activated by 

dephosphorylation.  Bid is inactive until proteolytically cleaved.  Noxa and Puma 

are generally controlled at the transcriptional level by tumor-suppressor protein 53 

(p53) (Cory and Adams, 2002; Day et al., 2008).   Murine knockout studies 

implicate Noxa as a crucial protein for initiating intrinsically mediated apoptosis 

in response to DNA damage detection (Shibue et al., 2003; Villunger et al., 2003) 

by binding to and inhibiting the function of Mcl-1 and Bcl-XL (Chen et al., 2005).  

Both Noxa and Puma are considered crucial proteins to the p53 intrinsic apoptotic 

pathway (Nakajima and Tanaka, 2007).  Bik is also controlled by means of 

transcriptional regulation (Mebratu et al., 2008). 

The main role of BH-3 only proteins is disrupting Bcl-2 anti-apoptotic 

class protein function in response to pro-apoptotic stimuli (Cory and Adams, 

2002).  The binding of BH-3 only proteins to these pro-survival proteins is 

characterized by insertion of the BH-3 domain into a hydrophobic cleft formed by 

BH domains 1, 2 and 3 within the anti-apoptotic Bcl-2 proteins (Cory and Adams, 

2002).   Binding of these BH-3 only proteins to Bcl-2 anti-apoptotic proteins 
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disrupts their inhibition of Bax and Bak activity and promotes translocation of 

Bax to the OMM and/or ER (Mikhailov et al., 2002; Breckenridge et al., 2003).   

 

Caspases: The Cell Executioners 

 

Caspase processing and activation is viewed as the final stage a cell 

undergoes before the “suicide” processes are carried out.  Caspases are always 

present in inactive or very low-active forms and kept in check by inhibitors of 

apoptosis proteins (IAPs).  They are proteolytically activated primarily by one of 

two pathways: either by other caspases or by autocatalytic processing (Bouillet 

and Strasser, 2002).  Caspases can be categorized as either initiators or 

executioners.  Initiator caspases (caspase 9, caspase 12) are activated upstream of 

all other caspases.  Initiator caspases directly activate executioner caspases 

(caspase 3, caspase 7, caspase 6) which in turn activate other executioner caspases 

or the substrates that carry out the final execution of the cell.  This process of 

concurrent caspase activation is termed the caspase “cascade” (Denault and 

Salvesen, 2001; Cory and Adams, 2002). 

Once specific anti-apoptotic Bcl-2 proteins have been inhibited by BH-3 

only proteins, Bax and Bak both oligomerize and disrupt the integrity of the 

mitochondrial membrane.  Once OMM integrity is compromised, it releases 

cytochrome c, Smac/DIABLO, Omi/HrtA2, endonuclease G, and other apoptosis 

inducing factors (Tesfaigzi, 2006).   Mitochondrial release of cytochrome c 

activates Apaf1, which in turn activates caspase 9 leading to apoptosis (Youle and 
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Strasser, 2008).  Apaf1 activation of caspase 9 is inhibited by its carboxyl 

terminal tail that stays “tucked away” until it is exposed by interacting with 

cytochrome c and dATP (Cory and Adams, 2002).   

Bax and Bak also associate with the ER prior to apoptosis.  Once 

activated, they can cause the ER to release calcium stores and other pro-apoptotic 

factors (Zong et al., 2003).  Aside from sensitizing the OMM for 

permeabilization, the release of these factors from the ER indirectly activates 

caspase 12.  Activated caspase 12 may be sufficient to initiate the caspase cascade 

leading to apoptosis regardless of increased OMM permeability (Szegezdi et al., 

2006).   

Activation of caspases is controlled by interactions between caspase 

adaptor proteins and inhibitory proteins. The caspase cascade occurs rapidly once 

a sufficient number of initiator caspases have been activated (Denault and 

Salvesen, 2001).  The major function of executioner caspases is causing cleavage 

formation in inhibitor proteins leading to DNase activity and DNA fragmentation 

– clear signs of apoptosis (Jyonouchi, 1999).   

 

�uclear Factor of Kappa Light Polypeptide Gene Enhancer in B-cells - �F-κB 

 

Nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-

κB) is the name given to the family of inducible DNA binding proteins that are 

responsible for activating a large number of genes (Karin and Ben-Neriah, 2000).  

The NF-κB family of transcription factors plays an important role in cell survival 

and proliferation in many animal cell types (Liu et al., 2008).  NF-κB also 
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regulates important biological processes including immune responses, 

inflammatory reactions, and apoptosis.  The role of NF-κB in apoptosis regulation 

varies greatly depending on cell type and stress signal (Wuerzberger-Davis et al., 

2005).  NF-κB is normally sequestered in the cytoplasm and upon activation 

rapidly translocates to the nucleus. Cytoplasmic sequestration of NF-κB is 

maintained by a family of inhibitory proteins termed inhibitor of NF-κB (IκB).  

IκB binds to NF-κB in the cytoplasm and inhibits NF-κB nuclear localization by 

masking its nuclear localization signal. IκB is marked for degradation by 

phosphorylation by IκB kinases (IKK) upon the sensing of NF-κB activating 

stimuli (Karin and Ben-Neriah, 2000).  IKK protein activity is, in turn, kept in 

check by NF-κB essential modulator (NEMO) proteins, which detect a wide range 

of cell fate determining stimuli originating from either inside or outside the cell 

(Edwards et al., 2009).   

Once free from its inhibitory protein, cytosolic NF-κB translocates to the 

nucleus (Lui et al., 2008).  Transcriptional targets of NF-κB include genes for 

Bcl-2 anti-apoptotic class proteins, caspase inhibitor of apoptosis proteins 

(cIAPs), and IκB proteins (which serve to form an auto feedback loop).  The 

overall effect of NF-κB transcriptional activity is anti-apoptotic in nature and 

desensitizes the cell to apoptotic stimuli (Wuerzberger-Davis et al., 2005).   
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Regulation of Apoptosis in the Mammalian Primary Airway Epithelium 

 

The typical mammalian bronchial epithelium is composed of ciliated, 

basal and secretory cells.  Apoptosis plays a major role in sustaining bronchial 

epithelial tissue homeostasis by maintaining the appropriate ratios of these cell 

types. Appropriate amounts of each cell type in the airway epithelium are 

necessary for sustaining healthy lung function.  Ratios of these cell types change 

substantially following various pro-inflammatory stimuli, e.g., allergens and 

toxins (Shi et al., 2002).  Exposure of the lungs to harmful factors causes an 

increase of neutrophils and macrophages, as well as an increase in nonciliated 

columnar epithelial cells resulting in inflammation.  These newly formed 

inflammatory cells induce the secretion of chemokines, cytokines and proteases 

that lead to differentiation of neighboring cells into mucous cells, which produce 

mucin glycoproteins called mucins (Jyonouchi, 1999).   

In healthy human subjects, only a few mucous cells are present in the 

tracheobronchial airway epithelium (Williams et al., 2006).  However, exposure 

of the lungs to an allergen induces large numbers of existing and newly formed 

nonciliated columnar cells to become mucous cells in an immune response (Shi et 

al., 2002).  This process results in an approximate increase in total cell number by 

30-40% in response to severe injury (Tesfaigzi, 2006).  This appearance of 

mucous cells in a region previously devoid of them is termed mucous cell 

metaplasia (MCM) (Shi et al., 2002). 
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Cytokines IL-9 and IL-13 secreted by type 2 T helper cell (Th2) 

lymphocytes are solely responsible for inducing MCM following an inflammatory 

response (Xiang, Rir-Sim-Ah and Tesfaigzi, 2007).  These newly differentiated 

mucous cells produce secretory granules composed mostly of mucin, which is a  

major component of mucus found in the lungs (Rose and Voynow, 2006).  The 

contents of these secretory granules are released into the airway by exocytosis and 

contribute to airway obstruction (Williams et al., 2006). 

Cessation of allergen exposure or prolonged allergen exposure results in a 

restoration of the ratio of cell types exhibited by normally functioning airway 

epithelia expressed prior to inflammation (Shi et al., 2002).  Unresolved MCM, 

termed mucous cell hyperplasia (MCH), leads to excessive mucus secretions that 

result in airway obstruction and sometimes death in patients with asthma, cystic 

fibrosis, and chronic obstructive pulmonary disease (COPD).  COPD is a 

combination of emphysema and chronic bronchitis.  A likely cause of persistent 

MCH is a dysfunction in the apoptotic process normally employed by healthy 

airway epithelia to remove these mucous cells (Stout et al., 2007). 

Interferon-gamma (IFN-γ) plays a crucial role in reducing the number of 

mucous cells following an inflammatory response and MCM (Shi et al., 2002; 

Stout et al., 2007).  IFN-γ is a cytokine produced by type 1 T helper cell (Th1) 

lymphocytes and natural killer cells (Pawliczak et al., 2005).  IFN-γ reduces 

MCM following allergen exposure and during prolonged allergen exposure by 

reducing Th2 cytokine secretions, e.g., IL-9 and IL-13, and by stimulating 

apoptosis in the newly proliferated mucous cells (Shi et al., 2002; Xiang, Rir-Sim-
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Ah and Tesfaigzi, 2007).  IFN-γ specifically targets mucous cells as well as newly 

proliferating cells for apoptosis leaving all other types of cells unaffected.  This 

important feature allows for the lungs to maintain epithelial integrity despite a 

major reduction in cell numbers. The cause of this specificity is still poorly 

understood although some believe it to be related to elevated anti-apoptotic Bcl-2 

protein production seen in mature cells that are unaffected by IFN-γ apoptosis 

(Tesfaigzi, 2006). 

  IFN-γ stimulates apoptosis in these cells by triggering the Signal 

Transducers and Activators of Transcription 1 (STAT1) pathway in normal 

human airway epithelial cells (HAECs) as well as in HAECs from patients with 

asthma (Shi et al., 2002).  IFN-γ indirectly phosphorylates STAT1 by binding to 

surface receptors which causes it to dimerize and translocate to the nucleus 

(Schroder et al., 2004).  STAT1 activation also causes pro-apoptotic Bax to 

translocate to the ER but interestingly not to the mitochondria.  The translocated 

Bax causes the ER to release its calcium stores resulting in apoptosis (Stout et al., 

2007).  Recent studies demonstrate that Bax is a crucial mediator of IFN-γ-

induced apoptosis necessary for resolving MCM independently of OMM 

permeabilization – a step once thought crucial for Bcl-2 mediated (intrinsic) 

apoptosis.  These results also indicate that this form of apoptosis proceeds in a 

p53 independent manner (p53 transcriptional activity is necessary in all forms of 

apoptosis dependent on OMM disruption) (Xiang, Rir-Sim-Ah and Tesfaigzi, 

2007).  Bax mRNA and protein levels are found to be suppressed in asthmatic 
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subjects and very well may be the underlying cause of persistent MCM (Schwalm 

et al., 2008). 

Dysfunctional regulation of NF-κB activity is also observed in patients 

with asthma and COPD.  Compared to normal subjects, asthmatic and chronic 

bronchitis subjects have increased NF- κB transcriptional activity marked by 

elevated levels of IκB phosphorylation and IKK proteins (Edwards et al., 2009).  

Attempts to mediate NF-κB activity generally focus on control of IKK function as 

there are many inhibitors available for use.  Effective therapeutic use of these 

inhibitors has been reported in cancer treatments, but none have been successful 

enough to accurately mediate NF-κB activity in asthmatic or COPD patients 

(Karin, Yamamoto and Wang, 2004; Edwards et al., 2009).  The salient cause of 

difficulty that arises in attempts to mediate the NF-κB pathway stems from NF-

κBs diverse range of functions.  NF-κB transcriptional target specificity varies 

based on the form of stimuli, cell type and experimental model.  Any modification 

of NF-κB activity invariably has an effect on the beneficial functions of NF-κB 

causing complications for clinical applications (Calzado, Bacher and Schmitz, 

2007; Edwards et al., 2009). 

 

EXPERIME�TAL WORK 

I�TRODUCTIO� 

 

The inability of cells to regulate apoptosis is directly associated with most 

forms cancer, the propagation of many types of viral infections, autoimmune 
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diseases, as well as certain neurodegenerative diseases including Alzheimer’s 

disease and Parkinson’s disease (Chamond et al., 1999; Reed, 2004).  Lack of 

apoptotic control in the lungs is has been implicated in inflammatory diseases 

asthma, cystic fibrosis, and chronic obstructive pulmonary disease (COPD).  The 

aforementioned neurodegenerative diseases are marked by uninhibited apoptosis, 

resulting in uncontrolled cell loss.  On the other hand, most all other apoptosis 

related diseases are caused by a cell’s failure to undergo apoptosis resulting in 

unrestrained cell proliferation or an incapability to reduce elevated cell numbers 

(Chamond et al., 1999).  Due to the severe implications of improper apoptotic 

function, there has been much research devoted to understanding the regulation of 

apoptosis.  Research in this area, however, is extremely difficult due to the fact 

that the apoptotic pathway has many redundant branches and varies drastically 

based on organism, cell type and nature of apoptosis inducing stimuli.  The 

inherent complexity of apoptosis underscores its biological importance in 

maintaining homeostasis, but this complication greatly impedes any efforts to 

mediate it synthetically with therapeutic intent.   

 Patients with asthma, cystic fibrosis and COPD all suffer from difficulty 

breathing.  Most of the discomfort and mortality in these patients is from 

obstructed airflow caused by excessive and prolonged mucus production in the 

lungs.  Patients with these diseases exhibit a persistent increase in mucous cell 

numbers in the airway epithelium causing the surplus mucus (Rose and Voynow, 

2006).  Current treatments for these diseases include inhaled corticosteroids and 

β-antagonists.  These treatments aim to control the symptoms associated with 
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excess mucus production but not the cause itself (excess mucous cells) (Williams 

et al., 2006).  The limitations of these treatments is underscored by the fact that 

asthma and COPD are among the top ten most devastating diseases in the world in 

terms of overall morbidity and mortality (Mizgerd, 2006).  There is a need for 

more effective treatments for these diseases and a better understanding of 

mechanisms involved in mucous cell removal may be the key. 

In healthy human subjects, only a few mucous cells are present in the 

tracheobronchial epithelium (Williams et al., 2006).  Exposure of the lungs to an 

allergens induces large numbers of cells to become mucous cells in an immune 

response (Shi et al., 2002).  Following the immune response, the lungs of healthy 

subjects remove these excess cells through Bcl-2 mediated apoptosis.  This form 

of apoptosis is initiated by the cytokine IFN-γ (Shi et al., 2002)  Patients with 

asthma, cystic fibrosis and COPD all lack the ability to remove or resolve these 

mucous cells effectively (Edwards et al., 2008; Rottner, Freyssinet and Martinez, 

2009).  Uncontrolled increases in mucous cell numbers results in excessive mucus 

production and is termed mucous cell hyperplasia (MCH) (Stout et al., 2007). 

This study focuses on the apoptotic role of a specific protein, Noxa, in the 

IFN-γ induced apoptotic pathway.  The goal for this study was to further 

characterize the pro-apoptotic role of Noxa.  Our hypothesis was that Noxa effects 

the survivability of human airway epithelial cells in response to IFN-γ treatment.  

To test this hypothesis,  Noxa expression was suppressed in a line of cells and 

effects from knockdown were compared to control cells.  By using cell counts and 

western blot analysis post IFN-γ treatment, the effects were quantified.  From this 
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study, we saw that Noxa inhibition resulted in an increased resistance to 

apoptosis.  Furthermore, Noxa inhibition was associated with decreased cytosolic 

NF-κB, possibly indicating increased nuclear localization.  These experiments 

show Noxa expression sensitizes cells for apoptosis necessary for the resolution 

of MCM by a mechanism that possibly includes the inhibition of NF-κB nuclear 

localization. 

 

 

MATERIALS A�D METHODS 

Cell Culture 

 

The immortalized primary human bronchial epithelial cells, or AALEB 

cells, used in this study were provided by S. Randell (University of North 

Carolina, Chapel Hill, NC).  AALEB cells were transfected either with Noxa 

siRNA+GFP (green fluorescent protein) tag
3
 (Noxa8 cells) or with CT 

siRNA+GFP tag (control cells).  Expression of GFP tag was monitored using a 

fluorescent microscope.  Noxa8 and control (CT) cells were plated at low to 

medium confluence in standard 6 well plates (Sigma, Saint Louis, MO). Cells 

were cultured in BEGM (Bronchial Epithelial Growth Medium) (Cambrex Bio 

Science, Walkersville, MD) containing growth factors (bovine pituitarymextract 

(52 g/ml), hydrocortisone (0.5 g/ml), human recombinant epidermal growth factor 

(0.5 ng/ml), epinephrine (0.5 g/ml), transferrin (10 g/ml), insulin (5 g/ml), 

                                                           
3
 A GFP tag is a gene used as a reporter of expression to determine a cells successful uptake of a gene of 

interest. 
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triiodothyronine (6.5 ng/ml), gentamicin (50 g/ml), amphotericin-B (50 ng/ml), 

penicillinG (6.2 g/ml), streptomycin (10 g/ml), and retinoic acid (330 nM)) at 

37˚C in an atmosphere of 5% CO2 and air.  Cells were treated with 50 ng/ml IFN-

γ for either 0 (control), 2, 5, 10, 16, or 24 hours.  Cells were harvested using 

trypsin/EDTA (ethylenediaminetetraacetic acid) and treated with RPMI (Roswell 

Park Memorial Institute) medium (Sigma) containing 10% fetal bovine serum 

(FBS) to stop effects of trypsin once harvested.  Determination of cell survival 

was quantified by counting cells using a hemocytometer.  Cells were stored at -80 

˚C overnight until protein extraction. 

 

SDS-PAGE 

 

Cytosolic protein was extracted from harvested cells by homogenization in 

radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris, pH 7.4, 137 mM 

NaCl, 1 mM EDTA, 1 mM sodium vanadate, 20 mM β-glycerophosphate, 10 mM 

NaF, and a mixture of protease inhibitors), plus detergents (1% Nonidet P-40, 

0.25% deoxycholate, and 0.1% SDS).  Lysates were sonicated, and insoluble 

material was removed by centrifugation at 14,000 rpm for 10 minutes.   

Protein concentration of lysates was determined using the Pierce BCA 

assay (Thermo Fisher Scientific, Rockford, IL) to ensure equivalent amounts of 

protein were loaded in each well of the electrophoresis gel.  Gel plates were 

assembled according to Bio-Rad mini gel apparatus instructions (Bio-Rad, 

Hercules, CA).  Protein extractions and Kaleidoscope Prestained Standards (Bio-
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Rad) were combined with a 2X sample buffer containing β-mercaptoethanol and 

electrophoresed in a 12% polyacrylamide gel at 80 V.   

 

Western Blot Analysis 

 

The protein were transferred from the gel to a polyvinylidene fluoride 

(PVDF) membrane with 4 ˚C 10X transfer buffer overnight at 30 V and one more 

additional hour at room temperature at 30 V while stirring. The PVDF membrane 

was blocked for 30 minutes at room temperature in 10 mM Tris (pH 8.0) and 

150 mM NaCl (TBS) containing 0.1% Tween
 
20 and 3.0% nonfat milk (TBSTM). 

The
 
blocked membrane was incubated in primary antibody overnight at 4 ˚C, 

washed with four changes of TBSTM (5 min each), and incubated
 
with the 

appropriate secondary antibody for 1 hour at room temperature.
  
The membrane 

was washed with four changes of TBS plus 0.1% Tween
 
20 (TBST) and the 

labeled proteins were visualized after incubation
 
with ECL substrate reagents 

(Bio-Rad) and autoluminography.  The apparent
 
molecular weight of visualized 

proteins was determined by comparison with Kaleidoscope Prestained Standards 

(Bio-Rad).  After immunoblotting and visualization, PVDF membranes were 

stripped with an acidic glycene solution (0.2 M Glycine, pH 2.5, 0.05% Tween 

20) and rinsed in TBS prior to re-probing for a different protein. 

The following primary antibodies were used one at a time in the 

previously described steps: monoclonal mouse anti-Noxa (114C307) 

(Calbiochem, SanDiego, CA) at a 1:250 dilution, monoclonal mouse anti-NF-κB 
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(p65) (F-6) (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA) at a 1:500 

dilution, polyclonal rabbit anti-IκB-α (C-21)  (Santa Cruz Biotechnologies, Inc.) 

at a 1:500 dilution and monoclonal mouse anti-β-actin (AC-74) (Sigma) at a 

1:5,000 dilution. 

Relative protein amounts were determined by densitometry using the 

GS800 imaging system (Bio-Rad). 

 

RESULTS 

 

�oxa inhibition desensitizes cells to apoptotic death in response to IF�-γ. 

 

In vitro studies demonstrate that 50 ng/ml IFN-γ is maximally effective at 

inducing apoptosis in HAECs at low confluence (Shi et al., 2002).  AALEB cells, 

a cell line derived from HAECs, were treated with 50 ng/ml IFN-γ for 24 hours to 

determine if Noxa expression has an effect on cell survival following IFN-γ 

treatment. These AALEB cells were transfected with either Noxa siRNA+GFP 

tag (termed Noxa8 cells) or with CT siRNA+GFP tag making up the control 

group.  Noxa8 and control (CT) cells were plated at low to medium confluence 

(7.0x 10
4
 cells per well) and treated with either 50 ng/ml IFN-γ or untreated 

BEGM (control) for 24 hours starting the following day.   Cell survivability was 

determined by the number of cells attached to the plate at the time of harvest.  

Cell counts were decreased 38% in control cells treated with IFN-γ compared to 
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Noxa8 cells whose cell counts were relatively unchanged (Figure 2A).  As 

expected, Noxa expression was noticeably repressed in Noxa8 cells (Figure 2B).  

 

Figure 2. �oxa inhibition desensitizes cells to apoptotic death.  (A) Noxa8 and 

CT AALEBs were treated with 50 ng/ml IFN-γ for 0, 24 h followed by cell count. 

(B) Noxa8 and CT AALEBS were treated with 50 ng/ml IFN-γ for 0, 2, 5, 10, 16, 

or 24 h, harvested, and processed for electrophoresis and immunoblotting.  

Immunoblot for Noxa and Actin. 

 

 

 

 

 

0 24 

Hours of IFN-γ Treatment 

A 

CT 

  0     2      5    10    16    24  0     2     5    10   16   24 

Control Noxa8 

Noxa (11 kD) 

 

Actin (42 kD) 

 

B 



 24 

�oxa inhibition decreases amounts of cytosolic �F-κB. 

 

NF-κB family proteins, present in many animal cell types, rapidly 

translocate from the cytoplasm to the nucleus in response to apoptotic signals.  

Once in the nucleus they regulate gene expression with an anti-apoptotic effect 

(Wuerzberger-Davis et al., 2005).  NF-κB involvement in IFN- γ induced 

apoptosis was studied using western blot analysis.  Noxa8 and CT cells were 

plated at low confluence (5.5x10
4
 cells per well). They were treated with either 50 

ng/ml IFN-γ or untreated BEGM (control) for either 0 (control), 2, 5, 10, 16, or 24 

hours starting the following day.  Amounts of cytosolic NF-κB for each cell line 

at every time point were analyzed by western blot.  Amounts of cytosolic NF-κB 

over 24 hours were much lower in Noxa8 cells compared to control (Figure 3A, 

3B).  A decrease in the amount of cytosolic NF-κB points to nuclear localization 

(Edwards et al., 2009). 

IκB is commonly found bound to NF-κB in the cytoplasm and inhibits its 

nuclear localization.  Phosphorylation, and subsequent degradation, of IκB results 

in nuclear localization of NF-κB (Edwards et al., 2009).  Nuclear localization of 

NF-κB in Noxa8 cells was indicated by immunodetection for cytosolic IκB 

(Immunodetection for IκB only detects the un-phosphorylated IκB that would 

have been still bound to NF-κB at time of harvest) (Figure 3A, 3C).  The presence 

of higher IκB amounts in the cytoplasm of the CT cells confirms a lack of NF-κB 

nuclear localization. 
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Figure 3. �oxa inhibition decreases cytosolic �F-κB. (A) Noxa8 and CT 

AALEBS were treated with 50 ng/ml IFN-γ for 0, 2, 5, 10, 16, or 24 h, harvested, 

and processed for electrophoresis and immunoblotting.  Immunoblot for NF-κB, 

IκB, Noxa and Actin. (B) Protein density quantification of NF-κB at 0, 2, 5, 10, 

16, or 24 h of 50 ng/ml IFN-γ treatment (normalized to Actin). (C) Protein density 

quantification of IκB at 0, 2, 5, 10, 16, or 24 h of 50 ng/ml IFN-γ treatment 

(normalized to Actin). 

 

 

DISCUSSIO� 

 

This study suggests that the BH-3 only protein Noxa sensitizes human 

airway epithelial cells (HAECs) to IFN-γ induced apoptosis.  The method by 

which Noxa promotes apoptosis involves inhibition of NF-κB nuclear 

localization. This study may suggest a novel method of NF-κB inhibition caused 

by Noxa induction.   
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Prior to the present study, the apoptotic role of Noxa in the resolution of 

MCM had not been studied and was largely unknown.  Results of studies 

involving other mammalian cell types, including human cervical cancer (HeLa) 

cells (Willis et al., 2005; Nakajima and Tanaka, 2007) and mouse embryonic 

fibroblasts (MEFs) (Shibue et al., 2003; Villunger et al., 2003; Willis et al., 2005; 

Nakajima and Tanaka, 2007) have indicated that Noxa is a crucial protein 

involved in DNA damage/p53 induced apoptosis.  Once transcriptionally 

activated, Noxa binds to and inhibits the function of anti-apoptotic Bcl-2 protein 

Mcl-1 and Bcl-XL in these cell types (Nakajima and Tanaka, 2007).  Apoptosis 

caused by increased outer mitochondrial membrane (OMM) permeability by Bak 

and Bax activation requires inhibition of Mcl-1 by Noxa (Chen et al., 2005; Zhai 

et al., 2008).  

In healthy subjects, the Th1 cytokine IFN-γ induces the apoptotic 

mechanisms key to the resolution of MCM (Shi et al., 2002; Stout et al., 2007).   

This form of apoptosis proceeds independent of OMM permeabilization (Xiang, 

Rir-Sim-Ah; Tesfaigzi, 2007).  Possibly stemming from this unique form of 

apoptosis, Noxa does not bind/interact with Mcl-1 in HAECs undergoing 

apoptosis due to IFN-γ treatment (Tesfaigzi, data unpublished).  This observation 

calls into question Noxa’s involvement in IFN-γ induced apoptosis as Noxa 

expression is clearly upregulated under these conditions. 

Noxa is upregulated in HAECs in response to IFN-γ treatment.  Noxa 

expression is considered to be p53 dependent (Villunger et al., 2003).    

Interestingly enough, expression of Noxa and apoptosis as a whole in HAECs 
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occurs in a p53 independent manner (Mebratu et al., 2008).  Sun and Leaman 

(2005) observed p53 independent expression of Noxa in human fibrosarcoma and 

melanoma cell lines treated with interferons (IFNs).  This observation suggests 

the existence of an unknown alternative mechanism of induction/expression.   

NF-κB nuclear localization and resulting transcriptional activity is linked 

to increased cell survival and proliferation (Wuerzberger-Davis et al., 2005).  

Compared to normal subjects, patients with asthma or COPD have increased NF- 

κB transcriptional activity marked by elevated levels of IκB phosphorylation and 

IKK proteins.  This increased activity limits the lung’s ability to reduce mucous 

cell numbers (Edwards et al., 2009).  Results from the present study demonstrate 

suppression of NF-κB activity in IFN-γ treated control HAECs marked by its 

levels in the cytoplasm and lack of IκB degradation (Figure 3A).  In contrast, 

HAECs lacking the capacity for Noxa expression (Noxa8 cells) show decreased 

levels of cytosolic NF-κB under the same experimental conditions (Figure 3A, 

3B).  The observed decrease in cytosolic NF-κB suggests increased nuclear 

localization.  The mechanism by which Noxa inhibits NF-κB nuclear localization 

is unknown. 

Inhibiting nuclear translocation of transcriptional factors by cytoplasmic 

sequestration has been previously reported concerning the resolution of MCM.  A 

recent study by Mebratu et al. (2008) demonstrates that the BH-3 only protein Bik 

sequesters extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) in the 

cytoplasm of HAECs in response to IFN-γ treatment.  ERK 1/2 are members of a 

family of protein kinases that are mitogen activated and are responsible for cell 
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proliferation.  Activated ERK 1/2 generally translocates to the nucleus to activate 

cell cycle regulatory proteins resulting in cell survival and proliferation.  IFN-γ 

activates ERK 1/2 in lung epithelial cells but they are subsequently sequestered in 

the cytoplasm by Bik (Mebratu and Tesfaigzi, 2009).   Bik retains activated ERK 

1/2 in the cytoplasm by direct interaction and is vital to the resolution of MCM 

(Mebratu et al., 2008).  Noxa, a BH-3 only protein, like Bik, may inhibit NF-κB 

nuclear translocation by similar processes.    

Noxa may inhibit NF-κB function in several places along the NF-κB 

activating pathway.  The most likely method of inhibition is disruption of IKK 

function, upstream from NF-κB activation.  Decreased levels of IκB in the 

cytoplasm of Noxa8 cells compared to CT cells might indicate heightened IKK 

activity.  This observation does not support the sequestration by direct interaction 

between Noxa and NF-κB as high levels of IκB are still present in the cytoplasm 

of control cells.  The most likely method for Noxa inhibition of NF- κB nuclear 

localization is disruption of IKK activity (Figure 4). IKK protein function is 

regulated by NEMO proteins (Edwards et al., 2009).  Noxa likely either plays a 

direct or indirect role in affecting this signaling process.  Further research is 

required for any additional clarity in Noxa’s involvement in this pathway.  
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Figure 4. Proposed Model of �oxa Control of �F-κB Function.  This flowchart 

shows a possible mechanism by which Noxa effects cell survivability.  In this 

model Noxa interferes with the function of NF-κB by limiting IκB degredation. 

 

Immunodetection of western blots from nuclear fractions would be a 

useful tool to confirm NF-κB localizations.  By using different detergents in a 

lysing buffer than the one used in the study, protein content of nucleoli could be 

quantified over the time course.  This analysis would either confirm or refute the 

effect of Noxa on NF-κB nuclear localization.   
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Increases in cell survivability associated with a decreases in cytosolic NF-

κB were observed in the present study.  However, increased cell survivability 

could be due to other factors that were influenced by the downregulation of Noxa 

and unrelated to increased NF-κB activity.  Two drugs have been used in previous 

research to selectively inhibit NF-κB function. These could be used effectively to 

confirm the effect of NF-κB activity on cell survivability in this study.  Both 

interfere with the NF-κB signaling pathway, upstream of NF-κB activation.  

Sulfasalazine inhibits IKK protein function by disrupting adenosine triphosphate 

binding (Frode-Saleh and Calixto, 2000) and pyrrolidine dithiocarbamate prevents 

the degradation of IκB (Liu, Ye, and Malik, 1999).  Both could be used to treat 

the Noxa deficient (Noxa8) cells and determine whether the re-inhibition of NF-

κB activity negatively effects cell survivability.   

Determination and quantification of cell viability itself could also be a 

limitation within this study.   An MTT cell proliferation assay kit could be used to 

obtain more accurate data on cell survivability.   Instead of using raw cell counts, 

the MTT assay would reduce tetrazolium salts in mitochondria of viable cells to a 

insoluble formazan crystals which can be quantified by spectrophotometric 

means.  Also, in addition to western blots, quantitative real time polymerase chain 

reaction (QRT-PCR) analysis would be beneficial to determine if Noxa, NF-κB 

and other protein expression is affected by Noxa inhibition.   

After a single IFN-γ treatment, HAECs exhibit apoptosis up to a week 

later (Shi et al., 2002).  By increasing the length of time apoptosis is observed in 

cells, post IFN-γ treatment, a better assessment of the effects of Noxa inhibition 
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would be possible.  The effect of Noxa inhibition on NF-κB localization could be 

monitored for these additional days to see how long term the effects are and how 

they vary over time.   

To ascertain if Noxa inhibition has any additional effects, validation of ER 

calcium release and activated ERK 1/2 cytoplasmic sequestration in apoptotic 

cells would also be useful.  Any disruption of either of these two mechanisms 

could affect the validity of this study. Fura 2 is an effective fluorescent dye for 

staining intracellular calcium (Malgarol, 1987) and could be used to verify ER 

calcium release.  It would be possible to find evidence of other effects that Noxa 

inhibition has on HAECs by using immunocytochemistry.  Fluorescent tags on 

antibodies could be attached to NF-κB and Noxa to detect localizations following 

IFN-γ treatment.   

 Results from this study could be useful in developing treatments for 

patients with asthma, cystic fibrosis or COPD.  Subjects with asthma and COPD 

are known to exhibit to increased NF-κB function (Edwards et al., 2009). A major 

setback in the development of therapies aimed at inhibiting NF-κB directly is lack 

of specificity as NF-κB transcriptional activity controls many vital cellular 

functions (Edwards et al., 2009).  Manipulating Noxa expression in the airway 

epithelium could increase cell susceptibility to apoptotic stimuli in lieu of directly 

inhibiting NF-κB activity.   

 Any further understanding of Noxa function described in this study could 

be useful in defining its role in other cell types in response to other apoptotic 

stimuli.  As previously stated, Noxa has only been shown to bind to and inhibit 
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the function of anti-apoptotic Mcl-1 and Bcl-XL in other cell types (Nakajima and 

Tanaka, 2007).  No studies have examined the effect of Noxa on the function of 

NF-κB in other cell types.  Findings from this study could aid in the 

understanding of Bcl-2 mediated (intrinsic) apoptosis.  Any association between 

Noxa expression and NF-κB nuclear localization in other cell types would not 

only help to verify results in this study, but could also shed light on how this 

interaction occurs.  Results from studies investigating the role of Noxa in other 

cell types could also further clarify its effect on NF-κB.  Any further 

understanding on this topic could also assist in finding therapeutic uses of Noxa 

expression control.   

The role of Noxa in the p53 independent apoptosis of HAECs following 

allergen induced MCM is poorly understood.  Presently, the form of apoptosis 

involved in the removal of excess mucous cells from the human airway 

epithelium is characterized by two equally vital processes.  These processes are 

mediated by Bcl-2 proteins: Bax localization to the ER causing Ca
2+ 

release (Stout 

et al., 2007) and cytoplasmic sequestration of activated ERK1/2 by Bik (Mebratu 

et al., 2008).  This study introduces a third Bcl-2 arbitrated process that may be 

significant, if not essential, to the resolution of MCM: Noxa’s inhibition of NF-

κB activity by increasing its sequestration it in the cytoplasm and possibly 

limiting its nuclear localization.  Further research would be required to conform 

and elucidate this mechanism.



 A-I 

APPE�DIX I 

APPENDIX A  

Defined Abbreviations from Text: 

 

Apaf1   apoptosis protease-activating factor 1 

Bcl-2   B-cell lymphoma 2 (protein family) 

BEGM  bronchial epithelial growth medium 

BH   Bcl-2 homology 

Caspase  cysteine aspartyl-specific protease 

COPD  chronic obstructive pulmonary disease 

DNases  deoxyribonucleases 

ER   endoplasmic reticulum 

ERK 1/2  extracellular signal-regulated protein kinases 1 and 2  

FBS  fetal bovine serum 

GFP   green fluorescent protein 

HAEC   human airway epithelial cell 

HeLa   human cervical cancer cells 

IAP   inhibitor of apoptosis protein 

IFN   interferon 

IFN-γ   interferon gamma  

IκB   inhibitor of NF-κB 

IKK   IκB kinases 

MCH   mucous cell hyperplasia 

MCM   mucous cell metaplasia 

MEF   mouse embryonic fibroblast 

NF- κB  nuclear factor of kappa light polypeptide gene enhancer in B-cells 

OMM   outer mitochondrial membrane 

p53   tumor suppressor protein 53 

PVDF   polyvinylidene fluoride 

QRT-PCR quantitative real time polymerase chain reaction 

STAT1  signal transducers and activators of transcription 1 

RIPA  radioimmunoprecipitation assay 

Th1  type 1 T helper cell lymphocytes 

Th2   type 2 T helper cell lymphocytes 

TNF    tumor necrosis factor 

TRAIL  TNF-related apoptosis-inducing ligand 

TRADD  TNF receptor-associated death domain 

 

 

 

 



 A-II 

APPE�DIX II 

 

List of Mammalian Bcl-2 Family Proteins: 

 

BH Domains 1-4 (anti-apoptotic) 

 

Bcl-2 proper 

Bcl-xL 

Bcl-w 

Mcl-1 

 

 

BH Domains 1-3 (pro-apoptotic) 

 

Bax 

Bak 

 

 

BH Domain 3 (pro-apoptotic) 

 

Bid 

Bad 

Bik 

Bmf 

Bim 

Noxa 

Puma 
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