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Abstract 

Background: Chronic obstructive pulmonary disease (COPD) is a global health 

problem, killing approximately 3 million people annually and emerging as the third 

largest cause of human mortality worldwide. COPD is a poorly reversible chronic, 

slowly progressive airway obstructive respiratory disease. It is mainly smoking-related 

and primarily constitutes small airway fibrosis and destruction, more generalized 

“chronic bronchitis” and in some but not all later development of emphysema. Tobacco 

smoking is the main causative factor for development of COPD, both in developed and 

developing countries. Approximately 50% of smokers develop COPD eventually. 

COPD airways remodeling changes are mostly related to reduce airflow due to small 

airway fibrosis and ultimately obliteration. Various mechanisms lead to remodeling 

changes in the airways including perhaps most importantly, dysregulated epithelial 

basal stem cell function, one feature of which is active EMT. In EMT, epithelial cells 

transition into a mesenchymal phenotype with subsequent migration into the 

underlying lamina propria and may be associated with accumulation of myofibroblasts 

immediately adjacent in the lamina propria. EMT has been implicated in tissue fibrosis 

in the so called Type-2 form, and when associated with hyper vascularity, it is termed 

Type-3 which is strongly related to epithelial cancer development. 

EMT is a complex process which includes various intracellular pathways including 

Smad-dependent (TGFβ-Smad pathways) and non-Smad dependent pathways (e.g. 

the Wnt-βcatenin and hedgehog pathways), and various nuclear transcription factors 

(the β-catenin/twist/Snail clusters). It is notable that epithelial cancers make up 

approximately 90% of all human malignancies suggesting that epithelial cells are 

especially unstable and EMT- associated mechanisms may be the common factor. 

Local tissue angiogenesis is especially regarded as another key aspect of both the 

pre-malignant and malignant phases of epithelial cancer development. Moreover, 

COPD itself is a major independent risk factor for development of non-small cell (NSC) 

lung cancer with squamous cell tumors developing in central airways and 

adenocarcinoma more in the peripheral airway tree. Along with several genetic 

changes secondary to environmental insult (tobacco smoke) EMT, especially in 

association with hyper vascularity i.e. Type-3, also has a strong pro-cancerous 
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influence Thus, the local airway microenvironment is very important in carcinogenesis 

and metastasis. 

Although the expression of EMT biomarkers has been investigated in smokers, the 

expression pattern of transcription factors and their pathways in COPD has not been 

reported until now. 

Aims: I have investigated the expression of EMT biomarkers in large and small 

airways, as well as involvement of transcriptional pathway and alterations in 

transcription factors cellular location. I have investigated smoker with normal 

spirometry, COPD subjects (both current smokers, CS, and ex-smokers, EX), and 

compared with normal control tissues. I have also investigated whether EMT 

biomarker expression in lung cancer is associated with tumor staging and 

differentiation and how this expression is related to that in the corresponding non-

cancerous airway wall. 

Methodology: I evaluated the expression of EMT biomarkers (S100A4, Vimentin), an 

epithelial activation marker (EGFR), and Rbm vascularity (Type-IV collagen) cross-

sectionally in both large airways (from resected lung tissue, RT) and small airways 

(also RT) from: 18 individuals with chronic airflow limitation [combination of smokers 

with SAD plus frank COPD] and 9 RT control tissues (NC). Differences between 

peripheral and central area in adeno and squamous cell carcinoma from these same 

subjects were also evaluated, using the same mesenchymal biomarkers and 

compared to their expression in large and small airways. I also evaluated the TGFβ-

Smad pathway and the β-catenin/Snail/Twist transcription factor cluster in large airway 

bronchial biopsies (EBB) from 15 NLFS, 20 COPD-CS; 15 COPD-EX, and compared 

these with 15 NC. Anti-S100A4/Vimentin/Type-IV collagen/TGFβ-Smad 2/3/7 and 

anti-transcription factor (β-catenin/Snail/Twist) immunostaining on paraffin-embedded 

tissue was quantified using computer-aided image analysis. 

Results: Large and small airway epithelium showed markedly enhanced expression 

of S100A4 and vimentin in CAL (p<0.001) compared to normal controls (NC). A 

significant difference in term of increased Rbm vascularity (Type-IV collagen) was 

observed in large airway (Type-3 EMT) in comparison to small airway (Type-2 EMT) 



xiv 

(p<0.001). Small airflow obstruction (FEF25-75%) was correlated significantly with 

small airway EMT biomarker expression (R= -0.52; p<0.03). 

In the large airway epithelium, TGFβ1 and pSmad2/3 overexpression was found along 

with pSmad7 under expression in all clinical groups compared with controls. TGFβ1 

expression was especially high in COPD subjects throughout the airway wall (P<0.01), 

while pSmad 2/3 expression was most marked in the epithelial basal cells and Rbm 

cells and again especially in current smoking COPD (P<0.05). Expression of inhibitory 

pSmad-7 was also predominantly reduced in patients with COPD in contrast to 

smokers and controls (P<0.01). In addition, pSmad but not TGFβ1 expression, was 

related to airflow obstruction (both FEF25-75% and FER) [(R= -0.74; p<0.001) for 

pSmad2/3 and (R= 0.48; p<0.07) for psmad7] and the canonical EMT biomarker (S100 

A4) expression (R= 0.48; p<0.05 for pSmad 2/3 and R= -0.59; p<0.02 for pSmad7). 

An overall increase in β-catenin/Snail/Twist expressing cells in the airway epithelium, 

Rbm and LP was uniformly found in all clinical groups compared to normal controls 

along with their significant cytoplasmic to nuclear relocation (p<0.05). However, such 

changes in Twist expression were not as marked as for the other two transcription 

factor and mainly significant for NLFS and COPD-Ex (p<0.05). In addition, 

transcription factors over-expression was significantly correlated not only with airflow 

obstruction (both FER and FEF25-75%) and EMT activity (S100A4), but also with the 

TGFβ-Smad pathway expression as well.  

Significantly increased EMT biomarker expression was found in the peripheral (leading 

edge) areas of the both adeno carcinoma (p<0.001) and squamous cell carcinoma 

(p<0.001), in comparison to central areas of these tumors. Moreover, peripheral tumor 

bio-marker expression was correlated significantly with TNM staging and 

differentiation score for the whole group of carcinomas, and also with airway epithelial 

EMT activity. Further, vascularity in the leading edge areas for peripheral squamous 

cell carcinoma was significantly correlated with large airway Rbm vascularity (R=0.68; 

p<0.05). 
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Conclusions: The expression of EMT biomarkers (S100A4 and Vimentin) was 

upregulated in both small as well as large airways; with EMT categorized on the basis 

of Rbm vascularity as Type-2 in small airways (pro-fibrotic) and as Type-3 in large 

airways (pro-malignant as well as pro-fibrotic). In addition, transcription factors (β-

catenin/Snail/Twist) and the transcriptional pathway (TGFβ-Smad) examined were 

upregulated in large airways in smokers, but in general, especially so in COPD. These 

data enhance the strength of evidence for EMT activity being a fundamental part of 

the pathogenic process of COPD in the airways, and the strong correlations seen 

between such activity and airway obstruction in especially compelling. Further, 

increased expression of EMT activity may also be crucial in the pathogenesis of 

malignancy related to COPD, with “imprinting into the cancer of EMT activity from the 

already abnormal airway epithelium. 
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Chapter 1 

1. Introduction

Being a medical professional and especially as a trained pathologist, for some years I 

have had a particular interest in respiratory disease and its pathogenesis and patho-

physiology. This is the reason that I came to Australia to work in a group that had 

worked on these very issues for many years, and had recently published papers 

challenging the current dogmatic concepts of smoking-related airway disease 

processes, and indeed changing the very understanding of these. They had described 

active epithelial-mesenchymal transition and epithelial hyper vascularity in large 

airway biopsies, related to smoking pack-year history, and seemingly having 

physiological consequences. It was very exciting to have the opportunity to continue 

with this relatively preliminary work, to take a few new steps “towards the light”, to 

extend findings to small airways, to define more basic mechanisms, and in the later 

phase of my PhD research to try and link COPD pathology more closely with non-

small cell lung cancer than previously achieved. 

I will deal in this chapter, briefly, with an overall conceptual and reductionist “model” 

of what the facets of COPD pathology consist of (Figure 1.1). This helped me to “place” 

my research contextually within a broader theme of work going on locally, but which 

might also help the reader to see where this thesis fits in with the bigger picture. 

I will also deal with an outline of what COPD is, from the clinical and physiological 

angles, what the risk factors are for it, and its epidemiology and its impacts at personal, 

social and global levels. 
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Figure 1-1 Model of COPD  

Developed over a decade by researchers within the Breath Well CRE, at the University 

of Tasmania. 

 

As I will review in greater detail shortly, it has been known for several decades since 

the pioneer studies of Lynne Reid and Michael Dunnill in England and the team around 

Peter Macklem in Canada, that the airway epithelium and indeed the mucosa generally  

was structurally markedly abnormal in smokers and especially in COPD, and that the 

prime site for airflow obstruction was in the small airways less than 2mm in diameter 

when the wall was thickened and fibrotic with progressive obliteration of the airway 

lumen. This is the early and primary pathology in physiological COPD, for which 

perhaps the term Chronic Airflow Limitation (CAL) would have been better applied; 

this occurs even before an individual is symptomatic. Work by Ron Crystal`s group at 

Cornell University in New York has quite recently indicated that the fundamental 

change is likely to be genetic reprogramming of the basal epithelial cells, which are 

the airway stem cell. In many ways we came to a similar conclusion in a parallel 

fashion though description of EMT in this very same cell population.  

Another early series of events involves the airway lumen; these have really taken the 

major bulk of research interest in more recent years, and are certainly associated with 
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symptomatic illness. The key event is activation of the innate immune system, and 

acute and chronic infection, but which is cause and which effect is not really well 

worked. Another interest of our CRE coincident with my work has been why 

Haemophilus influenza and Pneumococci in particular are the bacterial species 

involved in COPD, and why Rhinoviruses are also so important in its natural history. 

The local focus has been on up-regulation of specific surface adhesion sites for these 

“respiratory” pathogens as part of epithelial dysfunction.  

Finally, there are events that are common but not universal, and especially 

development of emphysema (parenchyma destruction and loss of the elastic recoil 

properties of the lungs) and lung cancer in many but not all COPD sufferers, and 

usually one or more decades later than the airway remodeling and 

inflammatory/infective processes discussed above.  

Out of this complex syndrome of real and/or potential disease processes, my research 

has very much focused on the airway wall, and mechanisms of fibrosis and destructive 

part of the pathology. This reductive approach I feel is important, because when others 

say they are studying “COPD” or a putative model of COPD, it may well be a quite 

different issue and set of questions being addressed, and not infrequently their relative 

importance and contribution to the overall clinical and pathological picture is quite 

poorly defined.   
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Chapter 2 
 

2.  Chronic Obstructive Pulmonary Disease (COPD) and 
Epithelial mesenchymal transition: Literature Review 

 

Chronic obstructive pulmonary disease (COPD) is a huge global health problem with 

increasing morbidity and mortality. COPD is a preventable but only partially treatable 

disease associated with progressive respiratory disability, hospital admissions for 

acute exacerbation (AECOPD) and impairment of quality of life. In this literature review 

I will first deal with the basics of COPD as a clinical entity and then discuss the process 

of Epithelial-Mesenchymal Transition (EMT) and the potential for this to be a major 

driving pathogenic process, as a part of a broader “reprogramming” of the airway 

epithelial basal ‘stem’ cells. 

2.1 Anatomy 
It is necessary to understand the anatomy of the lungs before proceeding to actual 

pathogenic events related to the airways in COPD.  

Lung comprises two chief anatomical structures: airways and parenchyma. The 

tracheobronchial tree is a highly branched system of conducting tubes, that can be 

divided anatomically into large airways or bronchi, (usually >2mm in internal diameter 

and with supporting cartilage in the airway wall) and small airways or bronchioles 

<2mm in internal diameter with little no cartilage in their walls (Bohadana, Teculescu 

& Martinet 2004). 

The gas-exchange lung parenchyma consists of respiratory bronchioles, alveolar 

ducts, alveolar sacs and especially vast number of alveoli. Anatomically the 

conducting bronchioles are vital as they each serve a pulmonary lobule - the basic unit 

of the lung (Shapiro, S, Snider & Rennard 2005) (Figure 2.1). 

Microscopic imaging of large and medium airways, illustrate that the most distinctive 

structures are epithelium, basement membrane (BM) and reticular basement 

membrane (Rbm), the lamina propria (LP) and smooth muscle layer. All of the above 

together constitutes the mucosa, and then deep to this is the sub-mucosa consisting 

of cartilage and connective tissue adventitia (Junqueira, Carneiro & Kelley 2005) 

(Figure 2.2).  
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The mucosa thus has an epithelial layer on the luminal surface, and this is pseudo 

stratified in that there are basal cells and fully developed epithelial cells which all attach 

to the basement membrane. Epithelial cells for the most part are elongated and have 

cilia on their apical surface, though there is sub-set of mucus secreting “goblet cells” 

in addition. The true basement membrane (BM), is a thin linear structure composed of 

collagen IV (Thurlbeck & Churg 1995). BM actually detach the epithelium from the 

lamina propria (LP) whereas LP lies between the BM and the inner side of the smooth 

muscle layer. The LP is composed of connective tissue containing cells and blood 

vessels. The sub-mucosa deep to the smooth muscle also contain mucous glands, 

cells and loose connective tissue (Thurlbeck & Churg 1995) (Figure 2.2). 

 

 

Figure 2-1: Schematic demonstration of central and peripheral airways 
 

Reproduced with permission from Chmura, Hines & Chan (2008), Copyright Springer 

publishers.  
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Figure 2-2: Microscopic images of biopsy taken from airway by Fiberoptic 
Bronchoscopy.  

Epithelium (EP), the very superficial layer, is separated from underlying lamina propria 

(LP) by basement membrane (black arrows). Lamina propria is primarily made up of 

loose connective tissue and blood vessels. Hardly ever submucosa can be seen in 

biopsies, which have mucous glands.  
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2.2 Definition of COPD  

According to the pre-eminent Global Initiative for Chronic Obstructive Lung Disease 

(GOLD), a currently widely used functional definition of COPD is "a disease state 

characterized by limitation of airflow which is slowly progressive and not fully 

reversible. This chronic progression of airflow limitation is usually associated with 

background of an abnormal inflammatory response of the lungs to noxious particles 

or gases” (GOLD 2015). The concept of the widely accepted ‘inflammatory’ response 

as a hallmark of COPD, may in fact not be relevant to the airway wall (Sohal, S, Eapen, 

MS, Tan, D, Muller, HK & Walters 2015) although it does probably apply to the airway 

and alveolar lumen. 

2.3 Classical pathology of COPD 

The “classical” pathology of COPD was described several decades ago, beginning 

with Lynn Reid in London reporting in 1954, the increased numbers of acini and 

subsequent thickness of airways mucous glands, recognized as feature of “chronic 

bronchitis”, i.e. chronic cough and sputum production, thought then to be synonymous 

with COPD. This study standardized now the famous Reid index for describing 

gland/wall thickness ratio, which she showed was increased in chronic bronchitis. 

Unfortunately, this lesion of mucous gland hyperplasia was not closely correlated with 

airflow measurements. So emphasis was mainly on anatomical changes rather than 

obstructive pathology associated with COPD (Reid, L 1954). In 1967, Macklem and 

colleagues added insights into peripheral or small airway disease as the site of 

increased airway resistance in smokers (Macklem & Mead 1967).  Thus small airways 

disease as shown as a potential “silent zone” where pathology can accumulate for a 

long period of time without being clinically obvious or measurable. (Hogg, Macklem & 

Thurlbeck 1968) (Figure 2.3).  

In 1969, another major pioneering study by Michael Dunnill and colleagues in Oxford 

showed emphysema, although associated with COPD in smokers in general, occurred 

decade or later than airway narrowing, and indeed was not invariable even then 

(Dunnill 1969). In 1985, Snider et al defined emphysema pathologically as " permanent 

alveolar wall destruction with irreversible enlargement of the air spaces distal to the 

terminal bronchioles and without evidence of fibrosis” (Snider et al. 1985). 

Morphologically, there are two main subtypes of emphysema (Kim, WD et al. 1991). 
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The panacinar form of emphysema is associated with α1-antitrypsin deficiency, 

resulting in an even dilatation and destruction of the entire acinus. The most common 

centriacinar emphysema form, causes more severe small airways obstruction and is 

mostly associated with cigarette smoking, and without obvious enzyme deficiency 

(Litmanovich, Boiselle & Bankier 2009) (Figure 2.5). An in depth detail of emphysema 

is beyond the scope of this thesis. 

Large airway involvement in COPD is itself quite complex, with squamous metaplasia 

of epithelium as well as Reid’s “Chronic Bronchitis” changes with or increased cough 

and sputum production. (Dunnill 1969; Hogg 2004; MacNee 2005) (Figure 2.4). 

Further details are furnished in the remodelling section, later in this chapter.  
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Figure 2-3: Small Airway Obstruction 

a) Normal small airway and alveoli b) thickened small airway with mucus plug filling 

airway lumen in chronic obstructive pulmonary disease 
 
Reproduced with permission from Hogg (2004), Copyright Annual Review 

Publisher.  
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Normal Smoker                                         Chronic Bronchitis 

 

Figure 2-4: Pathologic changes of the central airways in COPD. 

Pathologic changes of the central airways in COPD. A central bronchus (A) from the 

lung of a physiologically normal cigarette smoker, demonstrates the presence of 

relatively little bronchial smooth muscle and small epithelial glands. In contrast, in 

subject (B) with “chronic bronchitis”, bronchial smooth muscle is arranged as a thick 

bundle and drastically enlarged bronchial glands. However, (C) has the enlarged 

bronchial glands at an advanced level, with localized chronic inflammation involving 

leukocytes (arrowhead) and mononuclear cells, together with plasma cells (arrow). 

Reproduced with permission from Hogg (2004), Copyright Annual Review Publisher.  
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Figure 2-5: Emphysema 

(A) Centilobular lesions have coalesced to produce severe lung destruction in the 

upper lobe.  

(B) More extensive association of the lower lobe by panacinar emphysema.  

(C) Low-power photomicrograph of centrilobular emphysema (CLE) that has cracked 

central portions of several acini of a single lobule.  

(D) High power microscopy presenting even obliteration of the lobule in panacinar 

emphysema. 

Reproduced with permission from Hogg (2004), Copyright Annual Review Publisher.  
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2.4 Classification (Physiological – Spirometric) 

According to GOLD, diagnosis of COPD requires objective spirometry assessment for 

the confirmation of definite post-bronchodilator airflow obstruction (GOLD 2015). 

Spirometry is a reproducible breathing test which is quick, easy, safe and non-invasive 

for patients. Rather arbitrary spirometry obstructive indices were introduced into 

clinical medicine many years ago for the definitive diagnosis of air flow obstruction. 

Special emphasis has been made to the ratio on forced expiratory volume in 1 second 

(FEV1) to the forced expiratory vital capacity (FVC), the FER (Hyatt & Black 1973) for 

proper diagnosis of COPD. According to accepted criteria, FER of <0.7 confirms the 

presence of airway obstruction, while FEV1% predicted, classify severity of COPD 

(mild ≥80%, moderate 50-80%, severe 30-49%, very severe <30%) (Table 2.1).  These 

indices are mainly related to large airways, while some recent attempts to modernize 

this on the basis of quantitating the characteristic small airway-related scalloping out 

of the expiratory limb of the maximal flow-volume curve (Johns, D. P., Walters, J. A. & 

Walters, E. H. 2014) (Figure 2.6), this is not yet widely used. Attempts to use the FEF25-

75%, a computer assisted measurement of maximum forced expiratory flow over the 

middle half of the FVC (McFadden & Linden 1972), have also not been widely 

accepted as this measure lack validity because of it dependency on the measurement 

of FVC and lack of repeatability (Quanjer et al. 2014). Non-spirometric measures of 

small airway function, e.g. using forced oscillations (FOT) or multi-breath nitrogen 

washout techniques are currently being evaluated, but will not be as convenient as 

using small, modern computerized spirometers. 

Underuse of spirometry and lack of proper interpretation of spirometric values makes 

COPD a largely under-diagnosed condition in the primary care setting especially in its 

early asymptomatic phases (Walters, JA et al. 2008). This is a great lost importunity 

to pick up early disease, although in fact significant in pathological terms (Hogg et al. 

2004) but before there is major and irreversible clinical deterioration.  
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Table 2.1: Stages of COPD Severity.  
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Figure 2-6: Variables used to quantify global and peripheral concavity. 

A novel way of interpreting the expiratory limb of the F-V curve. Measured FEF50% and 

measured FEF75% are the forced expired flows when 50% and 75% of the FVC has 

been expired. Reference FEF50% and Reference FEF75% are the reference flows that 

would be obtained if the flow-volume curve had zero curvature i.e., a linear descending 

limb (dotted line). The variable, y, is the volume to peak expiratory flow (PEF); a value 

of 0.6 L can be assumed for this. In this example, global concavity is approximately 50 

Units and peripheral concavity is approximately 65 Units. Such an analysis may help 

in early detection of COPD (by perhaps 25%).  

 

Reproduced from Johns, D. P., Walters, J. A. & Walters, E. H. (2014), Copyright 

Pioneer Bioscience Publishing Company.  
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Another important, widely used and well-evaluated index of lung physiology is DLCO 

(diffusing capacity for carbon monoxide) which is used mostly in specialist practice. It 

measures the oxygen-absorbing capacity of the lungs, and basically DLCO is an index 

of the degree of emphysema in smokers with airflow limitation. This is not useful in 

early and mild stages of COPD (Bailey 2012). 

2.5 Natural history of COPD 

A classic, if rather speculative, model of the natural history of COPD in relation to 

presumably genetic “sensitivity” to smoking was developed almost 40 years ago, 

though from a series of cross-sectional rather than truly longitudinal data (Fletcher & 

Peto 1977) (Figure 2.7).  

 Essentially, the model says that after peak lung function is achieved in one`s twenties, 

a time will come in a decade or so when lung function will start to progressively decline 

i.e. aging will occur, but in the otherwise healthy this will not have significant impact 

before death from other natural causes. However, if the subject is a smoker and is 

(presumably genetically) “sensitive” to the airway and lung damaging effects of smoke 

then the rate of decline in lung function will be accelerated and COPD and in the worst 

case premature death will occur.  The model can reasonably be modified to apply to 

most if not all risk factors. The same paper did also mention the possibility that poor 

lung function going into adulthood in association with even normal rates of lung 

function decline would also lead to clinical COPD, but this has received rather less 

attention until quite recently (Perret, J. L. et al. 2016).  
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Figure 2-7: Decrease in forced expiratory volume in 1 second (FEV1) according 
to smoking status and genetic susceptibility. 

 

Reproduced with permission from Fletcher & Peto (1977), Copyright BMJ publishing 

group.  



 
 

30 
 

2.6 Social and economic impact 
 

2.6.1 Global burden 

COPD is the sixth leading cause of morbidity and mortality globally and represents a 

substantial economic and social burden. As far back as the early 90s, COPD was 

ranked the sixth leading cause of death had climbed to fourth in 2000, and it is 

anticipated that it will rank third by 2020 (Lopez et al. 2006). And this does not include 

the impacts of lung cancers, closely related to COPD (Yang, IA et al. 2011). 

Globally, COPD affects approximately 329 million people, which accounts for nearly 5 

percent of the total population. According to recent data published in the international 

collaborative global burden of disease project, COPD is reported to result in increasing 

mortality rates worldwide, ranging from 2.4 million deaths in 1990, to 2.9 million deaths 

in 2013 (Global 2013'2015). 

In order to directly address local socio-economic impacts of COPD worldwide, the 

Burden of Obstructive Lung Disease (BOLD) initiative was designed to develop 

standardized methods for estimating COPD prevalence and resultant economic 

burden (Buist et al. 2005). In the 2006, BOLD study on 9245 random middle-aged 

community participants from 12 countries with differing economic development profiles 

the estimated population prevalence of GOLD stage II or higher COPD was 

approximately 10.1±4.8%(SE) overall (11.8±7.9% for men and 8.5±5.8% for women).  

The most important factor related to this prevalence in BOLD was pack-years of 

smoking, along with other associated risk factors whose importance cannot be 

neglected. These associated factors include mainly third-world usage of biomass fuel 

for cooking and heating purpose, occupational exposures and multiple respiratory 

infections (Buist et al. 2007). In South Africa previous TB is another important 

etiological factor (Jithoo 2006) while in Australia the interaction between the very 

common active asthma and smoking is very significant (Perret, J. L. et al. 2016).  More 

detailed review of external risk factors is beyond the scope of this Introduction, but is 

largely summed up in Figure 2.9. Personal “host” factors are dealt with a little later.  

In order to understand the overall economic burden of COPD, direct and indirect cost 

need to be addressed separately and in relevant importance. Direct costs include 

expenses of admissions to hospitals, home visits, home care, and pharmacological 
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therapy. The disabling personal and social effects of COPD, as cause of lost working 

days, are considered as indirect costs (Viegi et al. 2001).  In a review of annual direct 

medical costs of COPD in the USA, in 2005, it was estimated at approximately 

US$2700–5900 per patient per year, with US$6100–6600 for indirect costs. The US 

National Heart, Lung, and Blood Institute estimated that total national costs 10 years 

ago (including both direct and indirect costs) of COPD in USA were US$32.1 billion, 

with direct costs just over 50% of that (Mannino & Buist 2007). Globally, this cost is 

anticipated to peak at up to US$4.8 trillion in 2030, half of which is expected to arise 

in developing countries (Lomborg 2013), from US$2.1 trillion in 2010 (Bloom & A.B. 

2011). 

2.6.2 National burden (Australia) 

In Australia, after heart disease, stroke and cancer, COPD is a leading cause of death 

and socio-economic burden. 

According to the Australian Institute of Health and Welfare (AIHW), a decline in death 

rates for males due to COPD was observed, between 1979 and 2011, while it 

plateaued up among female from 1979 and 1997 then also starting to decline (Figure 

2.8). This difference was due to when smoking became a relevant health risk in the 

two genders and when quitting began to kick in significantly. In addition to gender, 

COPD related mortality was reported to be higher among people of indigenous origin 

compared to non-indigenous Australians (AIHW 2012). 

In Australia, COPD was estimated to be the fifth leading cause of death, causing 6,122 

deaths in 2011(AIHW 2012). In a recent study from the George Institute, it is reported 

that not only two-thirds of deaths in current smokers can be directly attributed to 

smoking, but in addition current smokers are estimated to die an average of over 10 

years earlier than non-smokers (Banks et al. 2015). 

COPD is costlier per case than other common smoking-related disease such as 

cardiovascular disease (CVD) and osteoporosis and responsible for substantial 

burden on the Australia economy (for both direct and indirect cost). COPD is 

Australia’s second leading cause of avoidable hospital admission (Hutchison et al. 

2007). In 2008 alone, AU$98.2 billion were spent on COPD, nationwide, including 

direct (AU$8.8 billion) and indirect (AU$89.4 billion) financial outlays (Economics 

2008).  
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Figure 2-8: COPD death rates in Australia  

In relation to smoking rates showing the lag between “peak-smoking” and deaths. 

Source: (AIHW 2012).  
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Figure 2-9: Risk Factors for COPD. 
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2.7 Host factors for COPD 
 

2.7.1 Asthma 

Asthma-COPD overlap occurs in patients with features associated with asthma 

(variably defined as active clinical asthma, bronchial hyper-responsiveness (BHR), 
allergic bronchial inflammation, reversible airflow obstruction, and increased response 

to inhaled and systemic corticosteroids) and characteristic of COPD (fixed airways 

obstruction). A very important study of 228 patients reported that approximately 16% 

of asthmatic patients not only developed fixed airway obstruction (reduced FEV1/FEV), 

but also have typical characteristic features suggestive of COPD (cough, dyspnea, 

and sputum production) (Vonk et al. 2003). In the Tasmanian Longitudinal Health 

Study (TAHS), run by our CRE, based on data from 1,389 participants, it has been 

observed that there is substantial contribution of both current smoking status and 

clinical asthma, to fixed airflow obstruction in the middle age population, especially in 

atopic individuals (Perret, Jennifer L et al. 2013) 

Barrecheguren and colleagues reported that patients with both characteristics of 

asthma and COPD has rapid disease progression associated with dyspnea and 

wheezing and experience more frequent exacerbations and respiratory infections than 

patients with COPD alone (Barrecheguren, Esquinas & Miravitlles 2015). 

2.7.2 Genetic Factors 

Many smokers are “resistant” to the deleterious effects of smoking and the rate of 

FEV1 decline in them is quite similar to nonsmokers (Fletcher & Peto 1977). Therefore, 

there is likely to be genetic susceptibility for development of COPD, interacting with 

environmental influences that determine the effect of smoke on the lungs (Hogg et al. 

1994). 

Several genetic associations have also been found in relation to COPD but detailed 

analysis of these studies is beyond the scope of this thesis. So I will briefly discuss the 

apparent most important such factors associated with the development of COPD.  
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Eriksson and colleagues described the classical genetically determined deficiency of 

alpha-1 anti-trypsin (anti-protease) and its inability to neutralize neutrophil elastase 

(protease) leading to early onset of emphysema (Eriksson 1965).  

Stoller and colleagues reported that the hereditary deficiency of α1-antitrypsin (ATT, 

encoded by SERPINA1), was responsible for just 5% of COPD cases (Stoller & 

Aboussouan 2005). 

After a huge amount of work over subsequent decades and especially more recently 

as genomic work has become more feasible, many new polymorphisms have been 

linked to the development of COPD (Table 2.2).  
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Gene/Protein Polymorphism ID Function 

MMP9 CR99492 Increase promoter activity 

MMP1 rs179950 Increase Transcription 

GSTP1 rs947894 Increase enzyme activity 

SERPINA3 rs4934 Alters signal peptide 

HMOX1 CE000297 Alter transcription 

TNFα rs1800629 Increase TNF alpha level 

TNFβ rs1800469 Increase TGF beta level 

IL-13 rs 1800925 Increase IL13 production 

SOD3 CM941295 Increase enzyme level 

CHRNA 3/5 rs8034191 Hedgehog interacting proteins (HHIP) 

AGER rs2070600 Interact with NFkB 

HTR4 rs3995090 Alter cytokines response 

THSD4 rs12899618 Modulate calcium binding proteins 

GSTCD rs10516526 Alter intra cellular Chloride channels 

 

Table 2.2: Genetic polymorphisms relevant to COPD (Wood & Stockley 2006). 
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2.7.3 Age 

There has been considerable semantic dispute about ageing and COPD, but it is 

generally regarded as an independent risk factor for progressive degenerative 

changes in lung tissues, affecting both structure and function of lungs, and is 

considered as a predictor for COPD, and certainly as an extra vulnerability to added 

risk factors (Decramer & Rossi 2001). In a study by Fukuchi and colleagues, COPD is 

reported to be three-times higher in the elders of >60 years of age than other age 

groups (Fukuchi et al. 2004). It is also interesting to observe that after ischemic heart 

disease (IHD) and stroke, COPD is the third leading cause of disability in individuals 

over 60 years of age (Global 2013'2015). Ageing changes in the respiratory tract have 

been categorized as consequence of failure to efficiently eliminate reactive oxygen 

species (ROS), impaired ability to repair of DNA damage, reduction in anti-ageing 

molecules (histone deacetylases and sirtuins) and/or stimulation of pro-ageing 

molecules and telomere shortening (Ito & Barnes 2009).  

2.7.4 Gender 

COPD had been considered as a disease of males because of their earlier take up as 

a group of smoking decades ago. Women did not take up smoking in large numbers 

until after World War II. In late 90s, studies showed that females are more susceptible 

to effects of smoking than males and at given levels of smoking are at increased risk 

of development of COPD (Prescott et al. 1997). This is presumed to be largely the 

result of having smaller caliber airways, and it is still unclear whether any hormonal 

difference puts females at increased risk for COPD development (Barr et al. 2004; 

Carlson, CL et al. 2001). In addition, Allen Ramey and colleagues reported that in 

comparison to males, females with COPD also reported more respiratory symptoms, 

and also more depression and lower health-related quality of life, (Allen-Ramey, Gupta 

& daCosta DiBonaventura 2012). 

2.7.5 Nutrition 

A well-balanced diet seems important in relatively protecting against. The factors 

involved seem to include both types of food and specific nutrient such as vitamin C, 

D, E and certain minerals. Thus, cross-sectional studies have found in particular that 

a “western” diet (refined grains, red meats, sugary and fat-laden foods) is associated 

with an increased risk of COPD in comparison to Mediterranean diet (breads, cereals, 
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beans, nuts and seeds, fish, poultry and low intake of red meat) (Varraso et al. 2007). 

Similarly, several studies have demonstrated a specific beneficial effect of fruits and 

vegetables on lung health (Keranis et al. 2010). Britton and colleagues reported that 

deficiency of magnesium and omega-3 fatty acids were both associated with lower 

FEV1 than those who had sufficient nutrient intake (Britton et al. 1994; Shahar et al. 

1994). A recent study by Foong and Zosky reviewed the role of vitamin D deficiency 

in COPD disease onset, progression and AECOPD, and concluded that vitamin D 

plays a key role in lung growth (Foong & Zosky 2013). 

2.7.6 Socioeconomic status (SES)  

Educational attainment and occupation define socioeconomic status (SES), and 

seemly independently influence both COPD development, (Miravitlles et al. 2010; 

Pena et al. 2000). Multiple factors including differences in COPD-treatment, smoking, 

unemployment rates, lack of social relations and living alone, all related to low SES 

and could influence these effects (Lange et al. 2014), which are still ill-understood. 

 

2.8 Airway inflammation in COPD 
 

There has been a strongly held belief over the last two decades that COPD and its 

progression to airway remodeling is due to “inflammation” (Figure 2.10). Although this 

may have truth in regards to the airway lumen with innate immunity activated by 

inhaled smoke (or other “irritants”) or secondary to infection, the evidence for a role of 

inflammatory cells in airway wall patho-physiology is quite debatable. For the last 

many years the literature has reported increases in mainly innate inflammatory 

macrophages and neutrophils, in the airway lumen in COPD, represented by broncho 

alveolar lavage (BAL) and sputum samples (Pesci, Balbi, et al. 1998; Pesci, Majori, et 

al. 1998; Rutgers et al. 2000). 

However, there are major contradictions for the pictures reported of inflammation in 

small and large airway wall (Di Stefano, Antonino et al. 1998; Di Stefano, A. et al. 

2001; Saetta et al. 1998; Shaykhiev & Crystal 2013). Thus, Lacoste et al observed 

decrease neutrophil numbers in the airway wall of chronic bronchitis and COPD 

patients (Lacoste et al. 1993). However, Di Stefano and colleagues observed 

increased neutrophil counts in the lamina propria of COPD patient when compared to 
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smokers without airflow obstruction; but there was no other control in this study (Di 

Stefano, Antonino et al. 1998). 

 Macrophages are important regulator of chronic inflammation. Two populations of 

macrophages have been identified in lung, one predominant in the airway wall tissue 

and the other alveolar macrophages, within the alveoli and airway lumen. Kaku and 

colleagues reported an overall increase in total numbers of macrophages in the airway 

lumen of patients with COPD and accepted it as firm evidence for inflammatory 

disease (Kaku et al. 2014). However, our group has found that the number of 

macrophage are unchanged in both smoking and COPD group, both in small and large 

airway, even in healthy non-smoking individuals, the numbers of macrophages in the 

small airway wall are three fold higher than in large airway (Eapen et al. 2015).  

Eosinophilic airway inflammation traditionally has been associated with allergic 

asthma rather than COPD. An early study by Lacoste et al compared BAL fluid, 

peripheral blood and biopsy sample eosinophils in asthma with COPD and normal 

control, and the latter two groups were quite similar (Lacoste et al. 1993). Later studies 

have variably reported that in COPD, there are increased levels of eosinophils in BAL, 

induced sputum and the airway wall in COPD (Chung, K. F. & Adcock 2008; Rutgers 

et al. 2000). This paradox may be related to eosinophilia only being present in an 

eosinophilic subgroup (30%), which also has excess eosinophils in induced sputum 

and blood and is the group in COPD which responds best to corticosteroids (Bafadhel 

et al. 2011; Mori et al. 2015; Singh et al. 2014)  It was in line with previous studies 

which observed that increased eosinophils in BAL and sputum of some COPD patients 

was related to a better response to corticosteroid therapy (Chanez et al. 1997; 

Fujimoto et al. 1999; Pizzichini et al. 1998), Reid et al from our group did not find this 

eosinophil signal in the context of bronchodilator responsiveness in COPD (Reid, D. 

W. et al. 2008).  

Mast cells also may play a vital role in airway innate immune function (John & 

Abraham 2013) although classically they are described as degranulating, with release 

of various mediators including histamine, bradykinin and arachidonic-derived lipids, 

after allergen exposure in sensitized individuals and then causing local vasodilation 

and smooth muscle contraction. In COPD, data regarding mast cells involvement is 

sparse. Initially, Saetta et al observed that mast cells number remain unchanged in the 
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bronchial mucosa of chronic bronchitis subjects (Saetta et al. 1993). Later Grashoff 

and colleagues reported increased numbers of mast cells in airway epithelium without 

any change in the rest of the airway wall (Grashoff et al. 1997). Then a study by Di 

Stefano and colleagues reported normal airway mast cell numbers again in normal 

lung function smoker and COPD current smokers (Di Stefano, Antonino et al. 1998) 

while in the large airways Ekberg-Jansson et al observed a significant rise in mast 

cells in both the epithelium and sub-epithelial airway wall of asymptomatic smokers 

(Ekberg-Jansson et al. 2005). Soltani et al in our group recently observed increases 

in the number of mast cells in the epithelium and LP of COPD current and ex-smokers 

in large airway biopsies, but this increase was especially around blood vessels 

(Soltani, Ewe, et al. 2012). In the small airways, Andersson and colleagues reported 

a significant decrease in number of mucosal mast cells in the sub epithelium of small 

airways across COPD GOLD stage I-IV subjects (Andersson, CK et al. 2010), but we 

have been unable to replicate that (unpublished data). It is difficult to know what to 

make of these conflicting and contradictory data on airway mast cells, but it does 

emphasise the need for well-phenotyped subjects and adequate comprehensive 

control tissues.   

The role of dendritic cells in COPD is not very much clearer. Dendritic cells are 

monocyte derived cells which play an important role in initiating adaptive immune 

response in airways as elsewhere, by recognition, uptake, processing and 

presentation of antigens to lymphocytes, i.e. as antigen presenting cells. Some studies 

have reported a decrease in mature dendritic cells (CD83+) in small airway and alveoli 

of COPD subjects, both current and ex-smokers (Tsoumakidou et al. 2009). Later 

another group reported that cigarette smoke induced an increase in number these 

CD83+ cells in lung tissue in COPD. (Vassallo et al. 2010). In our group Sohal et al 

observed very few CD11c+ve dendritic cells, closely related to basal epithelial cells 

and the Rbm of large airways in COPD patients (Sohal, S. S., Reid, Soltani, Ward, 

Weston & Muller 2011). In agreement with this, another recent study observed no 

significant change in the number of dendritic cells in small airway wall in COPD 

(Utokaparch et al. 2014). 

The role of CD8 T lymphocytes (cytotoxic or suppressor adaptive cells) is perhaps 

better established in the pathology of COPD and particularly in disease progression, 

though again there are major contradictions in the literature. Shaughnessy et al 
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reported that the numbers of CD8+ T cells were increased in the LP of bronchial 

biopsies in “chronic bronchitis” patients and inversely correlated with their airway 

obstruction (FEV1) (O'Shaughnessy et al. 1997). However, Di Stefano et al later 

reported that not only were lymphocytes decreased in COPD but this decrease 

progressively paralleled worsening disease severity (Di Stefano, A. et al. 2001). Eapen 

et al from our group recently, also reported a decrease in both CD8+ and CD4+ T 

lymphocytes in the LP of the large airway wall with increasing disease severity, but 

with a ratio skewed abnormally toward CD8+ T lymphocytes, in comparison to healthy 

non-smoker controls (Eapen et al. 2015). They also observed an increase in CD8+ T 

lymphocytes in the lamina propria of the small airway wall which was in contrast to 

previous finding by Utokaparch and colleague who didn’t find any significant change 

in CD8+ T lymphocytes in small airways of COPD subjects versus their normal control 

(Utokaparch et al. 2014). Overall, on balance the evidence seems to suggest at least 

a bias towards a CD8+ lymphocyte balance in COPD, but the evidence is rather thin.  

In short, current evidence on “inflammation” in COPD is inconsistent and contradictory 

across different type of cells in the airway wall component. At the very least the dogma 

around a significant role for chronic inflammation in the pathogenesis of airway 

remodeling as the core abnormality in COPD is highly questionable.  
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Figure 2-10: Current dogma on the role of disordered innate immunity in COPD 
pathogenesis. 

 

Reproduce with permission from Shaykhiev & Crystal (2013), Copyrights Karger 

publisher.  
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2.9 Airway Remodeling in COPD 
 

Airway remodeling is the vital core feature in COPD, some of which is the cause and 

mechanism for progression and severity of airflow obstruction. I have already 

introduced this concept but will now deal with it in greater detail, given its centrality to 

the aims of my work. 

Current data with now strong supporting evidence is that remodeling is not a 

consequence of airway inflammation, but it precedes or may even cause inflammation 

(Hirota & Martin 2013; Postma et al. 2014). 

Airway remodeling has been defined rather clumsily as: “structural alteration in the 

airway wall that occur as consequence of multiple factor associated with disease 

pathogenesis during the course of chronic airway disease” (Boulet & Sterk 2007). It is 

characterized by the changes in tissue, cellular, and molecular composition, affecting 

epithelium, the sub-epithelial part of the mucosa including airway smooth muscle, 

blood vessels, and extracellular matrix. Classically, the pathologic characteristics of 

remodeling in the large airways in COPD has been limited to epithelial squamous 

metaplasia and goblet cell hyperplasia, sub-mucosal gland hyperplasia, and smooth 

muscle hypertrophy (Bergeron & Boulet 2006; Shapiro, SD & Ingenito 2005; Walters, 

E. H. et al. 2008), plus infiltration of various inflammatory cells in the LP and sub-

mucosal glands (O'Shaughnessy et al. 1997) (Figure 2.11). I will now briefly update 

here this picture has developed to, taking each tissue component in turn.  
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Figure 2-11:  Airway Remodelling. 

 

Reproduce with permission from Leonardi et al. (2013), Copyright Scientific Research 

publisher.  
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2.9.1 Epithelium 

The pseudostratified respiratory epithelium lining the trachea and bronchi (proximal 

airways), is made up of three major cell types on the basis of their structure and 

function: 1) Apical ciliated cells, 2) non-ciliated secretory cells, and 3) basal (stem) 

cells. Epithelium is of course the layer to come into contact with inhaled irritants like 

cigarette smoke, and a crucial physical, chemical and immunological protective barrier 

to its impacts (Araya et al. 2007; Knight & Holgate 2003; Thorley & Tetley 2007). 

Although denuded epithelium has been observed in young smokers (Cosio et al. 1980) 

this was probably something of an artifact, but major pathological events in COPD 

associated remodeling, after the pioneering work of Reid, Dunnill and others over 50 

years ago, have been confirmed to be thickened epithelium with squamous 

metaplasia, goblet cell hyperplasia and loss of apical cells cilia (Hirota & Martin 2013; 

Kim, Victor, Rogers & Criner 2008) 

Squamous metaplasia of bronchial epithelium is a pre-neoplastic change that occurs 

as a result of cigarette smoke induced toxic injury (Barsky et al. 1998; Peters et al. 

1993; Rigden et al. 2016) (Figure 2.12). It is a complex multistep process which may 

eventually lead to neoplastic transformation, i.e. bronchial carcinoma. Squamous 

metaplasia doesn’t progress to a neoplasia in all smokers, particularly if low grade and 

can regress back to normal epithelium after smoking cessation (Araya et al. 2007; 

Breuer et al. 2005; Jeremy George et al. 2007; Lapperre et al. 2007; Wistuba et al. 

1999). 

Goblet cell hyperplasia is common in smokers/COPD, regardless of the presence or 

absence of symptomatic chronic bronchitis (Hogg et al. 2004; Innes et al. 2006; Reid, 

L 1954). It has been shown that subjects with more airflow obstruction have a greater 

burden of mucus in the airways. In addition, a bronchoscopic study in smokers with 

and without airflow obstruction demonstrated more goblet cell hyperplasia in the large 

airways and in COPD (Saetta, M. et al. 2000) (Figure 2.12).  
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Figure 2-12: Airway epithelium in COPD. 
A) Goblet cells hyperplasia (Black arrows). B) Squamous metaplasia (Black arrows) 

And Thick Rbm (Red arrow) 

 

 

 

Cigarette smoke exposure is likely to activate multiple mechanisms underlying these 

changes, but oxidative pathways are likely to be especially important, leading to the 

secretion of cytokines and epithelial derived growth factors by epithelial cells, airway 

smooth muscle cells, T lymphocytes, mast cells, eosinophils and macrophages. (Saha 

et al. 2009). The epidermal growth factor receptor (EGFR) may play an especially vital 

role. Dysregulated and persistent EGFR activation has been observed in association 

with metaplastic and/or hyperplastic airway epithelium in both asthma and COPD 

patients (Holgate 2011; Woodruff 2011). Recently, Ganesan and colleagues also 

reported that aberrant activation of EGFR in airway epithelial cells is associate with 

increased production of the neutrophil chemokine IL-8, via a PI3K/Akt-mediated 

pathway (Ganesan et al. 2013).  
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Matrix metalloproteinases (MMPs) are also thought to play a major role in aberrant 

epithelial repair of smoke induce “damage” to airway epithelium in COPD lungs, with 

elevated expression of MMP1, 2, 8, 12, 14, and especially MMP9 reported (Atkinson 

& Senior 2003; Elkington & Friedland 2006). Two major components of cigarette 

smoke, Acrolein and lipopolysaccharide (LPS) enhanced the activity and expression 

of MMP9 in COPD airway epithelial cells in vitro (Jermini, Weber & Grandjean 1976; 

Wang, Y et al. 2009). Notably, persistent exposure to cigarette smoke can increase 

EGFR activity via MMP9.  

I will be dealing with evidence for EMT in smoker’s epithelium elsewhere. 

2.9.2 Reticular basement membrane (Rbm) 

The human airway epithelium is separated from the underlying lamina propria and its 

mesenchymal constituents by a true basement membrane (BM). Immediately below 

this is the reticular BM (Rbm) or lamina reticularis.  

Collagen IV (for strength), laminin (adhesive protein), and proteoglycans (structural 

protein) are the three major components of the true BM. Beneath this the Rbm is 

normally composed of collagen I, III, V, and tenascin. Both layers are strongly 

connected by strands of collagen VII. Laminin and tenascin have binding sites for other 

matrix proteins, as well as for mesenchymal and epithelial cells. These matrix proteins 

along with proteoglycans, form a complex and stabilized network that regulates 

multiple cell processes such a cell-migration and cell-adhesion (Liesker et al. 2009). 

Rbm thickness has been widely reported in asthma, with a homogeneous, hyaline and 

thickened appearance (Ward, C et al. 2002). But data regarding Rbm appearance in 

COPD are sparse and contradictory. For instance, Vachier and colleague reported a 

normal Rbm (Vachier et al. 2004) in COPD, while Bourdin et al observed the Rbm to 

be thickened (Bourdin et al. 2007) here. A series of studies by our group in 

smokers/COPD, reported that the Rbm was not only abnormally thick in COPD, but 

also fragmented, hyper-cellular and hyper-vascular ( Sohal, S. S., Reid, Soltani, Ward, 

Weston & Muller 2010) (Figure 2.13). In addition, Rbm fragmentation was positively 

correlated with individual smoking histories in COPD subjects (Soltani, A. et al. 2010). 

These changes have been dealt with in greater detail earlier. Our evidence on the 

Rbm has recently been replicated by Gohy and colleagues (Gohy, S. T. et al. 2015). 
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Figure 2-13: Rbm Thickness and fragmentation with cells in it. 

Bronchial biopsy section from (a) a current smoker with COPD, (b) an ex-smoker with 

COPD, (c) a smoker with normal lung function and (d) a normal control subject 

 

Reproduce with permission from Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 

(2010), Copyright Wiley publisher.  
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2.9.3 Airway smooth muscle 

Airway smooth muscle has been regarded mainly as a contractile organelle, but more 

recently it has been found that it can itself become inflammatory and modulate 

neighbouring cells and matrix, including in COPD. Thus, airway smooth muscle cells 

are able to proliferate and secrete growth factors, cytokines, prostanoid, and 

extracellular matrix proteins and play a key role in airway remodelling (Jeffery, P. K. 

2001).  

In COPD, small airways smooth muscle contractile hyper-responsiveness has been 

reported and due to calcium-dependent and calcium-independent mechanisms (Su 

2014). Many inflammatory mediators, growth factors, and reactive oxygen species 

(ROS), contribute to the alterations of airway smooth muscle functionality in COPD 

(Hardaker et al. 2004; Hay, D 1999; Hirst, Twort & Lee 2000; Karpova et al. 1997; 

Michaeloudes et al. 2015; Wiegman et al. 2015). 

Gosens and colleagues reported increased expression of β-catenin (intra cellular 

signal transducer) in human airway smooth muscle cells in COPD (Gosens et al. 

2010). Later Baarsma and colleagues observed that β-catenin signalling was activated 

in response to TGFβ1 in airway smooth muscle cells, and was required for production 

and regulation of ECM protein in COPD (Baarsma, Hoeke A et al. 2011), so making 

β-catenin dependent gene transcription, a potential target as a therapeutic intervention 

in airway remodelling in COPD. Details regarding β-catenin, are given later in this 

chapter. 

ROS induced oxidative stress has been implicated in airway smooth muscle pathology 

in COPD. Thus, NADPH oxidase (NOX4, which produces hydrogen peroxide) protein 

expression was elevated in airway smooth muscle of COPD and controls with 

significant smoking histories and was completely abrogated by NOX4 inhibition in 

those subjects with or without COPD. So NOX4 may play a role in hydrogen peroxide-

induced ROS generation in COPD (Hollins et al. 2016). They also reported that the 

intensity of this expression in airway smooth muscle from COPD subjects was 

enhanced in the presence of TNFα, which is increased in COPD (Chiang, Chuang & 

Liu 2014). 

A role for vitamin D in COPD has not been fully established completely. However, 

vitamin D treatment inhibited secretion of inflammatory mediators in stimulated airway 
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smooth muscle cells, and also inhibited proliferation of stimulated smooth muscle cells 

in COPD (Banerjee & Panettieri 2012). 

Most studies on smooth muscle mass have been in small airways rather than large, 

although various studies have observed that thickness of the large airway wall was 

associated with reduced FER (FEV1/FVC) (Chung, Kian Fan 2005; Jeffery, Peter K 

2004). Presumably smooth muscle changes are part of this, but more data are 

required.  

2.9.4 Submucosal glands and mucus hypersecretion 

Some but not all patients with COPD show characteristics of airway mucus 

hypersecretion (sputum production and increased luminal mucus), due to goblet cell 

hyperplasia and submucosal gland hypertrophy, plus decreased clearance of mucus 

because of cilia dysfunction (Kim, V. & Criner 2013). Such airway hypersecretion has 

pathophysiological and clinical significance in COPD, causing patients to be more 

prone to respiratory tract infections. In comparison to asthma, it is interesting to note 

that mucus in COPD patients differs in a sense that: 1) it is less viscous and marked 

plasma exudation is absent and 2) the ratio of mucin MUC5AC:MUC5B may be 

reduced (Rogers 2000). 

Histologically submucosal glands are composed of two secretory units: serous and 

mucus. Reid et al first described submucosal gland hypertrophy in 1954 (Reid, L 

1954). In 1960 Glynn et al reported that in chronic bronchitis this mucus and serous 

ratio of submucosal glands is disturbed, with decrease in serous and increase in 

mucous gland units in comparison to normal (Glynn & Michaels 1960). Normally, there 

is a wide range of antibacterial substances secreted by the serous unit, including 

lysozymes, IgA and lactoferin, so relative loss of these add potential for chronic 

bacterial colonisation and overt infection in the airways in COPD (Jeffery, P. K. 2001). 

Mechanistically, mucus hypersecretion in COPD is a consequence of cigarette smoke 

exposure itself (Deshmukh et al. 2005), plus acute and chronic bacterial and viral 

infection (Holtzman et al. 2005) and/or inflammatory cell activation of mucin gene 

transcription (Burgel & Nadel 2004). Gland neutrophilia through neutrophil elastase 

release is involved in overproduction and hypersecretion of mucus, as might be EGFR 

activation (Takeyama et al. 2001). As mentioned, all of this is compounded by a 

difficulty in clearing the secretions because of poor ciliary function, and also distal 
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airway occlusion, and an ineffective cough as a result of reduced peak expiratory flow 

(Verra et al. 1995). 

Smokers with and without COPD have reduced chloride conductance in the lower 

airway which has some resonance with cystic fibrosis, and this ion transport 

abnormality is associated with dyspnoea and chronic bronchitis (Dransfield et al. 

2013). Upregulation of the fibroblast growth factor receptor (FGFR1) and TGFβ as well 

as a higher frequency of the TNF-α polymorphism have also been implicated in the 

pathogenesis of chronic bronchitis (Guddo et al. 2006; Vignola et al. 1997) (Figure 

2.14). EGFR also been reported to involve in goblet cell hypertrophy and 

hypersecretion of mucus in smoker COPD patients. Takeyama et al reported cigarette-

smoke induced EGFR activation increased mucin MUC5AC synthesis in the airway 

epithelial cells (Takeyama et al. 2001). Further details are given in the specific EGFR 

section.  

 

 

 

Figure 2-14: Causes of excessive mucus production in COPD. 

 

Reproduced with permission from Kim, V. & Criner (2013), Copyright American 

Thoracic Society.  
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2.9.5 Extracellular Matrix (ECM) 

The tissue ECM is an amorphous material, made up of fluids and a combination of 

proteoglycans and glycosaminoglycans. Important matrix proteins include collagen 

particularly I, III and IV, decorin, laminin, tenascin, versican, biglycan, perlecan, 

hyaluranon and lumican. These ECM proteins are reported to be involved in number 

of physiological functions, including: structural integrity; cellular migration; assembly 

and aggregation of structural proteins; elaboration and storage of growth factors and 

cytokines; fluid balance and osmotic activity. Change in ECM matrix proteins may lead 

to change in these respective functions. However, data regarding matrix changes and 

their pathogenic role in COPD are relatively sparse, and there are discrepancies 

among the studies that are available. 

Recent research has emphasized on expressions of major ECM components such as 

collagen, elastin, and proteoglycans, where were observed to be altered in COPD, 

compared to healthy smokers or healthy nonsmoker controls, summarized in Table 

2.3. In particular, I would point out the study by Van Straaten et al indicating that in 

comparison to non-smokers or patients with mild emphysema, the airways of smokers 

with severe emphysema had decrease immune-histochemical expression of the 

proteoglycans biglycan and decorin in peribronchial tissues, but without changes in 

collagen, fibronectin or laminin (Van Straaten, J et al. 1999). Biglycan and decorin play 

an important role in cross-linking collagen fibrils, therefore their loss would imply 

dysfunctional tissue integrity. However, several other studies reported that in central 

airways of mild to moderate COPD, collagen Types 1 and 3 are increased in the 

basement membranes, lamina propria, and adventitia, and this change negatively 

correlated with lung function parameters i.e. more such “scarring” greater was the 

airway obstruction (Harju et al. 2010; Kranenburg et al. 2006; Liesker et al. 2009). 

In addition to airways, alveolar components of ECM are likely to be disturbed in COPD. 

Thus, the volume fraction of elastic fibres was decreased in alveolar tissue and 

bronchioles in COPD patients (Black et al. 2008; Eurlings, Irene MJ et al. 2014; Hogg, 

J. C. & Timens, W. 2009; Merrilees et al. 2008). These findings are concordant with 

the findings of Zhang et al that fibroblasts, isolated from distal lung of COPD patients,   
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have impaired capacity to produce elastin in response to TGF-β1 (Zhang et al. 
2012). 

 

Table 2.3: Extracellular matrix changes in airways and parenchyma of patients 
with COPD.  

ECM 
protein 

Mild/moderate COPD 
Small airways 

Mild/moderate COPD 
Parenchyma 

Severe COPD Small 
airways 

Severe COPD 
Parenchyma 

References References References References 
Elastin ↓      (Eurlings, I. M. et al. 

2014) 
↓      (Eurlings, I. M. et al. 
2014) 
↓      (Merrilees, M. J. et 
al. 2008)  
↔    (Annoni et al. 2012) 

↓      (Eurlings, I. M. et al. 
2014) 

↓      (Eurlings, I. M. et al. 
2014) 
↑      (Deslee et al. 2009) 
↑      (Vlahovic et al. 
1999) 

Biglycan ↔    (Annoni et al. 2012) ↔    (Annoni et al. 2012) ↓      ( Van Straaten, J et 
al. 1999) 

↓      (Van Straaten, J et 
al. 1999) 

Decorin  ↔    (Annoni et al. 2012) ↔    (Annoni et al. 2012) ↓      (Zandvoort et al. 
2006) 
↓      (Van Straaten, J et 
al. 1999) 

↓      (Zandvoort et al. 
2006) 
↓      (Van Straaten, J et 
al. 1999) 

Versican ↔    (Annoni et al. 2012) ↑     (Merrilees, M. J. et 
al. 2008) 
↓     (Annoni et al. 2012) 

↑      (Hallgren et al. 
2010)  

↑      (Hallgren et al. 
2010) 

Total 
Collagen 

↑      (Eurlings, I. M. et al. 
2014) 

↑     (Eurlings, I. M. et al. 
2014) 

↑      (Eurlings, I. M. et al. 
2014) 

↑      (Eurlings, I. M. et al. 
2014) 

Collagen I ↓      (Annoni et al. 2012) 
↑      (Harju, T. et al. 
2010) 
↑      (Kranenburg, A. R. 
et al. 2006) 

↓      (Annoni et al. 2012) ↓      (Harju, T. et al. 
2010) 

 

Collagen III ↔    (Annoni et al. 2012) 
↓      (Harju, T. et al. 
2010) 

↔    (Annoni et al. 2012) ↓      (Harju, T. et al. 
2010) 

 

Collagen IV ↔    (Annoni et al. 2012) ↔    (Annoni et al. 2012) 
  

Tenascin    ↑     (Annoni et al. 2012) 
↑      (Lofdahl et al. 2011) 
↑     (Liesker, J. J. et al. 
2009) 

↔    (Annoni et al. 2012) 
  

Fibronectin ↑      (Annoni et al. 2012) ↔    (Annoni et al. 2012) ↓      (Gosselink et al. 
2010) 

 

Hyaluronan ↑      (Eurlings, I. M. et al. 
2014) 
↑      (Dentener et al. 
2005)  

↑      (Eurlings, I. M. et al. 
2014) 

↑      (Eurlings, I. M. et al. 
2014) 

↑      (Eurlings, I. M. et al. 
2014) 

Laminin ↑      (Kranenburg, A. R. 
et al. 2006) 
↔    (Liesker, J. J. et al. 
2009) 
↔    (Van Straaten, J et 
al. 1999) 

   



 
 

54 
 

2.9.6 Cartilage 

The airway cartilage may act as a significant brake against excessive airway narrowing 

with airway smooth muscle contraction, but only limited data are available regarding 

cartilaginous changes in COPD. In comparison to asthma, where the amount of airway 

cartilage has been observed to be either increased or unchanged (James 1997), 

reduced amounts of cartilage have been reported in COPD. (Tandon & Campbell 

1969). Similarly, cartilaginous degeneration and perichondrial fibrosis, have also been 

observed in “chronic bronchitis and emphysema” (Haraguchi, Shimura & Shirato 1999) 

contributing to expiratory collapsibility of the airway wall. Inoue and colleagues 

reported clinically relevant chondromalacia causing intense dynamic compression of 

the airways during expiration (Inoue, M et al. 2009). We do not know how such 

changes may be generally relevant to more common COPD pathology. 

2.9.7 Airway vascularity and Angiogenesis 

Angiogenesis means new vessel formation that involves the formation of thin-walled 

endothelium-lined structures with muscular smooth muscle wall and pericytes, and 

plays an essential role as “repair mechanism” of damaged tissues. Normal lung vessel 

homeostasis maintains specific density of vessels per unit area of the lungs; which is 

observed to be disturbed in chronic lung diseases (Voelkel, Douglas & Nicolls 2007). 

Lungs of course have double vascularization: the bronchial circulation deriving from 

the thoracic aorta (via intercostal or mammary arteries), and the pulmonary circulation 

from the right ventricle forming the parenchyma air/blood interface (Kayser et al. 

1997). My interest is in the bronchial vessels.  

There are multiple angiogenic factors identified as, playing a pivotal role in tissue 

associated angiogenesis, including the fibroblast growth factor (FGF) family, VEGF, 

angiogenin, GM-CSF, TGFα and TGFβ, TNFα, PDGF, hepatocyte growth factor 

(HGF), chemokines, angiopoietin and epidermal growth factor-like domain 7 (EGFL7) 

(Nichol & Stuhlmann 2012; Postma, D. S. & Timens, W. 2006; Puxeddu et al. 2005).  

Although angiogenesis is a complex process requiring tightly coordinated balancing 

between a variety of these regulator, VEGF has been thought to be one of the most 

important in chronic inflammatory environments (Knox, Stocks & Sutcliffe 2005).  
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VEGF is secreted by multiple cells including endothelial cells, macrophages, stromal 

cells and malignant cells, but the main target is the endothelium (Potente, Gerhardt & 

Carmeliet 2011) (Figure 2.15). There are five forms (A, B, C, D, E) but the most 

important in angiogenesis is VEGF-A. (Senger et al. 1983), which has six isoforms: 

VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, VEGF206; all VEGF isoforms are able 

to bind the receptor tyrosine kinase VEGFR-2. The VEGFR-1 receptor seem to be an 

inactive decoy, and part of homeostatic mechanisms (Feltis et al. 2006). In addition to 

directly stimulating endothelial cells to proliferate, a fundamental role of VEGF in 

angiogenesis is to stimulate the secretion and activation of proteolytic enzymes (matrix 

metalloproteases, plasminogen activator), to degrade the ECM to allow proliferating 

endothelial cells to migrate and organize into tubular structures (Ferrara 2009). 

In context of COPD, angiogenesis has been observed not only associated with 

progression of airway remodeling but potentially able to control and orchestrate it 

(Reid, D. W. et al. 2008; Walters, E. H. et al. 2008). Some studies have suggested that 

vascular remodeling in COPD might only start at moderate degrees of disease severity 

(Kessler et al. 2001).
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Figure 2-15: Schematic representation of the main roles of VEGF. 

ECM=extracellular matrix; TGF=transforming growth factor; MMP=matrix 

metalloproteinase; TIMP = tissue inhibitor of metalloproteinase. 

 

Reproduced with permission from Postma, D. S. & Timens, W. (2006), Copyrights 

American Thoracic Society.  
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A study by Kranenburg and colleagues reported that COPD was associated with an 

increased expression of VEGF in the epithelium of bronchi, bronchioles, and alveoli, 

in bronchiolar macrophages, as well as airway smooth muscle and vascular smooth 

muscle cells both in bronchiolar and alveolar regions (Kranenburg et al. 2005). They 

also postulated that VEGF and its VEGFR-1 and VEGFR-2 receptors may be involved 

in epithelial and endothelial cell repair in response to cigarette smoke induced injury 

and might be associated with airway remodeling in COPD. Increased expression of 

VEGF was found to be associated with integrin αvβ3 (Santulli et al. 2011).  

Some studies have used bronchial biopsies for studying airway vessels in volunteers. 

Calabrese et al reported an increased number of vessels and VEGF positive cells in 

the airway LP of smokers in comparison to healthy non-smokers (Calabrese et al. 

2006), but Zanini etal could not find a difference in vessel numbers between normal 

controls and COPD ex-smokers although vascular area, VEGF and TGFβ expressing 

cells were greater in COPD (Zanini et al. 2009). 

More recently, our group has undertaken the most comprehensive studies so far on 

airway vessels in smokers and COPD, with for the first time optimal controls. Using 

BB from normal controls, smokers with normal lung function, currently smoking and 

ex-smoker COPD. Soltani et al observed large airway Rbm hyper-vascularity but LP 

hypo-vascularity in current smokers irrespective of their lung function, with surprisingly 

COPD ex-smokers being not different from healthy non-smoking controls. In fact, 

hypo-vascularity of the whole bronchial arterial system in the COPD airways were first 

described 60 years ago (Cudkowicz & Armstrong 1953). In contrast to the LP hypo 

vascularity, VEGF positive vessels and number of vessels were observed to be 

increase in the Rbm of current smokers with normal lung function and COPD groups 

(Soltani, A. et al. 2010), with a remarkable positive correlation between LP hypo 

vascularity and air trapping due to small airway dysfunction. In contrast, there was a 

positive correlation between FEV1% predicted and VEGF expressing vessels in the 

Rbm in current smokers with COPD (Soltani, A. et al. 2010). Thus, these pathological 

changes do seem to be physiologically relevant. One of my first priorities was to repeat 

some of this work in small airways.  
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2.10 Airway remodelling and lung function 
 

As described previously, the major site of obstruction in COPD is in the small airways 

(Hogg et al. 2004). In these airways remodelling (and possibly chronic inflammation) 

are strongly associated with airflow obstruction (Bosken et al. 1990; Hogg et al. 2004). 

Moreover, increased structural abnormalities especially in airways epithelium, lamina 

propria and smooth muscle showed a strong association with disease progression in 

COPD (Hogg et al. 2004). In general, such conclusions about the importance of airway 

remodelling in COPD have been relatively ignored; indeed, only recently has research 

interest in potential underlying mechanisms of these key changes become evident. 

Our group has been at the forefront of this new move, and my work I hope will now 

also have made a significant contribution.  
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2.11 Epithelial mesenchymal transition (EMT) 
 EMT represents conversion of an epithelial cell into an elongated cell with 

mesenchymal phenotype, which can occur both in physiologic and pathologic 

processes (Hay, ED 1995). Being influenced by several intra-cellular biochemical 

mechanisms, EMT is mainly associated with loss of cell polarity, inter-cell membrane 

adhesions dissolution, cytokeratin filaments disintegration and potential migration of 

the newly formed cells that now have a mesenchymal phenotype (Kalluri, R. & Neilson, 

E. G. 2003; Kalluri, R. & Weinberg 2009). Besides increase in migratory capacity, cell 

resistance to apoptosis also increases, accompanied by excessive production of both 

matrix metalloproteinases (MMPs) and extracellular matrix components (Kalluri, R. & 

Neilson, E. G. 2003; Kalluri, R. & Weinberg 2009; Zeisberg, EM et al. 2007) (Figure 

2.16). 

The first description of EMT was in 1982 by Elizabeth Hay who initially termed the 

process “epithelial mesenchymal transformation” and then in 1995 showed its 

involvement in embryogenesis and foetal organ development (Guarino, Tosoni & 

Nebuloni 2009; Hay, ED 1982, 1995). The term “transformation” has been replaced by 

“transition” on the basis of its potential induction and potential reversibility (Kalluri, R. 

& Neilson, E. G. 2003). Thus, along with EMT, a reverse process called mesenchymal-

epithelial transition (MET), has been also been reported, not only in embryogenesis 

(Kalluri, R. & Weinberg 2009) but also associated with stromal tumor development and 

metastasis (Liu, S, Cui, J, et al. 2014; Liu, S, Liao, G, et al. 2014). 

Histologically, epithelial and mesenchymal cells create multi cellular structures which 

are quite different in their visual appearance and morphology (Shook & Keller 2003). 

A typical epithelium is composed of sheet of cells, usually one cell thick, with uniformly 

arranged individual epithelial cells, with intercellular adhesion and tight junctions 

holding them together as a single unit and inhibiting individual cell movement away 

from the monolayer sitting on a common collagenous basement membrane. Epithelial 

polarity means that the basal and apical surfaces of these cells are not only visually 

different but also adhere to different substrates with different functional capacity.  

However, typical mesenchymal cells do not exhibit tight inter-cellular adhesion 

between them and they form irregular structures which are not of uniform composition. 

For this reason, much less direct interaction and association exists between 
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mesenchymal cells in comparison to their epithelial counterparts, which augment their 

migratory capacity. Moreover, migration pattern of mesenchymal cells is 

mechanistically different from epithelial cells.  Epithelial cells move in the form of sheet, 

whereas mesenchymal cells are considerably more dynamic and move individually 

(Table 2.4).  
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Figure 2-16: Epithelial mesenchymal transition (EMT). 

 

Reproduced with permission from Angadi & Kale (2015), Copyright Wolters Kluwer 

publishers.  
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Table 2.4: Epithelial and mesenchymal cell characteristics. 

 

Reproduced with permission from Mathias & Simpson (2009), Copyright Elsevier 

publishers.  
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2.11.1 EMT classification 

Based on the physio-pathogenic nature, EMT is classified into three main subtypes: 

(Figure 2.17). 

Type 1 EMT, involved in embryogenesis (organ development), mainly designed to 

generate primary mesenchyme (Kalluri, R. & Weinberg 2009; Zeisberg & Neilson 

2009). EMT-Type 1 is implicated in the formation of the mesoderm from the epithelium 

and in the generation of neural crest cells. This transition process is potentially 

reversible with re-transformation of resultant primary mesenchyme into secondary 

epithelium. This process of MET is required for completion of the cellular differentiation 

process and for orientation of the three dimensional structure of organs. These cycles 

of both EMT and MET have been reported to be involved in the development of the 

heart, liver and islets of Langerhans in pancreas (Johansson & Grapin-Botton 2002; 

Nakajima, Y et al. 2000; Nawshad et al. 2005; Tanimizu & Miyajima 2007). 

Type 2 EMT is involved in non-neoplastic fibroblast recruitment in chronic 

inflammation-related wound healing, tissue repair and tissue regeneration (Bataille et 

al. 2008; Kalluri, R. & Neilson, E. G. 2003; Kalluri, R. & Weinberg 2009; Zeisberg, EM 

et al. 2007; Zeisberg & Neilson 2009). However, these processes of repair can 

become excessive and then EMT is associated with tissue fibrosis. In this fibrotic EMT-

related process, accumulated fibroblasts secrete collagen fibres, leading to organ 

dysfunction. For instance, in the lung, Kim KK et al have demonstrated that alveolar 

epithelial cells in patient with idiopathic pulmonary fibrosis (IPF) undergoes EMT thus 

contributing to the perenchymatous fibrosis and lung restrictive physiological change 

(Kim, KK et al. 2006). 

Type 3 EMT represents cytoskeleton disorders that result from dissolution of cell-cell 

adhesion, cell scattering and finally loss of apical-basal cell polarity in malignant 

epithelial tumors (Kalluri, R. & Weinberg 2009; Liu, F et al. 2014; Whipple et al. 2010; 

Zhang, JX et al. 2014).  During metastasis, the mobile nature of these cells allows 

them to migrate through the ECM/tissue and reach the blood circulation to find new 

metastatic sites in target organs. At the same time metastatic cells also express 

mesenchymal markers such as α-SMA (Smooth muscle actin), vimentin, fibroblast 

specific protein-1 (FSP1; also known as S100A4) or desmin (Yang, J & Weinberg 

2008). These markers are particularly expressed in the cells localised at the invasion 
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front of the tumour and are associated with the detachment of these cells from the 

ECM (Brabletz, Hlubek, et al. 2005; Fidler & Poste 2008; Thiery, J. P. 2002). It is also 

interesting to note that EMT is not only associated with metastatic potential of 

malignant cells but also associated with development of a pre-malignant stroma 

especially when associated with angiogenesis (Kalluri, R. & Weinberg 2009; Soltani, 

Sohal, et al. 2012).  
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Figure 2-17: Types of EMT. 

 

Reproduced with permission from Angadi & Kale (2015), Copyright Wolters Kluwer 

publishers.  
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2.11.2 Aetiology and Mechanism of EMT 

EMT, both in disease or foetal development, is under control of specific pathways, 

external drivers activate cell surface receptor and in turn specific pathways, 

transcription factors and ultimately specific genes. However, at a more macro-level it 

also depends on: 1) the tissue microenvironment 2) the epithelial and stromal cell 

context and 3) exogenous changes in host immunity, for initiation of EMT the 

programme i.e. development of the mesenchymal phenotype within formerly classic 

epithelial cells; increased cell motility; and, in many cases, an ability to degrade and 

replace ECM proteins to augment the invasive behaviour of these transitioned cells. 

Moreover, cells that have undergone EMT exhibit increased resistance to senescence 

and apoptosis as well (Kim, Y-S et al. 2014). 

Identification of EMT activity requires a selection of specific markers. The loss of the 

epithelial phenotype is characterised by a decrease in the expression of the 

cytoskeleton (CK), other epithelial proteins including junctional proteins (zonula 

occludens-1and E-cadherin), and also decreased expression of the surface protein 

MUC1 (Mucin 1, cell surface associated) (Figure 2.18). Along with this loss, the 

acquisition of mesenchymal markers is more difficult to explain on the basis of their 

expression (Lee, J. M. et al. 2006). The main issue with typical mesenchymal marker 

is that these are confounded by presence of proteins such as vimentin which are 

present in non-mesenchyme cells such as leukocytes and endothelial cells as well 

(Okada et al. 2000) and FSP1 (S100A4) is expressed by some inflammatory cells, 

endothelial cells and smooth muscle cells (Gibbs et al. 1995; Inoue, T et al. 2005; Le 

Hir et al. 2005; Strutz et al. 1995). A diversity of mesenchymal markers is needed for 

specificity of EMT detection in tissue. But this is aided by the positioning of the markers 

e.g. by epithelial basal cells, and structural changes to the reticular basement 

membrane such as fragmentation due to migrating cell enzymic digestion, hyper 

cellularity to cell-digestion due to the presence of these phenotypically mesenchymal 

cells (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2010). 

The local cell environment and generation of strategic growth factors is highly specific 

for each tissues, where it plays a vital role in activating the signalling pathways leading 

to EMT (Finkel 2003; Radisky 2005). Thus factors that induce EMT under some 
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circumstances can have quite different effects in others. For instance, hyperactive 

Raf/MAPK pathway is required for TGFβ-induced EMT (explained later), 

tumorigenesis, and metastasis. In contrast, activation of the PI3K component of this 

pathway is required for protection of cells from TGFβ-induced apoptosis, allowing 

scattering but not EMT and causing tumour development but not metastasis (Janda et 

al. 2002). These strategic growth factors include epidermal growth factor (EGF), 

connective tissue growth factor (CTGF), insulin-like growth factor 2 (IGF), fibroblast 

growth factor 2 (FGF-2), interleukin 1(IL) and hepatocyte growth factor (HGF) (Gavert 

& Ben-Ze'ev 2008). For instance, in kidney cells, FGF2 induces EMT by helping to 

stimulate the secretion of degradation enzymes like MMP2 and MMP9, resulting in the 

characteristic fragmentation of basement membrane (Strutz et al. 2002) Similarly, 

IGF2   induces E-cadherin and β-catenin dissociation from the cell surface membrane 

which, as I will discuss, can be a major potentiator of EMT (Morali et al. 2001). HGF 

is mainly associated with embryogenesis (EMT Type 1), especially in cardiac bud 

formation (Mizuno et al. 1998), but HGF can act with the transcription factor Snail, to 

reduce the E- cadherin (CHD1) expression, thus destabilising membrane adhesion 

complexes to again release β-catenin and so ultimately activating pro-mesenchymal 

genes in the epithelial cell (Grotegut et al. 2006). 

Some mechanisms of EMT are summarized in Table 2.5. There are several other 

putative smoking related mechanisms for induction of EMT which are introduced later 

in the section of this chapter on “Smoking and EMT”.  
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Category Components Reference 

Growth Factors 

IGF-1 

HGF 

EGF 

CTGF 

(Liao et al. 2014) 

(Farrell et al. 2014) 

(Buonato, Lan & Lazzara 2015) 

(Zhu et al. 2015) 

Transcription 

factors 

Smad2/3 

Β-catenin 

Snail 

Twist 

(Câmara & Jarai 2010) 

(Jiang, YG et al. 2007) 

(Wang, Y et al. 2013) 

(De Craene & Berx 2013) 

Pathways 

TGFβ-Smad pathway 

Wnt-Fzd pathway 

PI3K/AKT pathway 

MAPK pathway 

Hedgehog pathway 

uPAR pathway 

Notch pathway 

(Soltani, Sohal, et al. 2012) 

(Lamouille, Xu & Derynck 2014) 

(Lamouille et al. 2012) 

(Huang, M et al. 2015) 

(Xu, X et al. 2014) 

(Wang, Q et al. 2013) 

(Niessen et al. 2008) 

Receptors 

TGFβ 

AhR 

A7-nAChR 

EGFR 

 

(Vignais & Fafet 2005) 

(Ono et al. 2013) 

(Zhang, C et al. 2016) 

(Sohal, S. S., Reid, Soltani, Ward, Weston & 

Muller 2010) 

 

Table 2.5: Mechanisms of EMT. 
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Figure 2-18: Cellular events during EMT and MET. 

 

Reproduced with permission from Lamouille, Xu & Derynck (2014), Copyright 

Springer.  
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2.11.3  EMT Signalling Pathways 
 

2.11.3.A TGF-β (1) signalling pathway(s) 
The Transforming Growth Factor Beta (TGF-beta) superfamily consists of the TGF-β1 

proteins, Bone Morphogenetic Proteins (BMPs), Activins, Inhibins Growth 

Differentiation Factors (GDFs), Glial-derived Neurotrophic Factors (GDNFs), and 

Mülllerian Inhibiting Substance (MIS).  

TGF-β1 is a multifunction cytokine having key roles during development, inflammation, 

repair, proliferation and cell differentiation. During development TGF-β is involved in 

stimulating EMT Type 1, especially well-described in cardiac valve and neural crest 

formation and during palate fusion (Nawshad, LaGamba & Hay 2004; Nawshad et al. 

2007; Sridurongrit et al. 2008). On the other hand, in pathological events like lung 

cancer, TGFβ1 acts as a double-edged sword, as in the early stages it acts as a 

tumour suppressor, but in more advanced stages TGF-β1 favours EMT Type 3, so 

contributing to the invasion and metastases.  

TGF-β1 is also considered as a ‘master switch’ for fibrogenesis in disease processes 

of many organs, including the lung (Takizawa et al. 2001; Willis & Borok 2007; Zhang, 

M et al. 2009). In vitro studies using pulmonary epithelial cells obtained from healthy 

donors, exposure to TGF-β1 induced a transition to mesenchymal phenotype in these 

cells (Borthwick et al. 2009; Câmara & Jarai 2010; Doerner & Zuraw 2009; Gardner et 

al. 2012; Hackett, TL et al. 2009; Heijink et al. 2010; Zhang, M et al. 2009). 

 

2.11.3.A.i Smad-dependent TGF-β1 pathway 
Smads are transcription factors (Roberts, de Caestecker & Lechleider 2000) including 

regulated Smads (R-Smads), grouped into receptor-activated Smads 1, 2, 3,5, 8 and 

9; a common co-mediator Smad4 and inhibitory Smads 6 and 7 (Liu, F, Pouponnot & 

Massagué 1997; Nakao et al. 1997). TGF-β1 signalling via Smads is the best 

characterized pathway that is known to induce EMT, and this is true also of other 

members of TGF-β superfamily of ligands (TGF-β1, TGF-β2, and TGF-β3 and 

Activins). The details are quite complex, presumably because close control is needed 

for such a potentially important process.  
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With TGF-β agonist binding to its Type I and Type II receptors, a hetero-tetrameric 

complex activates its tyrosine-kinase activity. This then activates the “canonical” TGF-

β signalling cascade involving recruitment and activation phosphorylation of the R-

Smads 2 and 3 (Massague 2000; Schiller, M., Javelaud, D. & Mauviel, A. 2004). In 

order to enable nuclear translocation of these pSmads, a pSmad2/3 dimer forms a 

complex with Smad 4 to form a Smad 2/3/4 complex which is translocate to inside of 

the nucleus where it binds to gene regulatory elements to transcriptionally regulate 

key genes associated with EMT (Derynck & Zhang 2003; Fuxe, Vincent & Garcia de 

Herreros 2010) (Figure 2.19). Nuclear transport of pSmad 2/3/4 complex depends 

upon certain nucleoporins (proteins which are the constituent building blocks of the 

nuclear pore complex), including Sec13, Nup75, Nup93 and Nup205 (Chen, X & Xu 

2011).  There are also cytoplasmic inhibitory Smads (6 & 7) involves in control: they 

are activated phosphorylated by the pro-inflammatory cytokines TNF-α and IFN-γ 

which can themselves be transcriptionally regulated by TGF-β, as well as by Epidermal 

Growth Factor (EGF) and ultraviolet radiation (Yan, X, Liu & Chen 2009).  

Over-expression of Smad 7 blocks Smad-3-dependant EMT by repressing both the 

transcription of EMT associated transcription factors ZEB1 (zinc finger E-box binding 

homeobox 1) and Snail1. This effect has been shown in both in vivo and in vitro 

(Zavadil & Bottinger 2005). The activated R-Smad complex is capable of forming 

further complex with Snail1 to suppress the expression of genes encoding E-cadherin 

and Zona occludin-1 which then liberates β-catenin (Cano et al. 2000; Thuault et al. 

2006; Vincent, T. et al. 2009). Similarly, in our group, Soltani et al observation in a 

preliminary study that TGFβ1 was indeed likely to be functionally active through 

pSmad 2/3 expression in COPD airways (Soltani, Sohal, et al. 2012). 

 

2.11.3.A.ii Smad-independent TGF-β1 pathway 

Signalling through TGF-β receptor complexes can also involve a number of Smad-

independent pathways, incudes activation of p38, mitogen activated protein kinase 

(MAPK), Rho GTPases and phosphatidylinositol 3-kinase(PI3K)/Akt pathways 

(Ellenrieder et al. 2001; Willis & Borok 2007; Xu, J, Lamouille & Derynck 2009). The 

diversity of functions associated with each pathway is quite substantial. The inhibition 

of Rho-A by TGF-β facilitated the destabilization of tight junctions while MAPKs was 
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shown to play a key role in cell membrane adherens junction disassembly, release of 

β-catenin and induction of cell motility following TGF-β stimulation (Zavadil, J. et al. 

2001). The relative importance of the canonical versus non-canonical pathways of 

TGF-β-induced EMT activity in particular situations such as lung diseases is still 

unknown, and needs further research studies; the fact that a pathway can be induced 

under model conditions does not necessarily mean that it is important in human 

disease. 

 

2.11.3.A.iii TGF-β1 as a therapeutic target 

TGF-β1 or its downstream pathways might represent potential therapeutic option for 

the treatment of pulmonary disease either by administration of neutralizing antibodies, 

use of antisense nucleotides or administration of a TGF-β receptor kinase inhibitor. 

Recent studies have shown variable success of Pirfenidone (an anti-TGFβ agent) for 

treatment of IPF attenuates TGF-β production and action (Fernandez & Eickelberg 

2012) and has a significant if not huge clinical effect. SB431542 which inhibits TGF-β 

receptor I and R-Smad activation, suppressed experimental bleomycin induced 

pulmonary fibrosis (Higashiyama et al. 2007; Koh et al. 2015). Finally, Horan et al 

observed an effect on bleomycin-induced pulmonary fibrosis in mice of a monoclonal 

antibody against the integrin αvb6, a key modulator of TGF-β (Horan et al. 2008).  
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Figure 2-19: TGFβ-Smad dependant pathway. 
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2.11.3.B Wnt-β catenin signalling pathway 

Wnt (wingless tail), is an EMT-driving agonist that mostly exerts its action via the 

transcription factor β-catenin, having been originally identified as playing a role in 

carcinogenesis. However, this system also seems to be involved in mechanisms of 

lung remodelling, and indeed in a variety of other pathological conditions such as IPF, 

rheumatoid arthritis and type 2 diabetes mellitus (Bordonaro 2009; Eger, A. et al. 2004; 

Pongracz & Stockley 2006; Sen et al. 2000; Shin et al. 2010; Zavadil, J. et al. 2001). 

The balance of β-catenin effects (see below) is regulated by how much of it is 

sequestrated in the cell membrane tight junction apparatus, how much is free in the 

cytoplasm, and how much is sequestrated by cytosolic control mechanisms.  

Wnt signalling is transduced across the plasma membrane by the Frizzled (Fzd) 

receptor and a low density lipoprotein receptor-related protein (LRP). In the absence 

of signalling, free-cytosolic β-catenin is kept inactive by phosphorylation through a 

complex of glycogen synthase kinase-3β (GSK-3β) and the cytosolic protein Axin 

which sequestrates the β-catenin in the cytoplasm through the ubiquitin pathway which 

marks it for proteosomal degradation (Fodde & Brabletz 2007). Activation of Fzd by 

Wnt ligands results in phosphorylation of GSK-3β and sequestration of Axin to the 

plasma membrane. When GSK-3β is unable to complex with Axin and it fails to 

phosphorylate β-catenin, which can then translocate to the nucleus to act as an 

important pro-EMT nuclear transcription factor (Fuxe & Karlsson 2012; Kim, K, Lu & 

Hay 2002; Medici, Hay & Olsen 2008; Sarkar, FH et al. 2010) (Figure 2.20). Just to 

add complexity, β-catenin has a molecular size of 90KDa which prevents its passive 

diffusion through the nuclear pores from the cytoplasm. Moreover, it does not contain 

nuclear localization signal (NLS) required for nuclear transport. There is quite a 

diversity among studies regarding proposed exact mechanisms of β-catenin transport 

into and inside the nucleus. However, evidence has emerged most strongly that β-

catenin can directly interact with nuclear pore proteins to influence its own 

translocation to the nucleus (Fagotto, Glück & Gumbiner 1998). Further, LEF/TCF 

transcription factors can enrich β-catenin level in the nucleus (Huber et al. 1996), and 

a complex of B-cell lymphoma 9 (BCL9) and its nuclear interactor Pygopus can also 

strongly recruit β-catenin to that compartment (Kramps et al. 2002; Townsley, Cliffe & 

Bienz 2004). LEF-1 is a member of the lymphoid enhancer-binding factor/T-cell factor 
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(LEF/TCF) family of DNA-binding transcription factors, which interact with nuclear β-

catenin and act as central transcriptional mediators of Wnt signalling (Clevers 2006). 

Konigshoff and colleagues demonstrated a role of the canonical Wnt pathway, outlined 

above, as a mediator for TGF-β signalling in activating alveolar type II cells to engage 

in the pathogenesis of pulmonary fibrosis (Konigshoff et al. 2008; Konigshoff & 

Eickelberg 2010) The reality of the mechanisms involved, however, are even more 

complex; e.g. a study by Medici et al, highlighted the importance of lymphoid-enhancer 

binding factor-1, yet another transcription factor in EMT stimulation. It does this 

through making a complex with β-catenin, plus Snail, under TGF-β stimulation (Medici, 

Hay & Olsen 2008). β-catenin may be thought of as having a quite contrasting dual 

role in the EMT activation process. When it is actively sequestered as a cell-cell 

adhesion factor it stabilises the system away from EMT activation. In this physiological 

situation it is bound into the cadherin complex with α-catenin. On the other hand, when 

the cadherin complex breaks down and β-catenin is released it has the potential to act 

in concert with other transcription factors in the nucleus, as above. Furthermore, and 

adding yet more complexity, in addition to Wnt glycoproteins, IGF-II, Ras and integrin-

linked kinase (ILK), all can stimulate β-catenin accumulation in the cytoplasm, as well 

as also increasing Snail availability, possibly again through GSK-3β inhibition or by 

inhibition of other kinases to facilitate EMT (Guarino, Tosoni & Nebuloni 2009; Kalluri, 

R. & Neilson, E. G. 2003; Nathke 1999; Postma, D. S. & Timens, W. 2006; Willis & 

Borok 2007; Zavadil & Bottinger 2005). 

As alluded to above, several layers of crosstalk between the TGF-β and Wnt signalling 

pathways have been identified; for example, it is apparent that LEF-1 may be activated 

by binding to either Smad proteins or β-catenin (Labbé, Letamendia & Attisano 2000; 

Nishita et al. 2000). Furthermore, activation of TGF-β in pancreatic carcinoma cells 

induced the gene expression Wnt-5A, a canonical activating Wnt ligand that induces 

EMT and mediates the invasive capacity of pancreatic tumor cells (Ripka et al. 2007). 

All of this multi-layered, interactive complexity makes the idea of a “magic bullet” anti-

EMT drug somewhat unrealistic, unless β-catenin itself could perhaps be directly 

targeted at the same time as TGF-β.  
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2.11.3.C Hedgehog Pathway 

Hedgehog (Hh) signalling constitutes another potentially important pathways 

associated with induction of EMT; it was first discovered in Drosophila larvae 

(Nusslein-Volhard & Wieschaus 1980). In vertebrates, members of the Hh family 

include sonic Hedgehog (Shh), Indian Hedgehog (Ihh) and Desert Hedgehog (Dhh) 

(Katoh & Katoh 2005; Marigo et al. 1995). 

 Hh signalling is via the Patch receptor which normally keeps Smoothened protein 

(SMO) in an inhibited state (Johnson et al. 1996; van den Heuvel & Ingham 1996). 

Binding of Hh ligand to Patch receptors release SMO from this inhibition, which then 

initiates an intracellular cascade (Gallet & Therond 2005) that aids in the cytoplasm to 

nuclear translocation of the transcription factor Gli, this regulates not only the 

expression of its own related genes such as Gli and Patch (Stecca & Ruiz 2010), but 

also Wnt and Snail as well i.e. it initiates yet another positively reinforcing cycle 

towards EMT (Li, X et al. 2006; Taipale & Beachy 2001) (Figure 2.20).  

 The Shh pathway has been observed to be activated during both the physiological 

development of the lung and lung repair from injury (Watkins et al. 2003). Shh 

knockout embryos exhibit severe defects in the lung development with reduced airway 

branching and tissue growth (Bellusci et al. 1997; Litingtung et al. 1998; Pepicelli, 

Lewis & McMahon 1998). In adult tissues, growing evidence has highlighted the 

importance of the Hh pathway in cell migration. Wang and colleagues demonstrated 

in Gli knockout mice, reduced expression of Snail and MMP9 and increased the 

expression of E-cadherin (Wang, K et al. 2010), i.e. an ani-EMT effect. Similarly, 

inhibition of the Hh pathway with cyclopamine, a steroid that deactivate SMO, inhibited 

EMT (Taipale et al. 2000).  

Yang L and colleagues suggested involvement of Hh signalling of human cancers 

(Yang, L et al. 2010), different types of lung cancer show activation of the Shh pathway 

(Bermudez et al. 2013; Chi et al. 2006; Park et al. 2011; Watkins et al. 2003; Yuan et 

al. 2006). It is involved in the mesenchymal transition of tumour cells associated with 

invasion (Varnat et al. 2009) 

Overexpression of the Shh ligand has also been observed to be increased in the lungs 

of patients with usual interstitial pneumonia (UIP), (Coon et al. 2006), cryptogenic 

pneumonia (Stewart, GA et al. 2003) or IPF (Bolanos et al. 2012; Cigna et al. 2012).  
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Shh was expressed in bronchial and alveolar epithelial cells in fibrotic areas while 

Patch was observed to be up-regulated in fibroblasts, interstitial inflammatory cells and 

the hyperplastic epithelium of IPF patients (Bolanos et al. 2012; Cigna et al. 2012).  

These studies highlight the potential importance of the Hh pathway in lung fibrosis. 

Moreover, in fibroblasts, Shh activity was also reported to increase the synthesis of 

ECM proteins, collagen and fibronectin (Bermudez et al. 2013; Bolanos et al. 2012). 

Inhibition of the Hh pathway reduced expression of EMT-associated α-SMA, as well 

as collagen 1 and fibronectin end-products, and also downregulated the effects of 

TGF-β on these products (Cigna et al. 2012), again emphasising the complex cross-

talk involved between pro-EMT pathways. 

2.11.3.D uPAR pathway 

The urokinase receptor (uPAR) has been reported to have an important role in EMT 

in the distal airways of COPD patients and its expression correlated with the degree 

of airflow obstruction and EMT activation of small airway epithelial cells (Wang, Q et 

al. 2013).  

Urokinase was first isolated as a ‘’clot-buster’’ from human urine and indeed is a 

modulator of the plasminogen pathway. Urokinase causes cleavage and activation of 

urokinase-type plasminogen activator (uPA) (Collen 1999). uPA- Upar axis is involved 

in the proteolytic activation of plasminogen into plasmin, which in turn activates matrix 

metalloproteases and degrades fibrin and other ECM components. The system, 

however, is much more ubiquitous than restricted to haematology: thus, binding of 

uPA to uPAR on epithelial cell membranes can also induce EMT by downstream 

activation of a number of cell-signalling enzymes, including PI3k, Akt, MAPK and 

myosin light chain kinase (Chandrasekar et al. 2003; Jo et al. 2009; Lester et al. 2007). 

PI3k activation catalyses the formation of phosphatidylinositol 3, 4, 5-phosphate, 

which can influence cell morphology through cytoskeleton reorganization and 

migration (Chandrasekar et al. 2003). Another mechanism by which PI3k may also be 

involved in EMT is through the activation of Akt, which can promote cell invasion and 

regulate the activity of several transcription factors, including NFkB (nuclear factor 

kappa B); NFkB in turn, as transcription factor, can directly/indirectly induce the EMT 

gene programme, probably through intermediate transcription factors Snail1 or ZEB-

1/2 (Larue & Bellacosa 2005).  
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Figure 2-20: Cell signalling involved in epithelial–mesenchymal transition. 

ZO: zonula occludin; Wnt: wingless tail; Hh: Hedgehog; SMO: Smoothened; GSK-3β: 

glycogen synthase kinase-3β; Ptch: Patched; MAPK: mitogen activated protein 

kinase; PI3K: phosphatidylinositol 3-kinase; Zeb: zinc finger E box binding homeobox; 

MMP: matrix metalloproteinase; TGF: transforming growth factor; BMP7: bone 

morphogenetic protein 7; P: phosphate. 

 

Reproduced with permission from Pain, M. et al. (2014), Copyright European 

Respiratory review.  
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2.11.3.E Notch signalling pathway 

The Notch signalling pathway maintains a balance between cell differentiation, 

proliferation and survival/apoptosis, and thus it is believed to play an important role in 

the development and progression of several malignancies; it also likely affects the 

development and function of many organs. 

Notch signalling is activated by ligand-receptor binding which initiates an intercellular 

communication system. The trans-membrane receptors of Notch family, consists of 

four members: Notch-1-4. Notch receptors include an extracellular (ECD) and 

intracellular domain (ICD) (Fig 2.7). The Notch-receptor family ligands include Dll-1 

(Delta-like 1), Dll-3 (Delta-like 3), Dll-4 (Delta-like 4), Jagged-1(JAG1) and Jagged-

2(JAG2) (Miele 2006; Miele, Miao & Nickoloff 2006; Miele & Osborne 1999).  

Notch ligand binding induces conformational change in the Notch receptor, leading to 

receptor activation and resultant receptor cleavage, involving a cascade of proteolytic 

steps by the metalloprotease tumour necrosis factor-α-converting enzyme (TACE) and 

γ-secretase complex. This cleavage of the Notch receptor results in release of its 

intracellular domain (ICN) and then its translocation of the ICN to the nucleus 

(Andersson, ER & Lendahl 2014; Miele 2006; Miele, Miao & Nickoloff 2006). In the 

nucleus, ICD binds with the CBF-1/suppressor of hairless/Lag1 (CSL) transcription 

factor and modulates downstream target gene expression (Figure 2.21). Important 

Notch target genes include NF-kB, cyclin D1, c-myc, Akt, and VEGF and the 

transcription factor GATA3, all implicated in lung cancer biology (Fang et al. 2007; 

Miele 2006; Miele & Osborne 1999). Therefore, blocking these proteolytic enzymes 

could be potentially useful for the treatment of human malignancies. 

The Notch signal pathway, activated by JAG-1, has been found to be a key regulator 

for the induction of EMT through Slug-induced repression of E-cadherin (Leong et al. 

2007), the induction of hypoxia-inducible factor 1α (HIF-1α) (Sahlgren, C. et al. 2008), 

and the related process of endothelial-mesenchymal transition (Endo-MT) (Niessen et 

al. 2008; Sahlgren, C. et al. 2008; Timmerman et al. 2004; Zavadil et al. 2004). In the 

latter context, Endo-MT induces down- regulation of endothelial markers (VE-

cadherin, Tie1, Tie2, endothelial NO synthase and platelet-endothelial cell adhesion 

molecule-1), up-regulation of mesenchymal markers (fibronectin, α-SMA, and platelet-

derived growth factor receptors), and cell migration.  
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In addition to the direct effects mediated by its ICN, Notch system activation can also 

indirectly regulate EMT through influencing various parallel signalling pathways 

including NFkB and β-catenin, and through the action of various regulatory micro RNA 

(miRNAs) (Yang, Y et al. 2011). It has been observed that inhibition of Notch receptor 

activity in pancreatic cancer cell lines decreases the DNA binding potential of NFkB 

and lowers the expression of MMP9 (involved in ECM remodelling) and VEGF 

(involved in tumour invasion and metastasis), resulting in inhibition of pancreatic 

cancer cell invasion (Wang, Z et al. 2006). This system is complex and requires further 

in depth experiments to explore the actual mechanism involved. 

 

Studies have shown that EMT activation is associated with profound suppression of 

micro-RNA (miR)-200 levels, while in mice forced expression of miR-200 locks tumor 

cells into an epithelial state and abrogates their metastatic capacity (Gibbons et al. 

2009). Yang et al also reported that binding of the Notch ligand, JAG2 promotes EMT 

through inhibition of the miR-200 family via induction of GATα-binding protein 3 (a 

GATA family transcriptional factor) (Yang, Y et al. 2011).  
 

A recent report by Hu and colleagues also observed cigarette smoke (CigS)-induced 

upregulation of Notch receptors (Notch 3) and ligands (DII2) in mice which seemed to 

play a critical role in pathogenesis of lung fibrosis (Hu, X-F, Zhang & Li 2014). Similarly, 

in NSCLC, Notch1 receptor activation was also observed to regulate the expression of 

Sox9 (a transcription factor) at its gene transcription promoter level, so by inducing 

repression of E-cadherin and leading to increased cell mobility and cell invasion 

(Capaccione et al. 2014). 

 

In general, EMT processes involving the Notch pathway are regulated by its cross-talk 

with several core growth and transcription factors inherent to EMT, including Snail, 

Slug, TGF-β, FGF, and PDGF (Gonzalez & Medici 2014). Thus, inhibition of Notch 

signalling led to partial reversal of EMT through decreased expression of these 

transcription factors (Wang, Z et al. 2009).   
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Figure 2-21: Schematic representation of Notch signalling related to EMT. 

Upon ligand binding, Notch (receptor) undergoes two proteolytic cleavages by a 

combined ADAM and γ-secretase complex, leading to the release of Notch-ICD and 

its translocating to the nucleus. In the nucleus Notch-ICD interacts with CSL and 

thereby influences a number of strategic downstream target genes: upregulation of 

Snail, Slug, Zeb1, CyclinD1 and Smads; downregulation of E-cadherin and p21, so as 

to induce EMT. (Notch-ECD, the extracellular domain of Notch; Notch-ICD, the 

intracellular domain of Notch; ADAM, a disintegrin and metalloproteinase. 

 

Reproduced with permission from Yuan et al. (2014), Copyright Bio-med central.  
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2.11.4 Transcriptional regulation of EMT 

EMT is complex pathophysiological process that involves multiple potential drivers, 

receptor systems and down-stream intracellular pathways, but also transcriptional 

factors. Most have been mentioned, but I will now deal with them specifically, with the 

exception of β-catenin as a separate entity, as I have discussed this extensively above 

as part of Pathways, but it will also appear in several other places in this section. The 

important transcription factors (TF) include the zinc-finger binding factors Snail1(also 

called Snail) and Snail2 (also known as Slug) and several basic helix-loop-helix 

(bHLH) factors such as zinc finger E-box–binding homeobox 1 (ZEB1), ZEB2, and 

Twist (Peinado, Portillo & Cano 2004; Yang, J et al. 2004). Another highly efficient T 

cell factor (TCF) TF family member called lymphoid enhancer binding factor-1 (LEF-

1) is also reported to directly induce EMT (Nawshad & Hay 2003). The modulation of 

binding of TFs or combinations of them to the promoter region of EMT-associated 

genes, as stimulators or repressors of transcription, is the ultimate end-product of the 

up-stream mechanisms discussed above. I will also try and draw out some clinically-

relevant observations around expressions of these TFs in disease. 

 

2.11.4.A  Snail Family 

The Snail family of transcriptional repressors plays a vital role in regulating EMT 

(Figure 2.22). 

Of the multiple signalling pathways cooperating in the initiation and progression of 

EMT, a majority of them activate Snail1 expression. Notch, WNT family proteins, TGFβ 

and growth factors that act through RTKs (receptor tyrosine kinase), can all activate 

Snail1 expression depending on the physiological context of tissue (Peinado, Olmeda 

& Cano 2007). Snail1 and Snail2 have mutual association with other transcription 

regulators to control gene expression. For example, Snail1 cooperates with the TF 

ETS1, which is activated by MAPK, to activate MMP expression (Jorda et al. 2005). It 

also cooperates with the Smad3 & 4 complex to cause the TGFβ-mediated repression 

of E-cadherin and zona-occludin expression (Vincent, T. et al. 2009) to cause release 

of β-catenin from these complexes (Nawshad & Hay 2003; Peinado, Portillo & Cano 

2004). Reciprocally, the Wnt-β-catenin and PI3k-AkT mechanism also increase Snail1 
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activity by preventing its phosphorylation by GSK-3β, which enhances EMT (Yook et 

al. 2006). 

Various studies have shown that Snail1 induces the expression of mesenchymal 

proteins like N-cadherin, fibronectin, vitronectin and MMPs (Barrallo-Gimeno & Nieto 

2005; Olmeda et al. 2007), at least partially through enhanced β-catenin pro- 

transcription activity, that further encourage Snail1 accumulation, and so its availability 

as a pro-EMT transcription factor (Medici, Hay & Olsen 2008). 

These mechanisms have major clinical relevance. Thus, overexpression of either 

Snail1 or Snail2 in tumour cells induces EMT and correlates with increased tumor 

metastasis in vivo, consistent with the concept of developmental reprogramming 

reactivated in metastatic carcinomas. (Batlle et al. 2000; Cano et al. 2000). Thus, 

Snail1 accumulation in the nucleus of breast cancer cells, associated with decreased 

cellular E-cadherin expression, has been reported to induce metastatic phenotypes 

(Yook et al. 2006). Similarly, circulating tumour cells isolated from patients with 

metastatic hepatocellular carcinoma (HCC) were found to have 20 times more Snail1 

expression than cells isolated from patients with non-metastatic HCC (Min et al. 2009). 

 Snail2 (Slug) has a prominent role embryologically in the induction of EMT in 

gastrulation and for development and migration of the neural crest, but has also been 

reported as involved in cancer metastasis (Thiery, Jean Paul et al. 2009; Yang, J & 

Weinberg 2008). 

 

2.11.4.B E47 and Twist 

Basic helix–loop–helix (bHLH) TFs function as master regulators of lineage 

specification and differentiation. Among these, E47, Twist1 and Twist2, proteins have 

key roles in EMT progression (De Craene & Berx 2013; Peinado, Olmeda & Cano 

2007). Like Snail, Twist expression not only downregulates expression of epithelial 

genes but also activates and upregulate mesenchymal gene expression (Xu, J, 

Lamouille & Derynck 2009) (Figure 2.22). In cancer cells, Twist1 was observed to 

represses E-cadherin and induce N-cadherin expression independently of Snail, 

probably through the association with other TF proteins (Xu, J, Lamouille & Derynck 

2009; Yang, F et al. 2012; Yang, MH et al. 2010; Yang, MH et al. 2008). 
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Multiple signalling pathways regulate Twist expression during development and 

disease, especially in malignant settings (Peinado, Olmeda & Cano 2007; Xu, J, 

Lamouille & Derynck 2009). Yang et al reported that an important transcription factor, 

hypoxia-inducible factor 1α (HIF1α) induced Twist expression under hypoxic 

conditions, so promoting EMT and ultimately dissemination of tumour cell (Yang, MH 

et al. 2008). Moreover, mechanical stress induced Twist expression, dependent on β-

catenin, in Drosophila melanogaster epithelia (Farge 2003). 

Twist has been associated with fibrotic pathology in many organs including kidney and 

liver (Iizuka et al. 2012; Sun et al. 2009). Twist-associated pulmonary fibrosis was first 

demonstrated in a murine model of virus-induced lung fibrosis and in alveolar epithelial 

cells from lung tissue of IPF patients (Pozharskaya et al. 2009). 

Twist over-expression has been detected in many tumours, including breast, prostate, 

and hepatocellular carcinoma, and inhibition of Twist expression significantly improve 

the survival of patients with carcinoma (Lee, TK et al. 2006; Wushou et al. 2014). 

However, the prognostic significance of Twist expression in lung cancer remains 

controversial. Miura et al. suggested that Twist was not associated with EMT and 

might not predict the survival of NSCLC (Miura et al. 2009). However, later, Hung et 

al suggested an inverse correlation between Twist expression and patient prognosis 

(Hung et al. 2009) which was further supported by a recent study by Zeng et al who 

described Twist as a poor prognostic indicator but still potential target for treating lung 

cancer (Zeng et al. 2015).  
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Figure 2-22: Regulation of transcriptional factors in EMT. 

 

Reproduced with permission Lamouille, Xu & Derynck (2014), Copyright Springer.  
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2.11.4.C ZEB TF Family 

The ZEB family (ZEB1 and ZEB2) are transcriptional repressors with an essential role 

in neural crest development and have been studied as key regulators of cancer 

progression (Van de Putte et al. 2003). ZEB1 and ZEB2 interact with the E-box regions 

of DNA to cause the CDH1 gene to repress its promoter activity for E-cadherin 

transcription (Eger, Andreas et al. 2005; Remacle et al. 1999). Expression of ZEB in 

epithelial cells was shown to be sufficient to induce the dissociation of adherens 

junctions, presumably through suppressing the expression of relevant genes, and so 

again releasing the central player in EMT induction, β-catenin (Eger, Andreas et al. 

2005; Vandewalle et al. 2005). Their expression also increased the expression of 

genes encoding matrix metalloproteinases (MMPs), implicating ZEB1 and ZEB2 in 

matrix remodelling and movement of transitioning cells through tissue (Miyoshi et al. 

2004) (Figure 2.22). 

ZEB expression often follows activation of Snail expression, consistent with Snail1 

directly targeting the ZEB1 gene. Additionally, Twist1 cooperates with Snail1 in this 

(Dave et al. 2011). ZEB expression is also regulated by TGFβ and Wnt proteins, and 

growth factors that activate Ras-MAPK signalling (Xu, J, Lamouille & Derynck 2009). 

The induction of ZEB expression by TGFβ signalling involves ETS1, which is activated 

by MAPK signalling (Shirakihara, Saitoh & Miyazono 2007). 

ZEB1 has been implicated in many malignancies, especially NSCLC where it is 

reported to be involved in tumor progression by repressing the tumour suppressor 

gene (SEMA3F) and represents an important potential therapeutic target (Clarhaut et 

al. 2009). A recent study by Nishijima and colleagues, investigated reversal of TGFβ-

1 induced EMT by Nintedanib (Anti-EGFR) and also reversing resistance to Gefitinib 

by downregulating ZEB1 as well as miR-200b and miR-141 upregulation. They 

suggested that the miR-200/ZEB axis of EMT might be a predictive biomarker for 

sensitivity to Nintedanib in NSCLC cells (Nishijima et al. 2016). 

MicroRNAs (miRs) are single-stranded, non-coding small RNA molecules,18–24-

nucleotide in length that bind to the 3′ un-translated regions (UTRs) of their target 

messenger RNAs (mRNAs), thereby, repressing their translation as well as inducing 

their degradation (Stefani & Slack 2008). The first such identified miRNAs in 1984 

were, the products of the C. elegans genes (lin-4 and let-7), were later reported to 



 
 

87 
 

have an important role in controlling developmental timing (Ambros & Horvitz 1984; 

Lee, RC, Feinbaum & Ambros 1993; Reinhart et al. 2000). 

 miRs are involved in regulation of numerous molecular and cellular processes. 

Aberrant expression of miRs have been associated with initiation and progression of 

pathological processes, including diabetes, cancer, and cardiovascular disease 

(Croce 2009; Latronico & Condorelli 2009; Pandey et al. 2009; Thum et al. 2008). In 

addition, there is mounting evidence that shows miRNAs are mutated or poorly 

expressed in human cancer, suggesting that miRNAs may normally act as tumor 

suppressors or oncogenes (Calin et al. 2002; McManus 2003; Takamizawa et al. 

2004). Growing evidence also suggests that miRNAs participate in the fibrotic process 

in a number of organs including the heart, kidney and liver (Jiang, X et al. 2010). For 

example, three important TGF-β-regulated miRNA families, miR-200, miR-21, and 

miR-29 have been shown to modulate fibrosis in kidney. These three miRs work in 

opposite direction to each other, with miR-21 amplifying TGF-β signalling and 

promoting fibrosis, while miR-200 and miR-29 reduce fibrosis by inhibiting EMT and 

preventing ECM deposition, respectively. Augmenting miR-29 expression or inhibition 

of miR-21 expression, prevented renal fibrosis in mice (Patel & Noureddine 2012). 

The miR-200 family consists of five members: miR-200a, miR-200b, miR-200c, miR-

429, and miR-141. miR-200 is enriched in kidney and lung, where its functional 

importance is to maintain epithelial differentiation (Patel & Noureddine 2012). However 

little is known regarding the role of miRNAs in lung fibrosis, although it is in a position 

to be quite strategic. Yang et al have observed that in a mouse model, expression of 

miR-200 was decreased in lung fibrosis, and introduction of miR-200c in mice, 

diminished pulmonary fibrosis (Yang, S et al. 2012). 

The mechanism of the anti-fibrotic effect of miR-200 is likely to involve prevention of 

EMT (Korpal et al. 2008). A study by Gregory et al of in-vitro assays reported that miR-

200s prevent TGF-β-mediated EMT through repression of Zeb1 and Zeb2 (Gregory et 

al. 2008). This evidence provides basis for making miR-200/Zeb axis to be an 

important predictive biomarker for Nintedanib sensitivity in NSCLC cells as well 

(Nishijima et al. 2016). In depth and detailed explanation of miRNA is beyond the 

scope of my thesis.  
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In contrast, with a different miR, Pottier et al observed that miR-155 expression was 

increased in human lung fibroblasts following treatment with TNFα and IL-1β and 

reduced by TGF-β (Pottier et al. 2009), and in bleomycin-induced lung fibrosis model 

in mice, they confirmed that up-regulation of miR-155 was correlated with the degree 

of lung fibrosis. 

 

2.11.5  Cell and Tissue Markers of EMT 

Fundamental outcomes during EMT are, strategic protein acquisition and suppression 

with, the conversion of epiblasts to primary mesenchyme (Carver et al. 2001; Ip & 

Gridley 2002) or epithelium to fibroblasts (Zavadil, J. et al. 2001), or in the transition 

of tumorous in-situ epithelium cells into metastatic cells (Ramaswamy et al. 2003), in 

the context of the three distinctive types of EMT. Initially, studies generally intended to 

focused on only one or two event markers (for example, changes in E-cadherin or 

Snail expression) but with passage of time, better understanding of the complexity of 

the EMT process and with fuller description of the spectrum of protein expression from 

epithelium to fibroblast (Kim, K, Lu & Hay 2002; Nieto 2002) (Figure 2.23), made it 

now possible to formulate extensive criteria for recognition of EMT activity in tissue 

samples (Figure 2.24). This has allowed our group, for example, to be able to 

designate EMT as present and active in airway biopsies and resected tissue with some 

confidence.
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Figure 2-23: Markers of EMT. 

 

Reproduced with permission from Zeisberg & Neilson (2009), Copyright American 

Society for Clinical Investigation.  
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Figure 2-24: In vivo and in vitro criteria from EMT. 

 

Reproduced with permission from Zeisberg & Neilson (2009), Copyright American 

Society for Clinical Investigation.  
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2.11.5.A S100A4 (FSP-1) 

S100A4 (Fibroblast specific protein-1, FSP-1) is 10-12 kDa protein containing 101 

amino acids (Vallely et al. 2002), and a member of the S100 calcium-binding protein 

family (Santamaria-Kisiel, Rintala-Dempsey & Shaw 2006; Tarabykina et al. 2007). In 

wide ranges of cells including stromal and tumour cells, S100 proteins are localized in 

the cytoplasm and/or nucleus.  S100A4 (FSP-1) is involved in the regulation of a 

number of cellular processes such as cell cycle progression and differentiation. 

S100A4 (FSP-1) is also associated with multiple functions as motility, tubulin 

polymerization and so tumour invasion. 

S100A4 (FSP-1) is not typically present in normal epithelial cells, but is now a classic 

early and important cytoskeletal marker of EMT, associated with activities such as cell 

motility, angiogenesis, smooth muscle cell (SMC) migration and proliferation, 

(Ambartsumian et al. 2001; Bowers et al. 2012; Iwano, M. et al. 2002; Lawrie et al. 

2005; Zeisberg et al. 2003; Zeisberg, M et al. 2007). Thus, S100A4 (FSP-1) expression 

by epithelial cells is usually taken as a marker that they are undergoing transition to 

mesenchymal-type cells during tissue fibrosis in EMT Type 2 (Zeisberg & Neilson 

2009), and epithelial cells positive for S100A4 (FSP-1) serve as a precursor to a 

proportion of fibroblasts expressing S100A4 found in fibrogenic foci of affected tissue 

(Iwano, M. et al. 2002). Further mesenchymal cells, produced in the EMT process 

have strong migratory abilities through expressing S100A4 (FSP-1) (Lee, J. M. et al. 

2006; Thiery, J. P. & Sleeman 2006).   

In the setting of malignancy, S100A4 (FSP-1) supports tumorigenesis by stimulating 

angiogenesis in synergism with VEGF to induce endothelial cell migration via 

stimulating RAGE (an advanced glycosylation end product-specific) receptor, making 

S100A4 (FSP-1) an attractive potential therapeutic target in human cancer (Hernandez 

et al. 2013). Indeed, chromosomal re-arrangements and altered expression of the 

S100A4 (FSP-1) gene have been implicated in tumour metastasis, and a recent Study 

by Dahlmann et al reported that tumour metastasis involved RAGE receptors and 

S100A4 mediated cell motility through MAPK/ERK activation (Dahlmann et al. 2014). 

Similarly, in a cancer model, metastatic tumour cells expressing S100A4 (FSP-1), 

indicated a molecular re-programing associated with invasiveness in EMT Type 3 

(Kalluri, Raghu & Zeisberg 2006).  
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There is also emerging evidence that S100A4 (FSP-1), along with rendering migratory 

capacity to mesenchymal cells, can also activate and release MMPs (matrix 

metalloproteinases) that also play a leading role in tissue remodelling in established 

EMT (Korol et al. 2014). The mechanisms of MMP regulation by S100A4 (FSP-1) are 

mostly unknown, but recent studies suggest that many extracellular activity is involved 

(Schmidt-Hansen et al. 2004; Yammani et al. 2006) whose detail is beyond the scope 

of this thesis. However, in cancer like osteosarcoma, down-regulation of S100A4 

(FSP-1) expression in malignant cells led to reduced expression of MT1-MMP and 

MMP-2, with a subsequent reduction in MMP activity and a reduced ability to migrate 

(Bjornland et al. 1999). In human prostate cancer, cancer cells were also observed to 

be stimulated by S100A4 (FSP-1), at least partly through transcriptional activation of 

MMP-9 (Saleem, M. et al. 2006). Moreover, in vivo and in vitro studies shows that 

gene manipulations cause induction of S100A4 (FSP-1) expression which render 

invasive capabilities to colorectal cancer cell line (Stein et al. 2006). 

 

This functional capacity of transitioned mesenchymal cells, associated with S100A4 

(FSP-1) expression is important for progression of various diseases (Lee, J. M. et al. 

2006; Thiery, J. P. & Sleeman 2006). Thus, EMT has also been implicated in organ 

fibrosis (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2011; Xu, X et al. 2014). 

Similarly, in IPF patients, strong staining for S100A4 (FSP-1) have been observed in 

disease-associated fibroblasts (Schneider, Hansen & Sheikh 2008). S100A4 (FSP-1) 

localization to bronchial epithelial cells in human transplanted lungs were thought 

indicative of EMT in the airways leading to remodelling and fibrosis as part of chronic 

rejection (Hodge et al. 2009; Ward, C. et al. 2005). Lawrie et al. showed that in 

pulmonary vascular disease, smooth muscle cells of pulmonary vessels, proliferation 

and migration was dependent upon the activation of RAGE receptors by S100A4 

(FSP-1) (Lawrie et al. 2005). 

A significant increase in S100A4 (FSP-1) expression has also been found in NSCLC 

(Chen, XL et al. 2008) related to the S100A4/MMP9 signalling axis promoting invasive 

capacity. In patients with lung adeno carcinoma, S100A4 expression is associated 

with reduced overall survival. This study also demonstrated that Niclosamide (an anti-
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helminthic drug) induced suppression of S100A4 (FSP-1), and so inhibited the 

invasive and metastatic capacity of NSCLC (Stewart, RL et al. 2016). 

Tissue fibrosis and cancer share common molecular and biological mechanism, 

signalling pathways, especially associated with EMT. All these evidences make 

S100A4 (FSP-1) a potential therapeutic target for prevention/treatment of both fibrosis 

and cancer by ameliorating EMT mechanism (Hodge et al. 2009; Okada et al. 1997; 

Saleem, M. et al. 2006; Schneider, Hansen & Sheikh 2008; Ward, C. et al. 2005; 

Zeisberg & Neilson 2009).  

 

2.11.5.B Vimentin 

Vimentin is a 57 kDa type III intermediate filament protein normally expressed in cells 

of mesenchymal origin, also in epithelial cells as marker of them undergoing EMT 

(Kalluri, R. & Neilson, E. G. 2003). It is also involved in tumour invasion (Fuchs & 

Weber 1994). Vimentin abundance in epithelial cells undergoing EMT suggested a 

particular role in epithelial cell migration (Lee, J. M. et al. 2006). 

Vimentin has been found to be expressed in a wide range of cell types including sertoli 

cells, macrophages, neutrophils, endothelial cells, fibroblasts, leukocytes, and renal 

tubular and mesangial cells but importantly not in normal differentiated epithelial cells 

(Carter et al. 2005; Evans 1998; Gilles et al. 1999; Kokkinos et al. 2007). Vimentin 

found in the mesenchymal cells is mostly cytoplasmic, where its filaments help to 

maintain cellular architecture and tissue integrity (Franke et al. 1982). Vimentin is 

upregulated by the transcription factor TCF/LEF, known to interact with a large number 

of proteins which participate in formation of complexes with cell signalling molecules 

(e.g. Ras/MAPK/Akt 1) and other adaptor proteins (e.g. Scrib/Slug/Axl) (explained 

below) (Perlson et al. 2006; Phua, Humbert & Hunziker 2009; Vuoriluoto et al. 2011). 

In the EMT setting, vimentin is often associated with reduced E-cadherin expression 

at the cell membrane (Kokkinos et al. 2007) and as mentioned, reported to be 

functionally involved in migratory potential of transitioning epithelial cells (Bartel-

Friedrich et al. 2007; Gilles et al. 1999). Vimentin is also reportedly involved in several 

other mechanisms associated with EMT (Vuoriluoto et al. 2011);  including, (a) Gene 

expression:  vimentin (indirectly) regulates   gene   expression   of Axl 3 (tyrosine 
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kinase) proteins required for execution of EMT; (b) Protein-protein interactions: 

vimentin regulates anterior-posterior cell polarity and directional motility by directly 

binding and stabilizing Scribble (polarity-complex protein) (Mendez, Kojima & 

Goldman 2010; Phua, Humbert & Hunziker 2009); (c) Phosphorylation: vimentin can 

be phosphorylated by Akt1, (Ras/PI3k), which protects vimentin from caspase-induced 

proteolysis and promotes cell motility and EMT-related metastasis (Hoshino et al. 

1999). Mesenchymal cells, e.g. fibroblasts, which lack vimentin   migrate   poorly 

(Eckes et al. 1998) and vimentin-deficient mice exhibit delayed wound healing (Eckes 

et al. 2000).  Increased serum levels of vimentin were observed in IPF patients (Yang, 

Y et al. 2002). In an in-vitro model of IPF, vimentin was required for remodelling in 

alveolar epithelial cells (Rogel et al. 2011), suggesting an important role in 

pathogenesis of fibrotic lung diseases. In the context of post-lung transplant chronic 

rejection, vimentin has been reported to be increased in airway epithelium with 

coincident decreased E-cadherin (an epithelial marker) during EMT-induced airway 

remodelling (Borthwick et al. 2009). 

Hackett et al found increased levels of vimentin in TGF-β-induced EMT in primary 

airway epithelial cell cultures from patients with asthma (Hackett, TL et al. 2009). 

Similarly, Sophie and colleagues reported that bronchial epithelium from COPD 

patients displayed increased vimentin expression and decreased epithelial 

differentiation, suggesting that the epithelium from COPD patients retain structural 

programming related to EMT even in-vitro (Gohy et al. 2013). Milara et al also 

observed in airway biopsies that, in comparison to non-smokers, currently smoking 

COPD patients had up-regulation of various mesenchymal protein including vimentin 

(Milara, Peiro, et al. 2013).  

Vimentin expression in carcinoma cells correlated with increased invasiveness and 

metastasis. This has made vimentin a common marker for identifying EMT Type 3 in 

cancers (Zeisberg & Neilson 2009). In lung cancers, vimentin has been detected in 

moderately and well-differentiated adenocarcinomas and in giant cell carcinomas 

(Upton et al. 1986). Vimentin overexpression was found to be an independent 

predictor of poor survival in patients with resected non-small-cell lung cancer (Al-Saad 

et al. 2008). In another study by Rho et al, glycosylated vimentin was observed to be 

downregulated in human lung adenocarcinomas; glycosylated vimentin was thus 

suggested to represent a new functional biomarker for the diagnosis, and post- 
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treatment follow-up of patients with lung cancers (Rho, Roehrl & Wang 2009). 

Vimentin from normal tissue has sialic acid and terminal GlcNAc residues 

(monosaccharides), but vimentin in cancer tissue did not show these modifications 

which is the main reason of decreased expression of glycosylated vimentin in cancer. 

Furthermore, vimentin’s overexpression in metastatic cancer suggests it also has a 

role as a metastasis promoter (Hu, L et al. 2004; Jin et al. 2010; Li, M et al. 2010; Wei, 

J et al. 2008). 

 

2.11.5.C N-cadherin 

N-cadherin is a 130 kDa molecule, first identified in chick neural retina in 1982 

(Brundwald, Pratt & Lilien 1982), and later described as an adhesion molecule, 

localised to adherens junctions. (Volk & Geiger 1984). N-cadherin is also known as 

neural-cadherin, non-epithelial cadherin or cadherin-2. Along with ER-cadherin, N-

cadherin belong to a family of calcium-dependant adhesion molecules, functioning to 

mediate the cell-to-cell binding that is required for the maintenance of morphogenesis 

and tissue cytoskeletal organization.  

E and N-cadherin usually work in reciprocation to each other under a process called 

“cadherin switching”. The term also includes situations in which cells turn on (or 

increase) expression of N-cadherin without significantly changing E-cadherin 

expression (Wheelock et al. 2008). This cadherin switching is very important for cell 

migratory capacity and invasiveness associated with mesenchyme-like cells produced 

as a result of EMT in fibrotic and malignant diseases. 

N-cadherin activation/up-regulation involves multiple growth factor receptors (e.g. 

FGFR), enzymic proteins (e.g. MAPK/ERK and Rho-GTPases, RhoA), and other 

regulatory molecules such as the catenins, and in particular the p120 catenin 

(p120ctn), β-catenin and α-catenin (Doherty & Walsh 1996; Lilien et al. 2002; Suyama 

et al. 2002). In mesenchymal cells like fibroblasts, cytoplasmic p120ctn inhibits RhoA, 

resulting in an increase in cell motility (Magie, Pinto-Santini & Parkhurst 2002).  
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N-cadherin has been reported to be increased in lung tissue remodelling in IPF 

patients, with potential as a novel prognostic marker (Lomas et al. 2012). Similarly, in 

a COPD setting, N-cadherin was also reported to be overexpressed in smoking 

individuals in comparison to non-smokers, giving an additional clue that EMT is active 

in human bronchial epithelial cells of COPD patients, (Nishioka, M et al. 2015). 

N-cadherin has been studied in a variety of epithelial malignancies including in 

pancreas, liver, colon, prostate, kidney and breast carcinomas (Behnes et al. 2012; 

Nakajima, S et al. 2004; Rezaei et al. 2012; Shimazui et al. 2006; Tran et al. 1999; 

Zhuo et al. 2013).  In NSCLC, Nakashima T and other’s indicated that the frequency 

of hyper vascular tumours was significantly higher for N-cadherin positive carcinomas 

than for N-cadherin-negative carcinomas and the 5-year survival rate of patients with 

N-cadherin- positive tumours was significantly lower than that of patients with N-

cadherin-negative tumours (Nakashima et al. 2003). 

Gefitinib, a tyrosine kinase inhibitors of the EGFR, has revolutionized molecularly 

targeted therapy in some but not all lung cancer patients. At the same time, some have 

acquired resistance after long-term treatment. Mai Yamauchi et al suggested that, N-

cadherin may play a vital role in survival of Gefitinib-resistant lung cancer cells via the 

PI3k/Akt survival pathway (Yamauchi et al. 2011).  

Hui et al observed that overexpression of N-cadherin (and Twist) could be useful as a 

biomarker for predicting the prognosis of NSCLC. They investigated a mutual 

association of Twist1 and N-cadherin whereby together they inhibited apoptosis and 

promoted the invasion of lung cancer cells, but depletion of Twist1 in lung cancer cells 

also led to inhibition of N-cadherin expression (Hui et al. 2013). Zhang et al highlighted 

N-cadherin upregulation in Erlotinib-resistant cell line and suggested this as 

responsible for increased tumour cell migration, invasion and tumorigenic potential 

and all related to sustained EMT expression. Therefore, N-cadherin may serve as a 

new target for the treatment of multiple cancers where acquired resistance to EGFR-

TKIs (Epidermal growth factor Receptor-Tyrosine Kinase Inhibitors), is frequent 

(Zhang, X et al. 2013). 

Thus in general, expression of N-cadherin clearly plays a role in the progression of 

transition from epithelium to mesenchyme in EMT in both malignant and non-

malignant pathology. It is likely that N-cadherin not only mediates a less stable cell-
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cell adhesion but allows cell invasion as well. Cancer cells derived from epithelium 

inappropriately express N-cadherin, which promotes motility and invasion. The 

disturbance of the adherens complex to releases β-catenin, which was discussed 

earlier would escalate the drive towards EMT.  

 

2.11.5.D EGFR: Epithelial activation marker 

The epidermal growth factor receptor (EGFR), is a 170-kDa glycoprotein, a founding 

member of the ErbB receptor tyrosine kinase (RTK) family. The multifunctional role of 

murine epidermal growth factor (EGF) and its human equivalent, β-urogastrone have 

been studied extensively since first discovered by Stanley Cohen, about half a century 

ago (Cohen 1960). The RTK family consists of four transmembrane receptors 

including EGFR (also known as ErbB1/ HER-1), ErbB2/Neu/HER-2, ErbB3/HER-3, 

and ErbB4/HER-4 (Schlessinger 2002). EGFR ligands include epidermal growth factor 

(EGF), transforming growth factor-α (TGF-α), epiregulin (EREG) amphiregulin (AR), 

and heparin- binding EGF (HB-EGF).  

The EGFR consists of an extracellular receptor domain, a transmembrane region with 

a single hydrophobic anchor sequence and an intracellular portion with tyrosine kinase 

function. Ligand binding to EGF receptors induces a complex conformational change 

with resultant activation of the intrinsic kinase domain and phosphorylation of specific 

tyrosine residues (PLC-γ, MAPK & GAP) within the cytoplasmic tail that leads to 

activation of downstream signalling cascades (including Ras/MAPK/STATs/PI3k-Akt), 

transducing extracellular stimuli to nuclear transcriptional factors (Schlessinger 2002; 

Voldborg et al. 1997; Yarden & Sliwkowski 2001) (Figure 2.25). 

In the human lung, EGFR is normally located on airway epithelium cells, smooth 

muscle cells, and bronchial glands; where, they can be activated by ligands secreted 

by the epithelium and underlying mesenchyme, including smooth muscle cells (Aida 

et al. 1994; Amishima et al. 1998; Koff et al. 2008). Activation of the EGFR pathway is 

usually associated with local autocrine changes, for example epithelial wound repair 

and vascular smooth muscle cell proliferation, as well as paracrine signalling from the 

epithelium to the mesenchyme (Burgel & Nadel 2008; Ingram & Bonner 2006; Zhou, 

Ibe & Raj 2007).  Although EGFR plays an important role in tissue morphogenesis and 

repair, dysregulation of this pathway is also implicated in various pathologic conditions. 
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Thus over-activation of the EGFR pathway has been observed in lung remodelling 

associated several chronic lung diseases, including pulmonary fibrosis, BPD 

(bronchopulmonary dysplasia), cystic fibrosis, asthma and COPD (Amishima et al. 

1998; de Boer et al. 2006; Normanno et al. 2003; O'Donnell, RA et al. 2004; Stahlman, 

Orth & Gray 1989; Strandjord et al. 1995). In addition, duplications of the EGFR gene 

and active mutations in its tyrosine kinase domain have been found in several tumours, 

including NSCLC (Carlson, JJ et al. 2009; Charpidou et al. 2008) (Figure 2.26).  
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Figure 2-25: EGFR Pathway.  
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Figure 2-26: Schematic diagram of EGFR.  
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EGFR has been observed to work in association with EMT-related drivers and 

transcriptional factors. Thus, Citterio et al reported an interaction between TGF-β and 

EGFR assisting in cell migration and matrix turnover in EMT (Citterio & Gaillard 1994). 

Hui-Wen Lo et al observed EGFR mediated up regulation of STAT3-mediated (signal 

transducer and activator of transcription 3) Twist gene expression leading to EMT (Lo 

et al. 2007) and Suzuki et al demonstrated a positive correlation between an EGFR 

mutation and nuclear accumulation of β-catenin via synchronous alteration of Wnt and 

EGFR signalling pathways (Suzuki et al. 2007). 

Research into EMT-activity in vivo in human smokers and COPD has also shown 

EGFR to be highly expressed as indicator of epithelial activation (Sohal, S. S., Reid, 

Soltani, Ward, Weston & Muller 2010) and inhaled corticosteroids reduced EGFR 

expression in airway epithelium in COPD in association with reducing EMT activity 

(Sohal, S. S. et al. 2014). Further, a recent study by Helen M et al showed that 

excessive expression of EGFR by airway cells may lead to squamous metaplasia in 

smokers with COPD (Rigden et al. 2016), possible driven by oxidative stress induce 

by cigarette smoke (Shaykhiev et al. 2013). 

EGFR also been reported to involve in goblet cell hypertrophy and hypersecretion of 

mucus in smoker COPD patients, associated with increased MUC5AC gene 

expression but reduced MUC5B gene expression in large airways (Innes et al. 2006). 

It has also been reported that regulatory mechanisms governing, induction of MUC2 

and MUC5AC expression was mediated by the EGFR/Ras/Raf signal transduction 

pathway (Perrais et al. 2002). This concept was further elaborated by Shao et al who 

observe that cigarette smoke activated TNF-α converting enzymes(TACE) which 

released mature TGF-α to bind and activate EGFR and MUC5AC in human airway 

epithelial cells (NCI-H292) (Shao, Nakanaga & Nadel 2004). Thus, EGFR is an integral 

component in COPD associated pathogenesis.     

In NSCLC, the most frequent mutations found, affect K-Ras or EGFR, occurring in a 

mutually exclusive manner, with EGFR mutations (in exon 19 and 21) arising most 

prevalently in non-smokers (Pao et al. 2005), although similar somatic mutations have 

previously been reported in NSCLC (Lynch et al. 2004; Paez et al. 2004). EGFR over-

expression leads to consequent augmentation of cell survival and proliferation has 

also been observed in premalignant lesions, (Hirsch, Varella-Garcia & Cappuzzo 
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2009). 30-75% of NSCLCs, over expressing EGFR (Soria et al. 2012) due to 

epigenetic changes (transcriptional hyper-activation), gene amplification or oncogenic 

viruses (Hirsch, Varella-Garcia & Cappuzzo 2009). It has also been reported that 

NSCLCs that over-express both EGFR and HER2 demonstrated an aggressive 

pattern of tumour cell growth. Patients bearing EGFR mutations have shown 

favourable clinical outcomes even with conventional chemotherapy (Eberhard et al. 

2005), and is itself a therapeutic target in NSCLC (Fukuoka et al. 2003; Perez-Soler 

2004).  

In summary, the role of EGFR in controlling many normal cellular process including 

differentiation, proliferation and cell survival is very complex, and excess or aberrant 

expression has been implicated in tissue fibrosis, COPD and malignant 

transformation. 

 

2.11.6 Epigenetic regulation of EMT 

EMT has been associated with both epigenetic changes and post-transcriptional 

modifications of the complex processes involved. 

Epigenetic modifications include those of histone protein, and DNA promoter regions, 

without altering DNA sequence. They include methylation of transcription promoter 

sites and histone modification(s) by acetylation, methylation, phosphorylation, 

glycosylation, hydroxylation or SUMOylation (Small Ubiquitin-like Modifier) 

(Kouzarides 2007). Similarly, post-translational modifications are covalent enzymatic 

modifications that occur during and after mRNA transcripts have been translated 

(Walsh, Garneau‐Tsodikova & Gatto 2005). 

 

2.11.6.A DNA methylation 

This is the fundamental epigenetic modifications in mammals occurring at the 5-

position of cytosine (5mC) and is catalysed by DNA methyltransferases (DNMTs) 

(Fukagawa et al. 2015; Subramaniam et al. 2014). The DNMT family has four 

members: DNMT1, DNMT3A, DNMT3B, and DNMT3L. Role of DNMT1 is to maintain 

DNA methylation during DNA replication, while DNMT3a and DNMT3b are associated 
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with de novo regulation of DNA methylation primarily during embryonic development. 

Hyper-methylation is associated with inactivation of CDH1 gene (E-cadherin) and is a 

common event in multiple human carcinomas including breast, bladder, liver gastric, 

prostate and lung (Bornman et al. 2001; Graff et al. 1995; Tamura et al. 2000; Yoshiura 

et al. 1995). Additionally, promoter hyper methylation of the CDH1gene (E-cadherin) 

is positively associated with EMT in breast cancer cell lines, corresponding with an 

increased potential for invasion and metastasis (Lombaerts et al. 2006). 

Several transcriptional factors including, Snail1, Twist and ZEB1 regulate E-cadherin 

expression as described previously at the level of CDH1 transcription. ZEB1 represses 

CDH1 transcription by its binding to two E-box sequences in the promoter. In addition, 

ZEB1 can also regulate CDH1 expression at the epigenetic level to induce EMT in 

cancer cells. DNA methylation may be of fundamental importance in the activation of 

pro-metastatic EMT genes (Dumont et al. 2008). 

 

2.11.6.B Histone modifications 
 

2.11.6.B.i Methylation 

A list of histone methyltransferases involved in epigenetic regulation of EMT is given 

in Table 2.6, but an in depth explanation is beyond the scope of this thesis.  

Snail, the zinc finger transcription factor discussed earlier, regulates EMT by 

suppressing the transcription of the gene for E-cadherin (CDH1) not only by binding 

to E-boxes in the CDH1 promoter region (Batlle et al. 2000), but also by co-operating 

with histone methyltransferases (HMT) and DNA methyltransferases (DNMTs) to 

epigenetically modulate the expression of CDH1 at this level (Lin, Y, Dong & Zhou 

2014).  

Hyper methylation of E-cadherin is an epigenetic modification associated with the 

invasive capacity of cancer cells and occurs through the interactions of EMT-TF 

(transcription factors) with several HMTs and DNMTs. Theses complexes interacts to 

either repress the expression of CDH1, for development of a mesenchymal state, or 

repress the EMT-TF expression, thereby maintaining an epithelial state. Currently, 

several DNA methylation inhibitors are approved by the US Food and Drug 
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Administration (FDA). One such inhibitor, 5-Azacytidine, is well known to have good 

efficacy in treating myelodysplastic syndromes (Kaminskas et al. 2005; Kelly, De 

Carvalho & Jones 2010). The same inhibitor is also being evaluated for a blocking 

effect in various NSCLC cell lines, such as the anti-cisplatin cell strain A549DDP 

where it was observed that the methylation status of RASSF1A’s (genes associated 

with lung cancer development and growth) was reversed by this treatment. Moreover, 

cell apoptosis and growth were blocked in the G0/G1 stage of cell cycle (Mengxi et al. 

2013). 

 In general, identification of these epigenetic markers within a tumour would be helpful 

to develop new therapeutic approaches by targeting enzymes specifically associated 

with EMT in various cancers. 

 

 

Table 2.6: Key Histone Methyltransferases in EMT. 

KDM6B demethylates H3K27 at the Snai1 promoter. MMSET can di or trimethylate 

H3K36 at the Twist promoter. LSD1 methylates H3K4m2 on CDH1 (E-cadherin gene). 

Suv39H1 can trimethylate H3K9 on the CDH1 promoter. SET8 methylates H4K20 on 

the CDH1 and CDH2 promoters. G9a is responsible for mono and dimethylation of 

H3K9. 

 

Reproduced with permission from Serrano-Gomez, Maziveyi & Alahari (2016), 

Copyright Bio-med central.  
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2.11.6.B.ii Acetylation 

Histone acetylation and deacetylation can also play a vital role in transcription 

regulation (Dai & Faller 2008). Histone acetylation is catalysed by Histone Acetyl 

Transferases (HATs), to generate transcriptionally active chromatin. Acetylation, 

neutralises positively charged lysines to allow increased access to transcriptional 

DNA. On the other hand, histone deacetylases (HDACs) catalyse the removal of the 

acetyl residues to create more inactive regions (Dai & Faller 2008; Peinado et al. 2004; 

Tam & Weinberg 2013) (Figure 2.27). HATs and HDACs are usually part of co-

activator or co-repressor multi-protein complexes, recruited to specific DNA 

sequences to determine the local acetylation status (Peinado et al. 2004). 

Multiple HDACs have been identified in mammals and are grouped into different 

classes on the basis of their function and DNA sequence similarities. Class I comprises 

HDAC1, 2, 3, 8 and 11 whereas class II includes HDAC4, 5, 6, 7, 9 and 10. HDAC 

reduction observed in many chronic inflammatory diseases make it also promising 

therapeutic target in many fibrotic diseases (Barnes, P. J. & Stockley 2005; de Ruijter 

et al. 2003; Ficner 2009; Pang & Zhuang 2010). It appears that HDAC2 plays a vital 

role for the regulation of inflammatory genes, (Barnes, P. J. & Stockley 2005; Ito et al. 

2005). 

 In COPD associated airway disease, a marked reduction in HDAC2 expression and 

activity has been observed, with rather less reduction in HDAC5 and HDAC8 

expression, and normal expression of other HDACs. However, our group’s reported 

(in rather more detailed studies) that HDAC2 expression in smokers was increased in 

biopsy LP (lamina propria) by smoking itself, but was reduced in current smoking 

COPD while ex-smoker COPD had normalised HDAC2 cell expression, there was 

minimal effect of inhaled corticosteroids (ICS) on this system in these tissues (Sohal, 

Sukhwinder Singh et al. 2013).  

The majority of epithelial cancers have demonstrated over-expression of HDAC1 and 

HDAC2 (Jurkin et al. 2011). For example, HDAC1 was highly expressed in 

hepatocellular, breast, and liver, prostate, gastric and colon carcinoma; and HDAC2 

was overexpressed in colorectal, cervical and gastric cancer (Bolden, Peart & 

Johnstone 2006; Rikimaru et al. 2007).  
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The role of certain HDACs is still controversial, which hinders the development of a 

viable therapeutic option (Adhikary et al. 2014). However, therapeutic use of HDAC 

inhibitors such as valproic acid (VPA), suberoylanilide hydroxamic acid (SAHA) and 

trichostatin-A (TSA) has already been tested in several models of cancer and showed 

promising results (Stadler & Allis 2012). For example, in triple-negative breast cancer, 

Panobinostat, an inhibitor of HDAC class I, II and IV, reduced proliferation as well as 

increasing the expression of E-cadherin suggesting reduced EMT activity (Tate et al. 

2012). In summary, more complete understanding of histone acetylation in EMT 

control could well lead to more effective treatments for fibrotic and malignant 

conditions in the future.  
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Figure 2-27: Histone acetylation. 

leading to active gene transcription and deacetylation leading to gene suppression. 

Produced with permission from Barnes, Peter J. & Adcock (2003), Copyright American 

Journal of Physicians.  
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2.11.6.C Post translational modifications during EMT 

As mentioned, post-translational modifications (PTMs) occur covalently to proteins 

after mRNA translation into protein (Walsh, Garneau‐Tsodikova & Gatto 2005). These 

covalent modifications include the addition of a modifying chemical group or another 

small protein addition to one or more residues of the target proteins (Deribe, Pawson 

& Dikic 2010). PTM can occur either on a single residue inside the protein or on 

multiple residues undergoing the different or same modification (Pejaver et al. 2014). 

An in depth literature review on PTM is beyond the scope of this thesis, but I have 

summarised important events in one table (Table 2.7).  
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Table 2.7: Post - Translational Events in EMT. 

 

Hydroxylated HIF-1α (hypoxia inducible factor) promotes EMT by decreasing epithelial 

markers such as E-cadherin and increasing mesenchymal markers such as α-SMA 

and FSP1. Phosphorylation of Snail mediated by GSK-3β results in Snail degradation 

by the proteasome. Snail can also be glycosylated under hyperglycaemic conditions 

to promote EMT. 

Phosphorylated Par6 interacts with the E3-ubiquitin ligase Smurf-1 that targets RhoA 

for degradation, leading to the disassembly of tight junctions. The FoxM1 transcription 

factors belongs to a large family of forkhead box (Fox) TFs, which are characterized 

by the presence of a DNA-binding domain called the forkhead box or winged helix 

domain. SUMOylation of FoxM1 leads to repression of miR-200 EMT/tumour 

suppressors that enhance the expression of E-cadherin and through suppressing the 

expression of TFs ZEB1 and ZEB2. TFAP2C (transcription factor activator protein 2C) 

undergoes SUMOylation to block its ability to induce the expression of epithelial-cell 

luminal genes and help it to maintain basal-cell like features. SIP1 (Smad-Interacting 

Protein 1) SUMOylation leads to the maintenance of CDH1 (E-cadherin) expression.  

 

Reproduced with permission from Serrano-Gomez, Maziveyi & Alahari (2016), 

Copyright Bio-med central.  
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Pharmacological products, including chemical inhibitors and monoclonal antibodies, 

targeting several key proteins have been developed to modify disease processes at 

the level of EMT activity, and show promising results for the treatment of tissue fibrosis 

and malignancy. However, very little research has been done to target strategic post 

translational modifications of proteins, but would seem to have significant therapeutic 

potential, especially in early tumours.  

 

2.11.7 EMT and smoking 

Cigarette smoke (CigS) is recognized as an important factor for elevated risk of various 

respiratory diseases, as well as compromised host immunity in healthy individuals. 

Various ingredients, including the cigarette paper, tobacco blend, added chemicals, 

the type and efficiency of the filter, and the degree of tip ventilation determine the 

chemical composition of cigarette smoke. Thus in fresh CigS, more than 4,000 

different substances have been identified so far, including neutral gases, nitrogen 

oxides, carbon oxides, amides, imides, lactams, carboxylic acids, esters, aldehydes, 

lactones, ketones, alcohols, phenols, amines, volatiles N-nitrosamines, N-

heterocycles, hydrocarbons, nitriles, anhydrides, carbohydrates, ethers, nitro-

compounds, metals and short- and long-living free radicals (Fowles & Dybing 2003). 

The quantities of the components may vary in the mainstream smoke of a single 

cigarette smoked from beginning to end (Borgerding & Klus 2005). 

 

2.11.7.A Nicotine 

Nicotine, a major component of cigarette smoke and the core addictive, neuro-acting 

agent, seems to have an important role in airway remodelling by stimulating lung 

fibroblast trans differentiation and upregulating Wnt signalling (Krebs et al. 2010; 

Rehan et al. 2005; Sakurai, R et al. 2011). Furthermore, nicotine enhances the 

expression of fibronectin, an EMT marker (Wei, P-L et al. 2011). Zou and colleagues 

observed in vitro that nicotine drive EMT in HBECs, primarily mediated via a Wnt3a/β-

catenin -dependent mechanism. They also investigated TGF-β1 expression regulation 

via Wnt3a pathway, which further enhances TGF-β1 induced EMT in HBECs (Zou et 

al. 2013).  
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This was consistent with previous studies, which had found that Wnt3a activates 

Wnt/β-catenin signalling to promote EMT-like phenotypes in breast cancer cells (Wu, 

ZQ et al. 2012). 

Nicotine is also reported to upregulate HIF1α which has been observed to be 

increased in lung tissue of COPD patients and significantly related to bronchial 

epithelial changes and sub epithelial fibrosis (Polosukhin et al. 2007). Another 

important study highlighted that bronchial and alveolar epithelial cells (A549 line) 

underwent a phenotypic shift in response to cigarette smoke extract (CSE) exposure 

with increased collagen deposition again HIF1α signalling seemed to play a role in 

this, implying from the above that nicotine was involved (Eurlings, IMJ et al. 2014). 

An important study by Khoi et al has reported that nicotine induces Urokinase-type 

plasminogen activator receptor (uPAR) expression via the MAPK/ROS/NFkB 

signalling pathways that stimulates invasiveness in human ECV304 endothelial cells. 

Following this, a study by Wang and colleague, observed close association of uPA 

augmenting inflammation and tissue remodelling during lung injury and repair. In 

human small airway epithelial cells (HSAEpiCs), cigarette-smoke extract (CSE) 

induced uPA expression and coincident EMT, and in vivo uPA was associated with 

small airway remodelling in COPD patients (Wang, Q et al. 2015). 

Although carcinogenic potential of nicotine is not well established, recent studies have 

shown that nicotine can also contribute to EMT and cell proliferation in lung cancer 

through the activation of nicotinic acetylcholine receptors (nAChRs) (Dasgupta et al. 

2006; Dasgupta et al. 2009). Nicotine binding to nAChRs causes the recruitment of β-

arrestin and Src at nicotinic receptors, with resultant activation of the MAPK pathway, 

and ultimately result in cell proliferation (Dave et al. 2011) (Figure 2.28). β-arrestins, a 

48 kDa protein, function as scaffold proteins that form complexes with most G protein-

coupled receptors (GPCRs) following agonist binding and phosphorylation of 

receptors by G-protein-coupled receptor kinases (GRKs) (Luttrell & Lefkowitz 2002). 

Src is the member of non-receptor membrane associated tyrosine kinases, which are 

involved in regulation of many key cellular process including cell–cell contact 

cytoskeletal organization, and cell–matrix adhesion. Activation of Src family kinases is 

observed to be associated with expression of mesenchymal proteins and other EMT 

related events (Liu, X & Feng 2010). Furthermore, Tsai et al observed a role for 

nicotine in inducing invasion and migration of NSCLC cells via a7-nAChRs (Tsai & 



 
 

112 
 

Yang 2013). In vivo and in vitro studies of lung cancer, have shown, that nicotine could 

induce changes in gene expression related to EMT, characterized by decreased 

epithelial marker expression (E-cadherin, ZO-1) and concomitant increased 

acquisition and expression of mesenchymal proteins (vimentin, fibronectin), (Davis et 

al. 2009; Tsai & Yang 2013). In line with these studies implicating nicotine in EMT and 

cancer metastasis induction, Pillai et al. reported that stimulation of multiple NSCLC 

cell lines with nicotine led to enhanced recruitment of β-arrestin-1 and E2F1 

(transcriptional regulator of cell cycle) to gene promoter region that stimulate the 

expression of mesenchymal markers (Pillai et al. 2015). 

Periostin, also known as osteoblast-specific factor 2 (OSF-2), was observed to induce 

changes in tumorigenic cells (293T cells) including cell migration, invasion and 

adhesion (Yan, W & Shao 2006), and recently this was reinforced by demonstration 

of nicotine regulated periostin expression in NSCLC cells, but via nAChR-independent 

pathways (Wu, SQ et al. 2013). 

 

2.11.7.B Polycyclic Aromatic Hydrocarbons (PAH) 

Polycyclic Aromatic Hydrocarbons are organic compounds released as a result of 

incomplete combustion of coal, gas or tobacco. The role of major PAH in EMT 

induction was first noticed when Benzo-a-pyrene, was observed to induce activation 

of EMT-related genes including TGFβ2, Twist, plasminogen activator inhibitor-1, 

fibronectin, and basic fibroblast growth factor in A549 cells (Yoshino et al. 2007). In 

addition, PAH also activate a ligand-activated transcription factor (aryl hydrocarbon 

receptor-AhR) which was observed to participate in Slug induction, and then EMT 

(Ikuta & Kawajiri 2006) (Figure 2.28). AhR expression was observed to be upregulated 

in lung adenocarcinoma, suggesting a presumptive role in its development and 

progression (Lin, P et al.). Valavanidis et al reported that in a malignant setting, marked 

cytoskeleton remodelling is indeed the result of prolonged AhR activation and resulting 

JNK pathway activation which ultimately leads to increased cell migration and invasion 

(Valavanidis, Vlachogianni & Fiotakis 2009). An essential role of AhR in EMT was also 

evidenced by CSE inducing MMP-1 expression in human fibroblasts through activation 

of the AhR-related pathway (Ono et al. 2013).  
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2.11.7.C Reactive Oxygen Species (ROS) 

CigS also contains reactive oxygen species (ROS), which are stable and unstable free 

radicals in the particulate and the gas phases that can lead to oxidative damage to 

lung tissue (Valavanidis, Vlachogianni & Fiotakis 2009). Although the carcinogenic role 

of oxidative damage by cigarette smoke is unclear (Pfeifer et al. 2002) it has been 

observed that hydroxyl radicals generated from cigarette tar can cause oxidative DNA 

damage. In addition, CigS and respirable fibres and dusts act synergistically to 

produce increase amount of damaging hydroxyl radicals (Valavanidis, Vlachogianni & 

Fiotakis 2009). Studies have also shown that various oxidants present in CigS 

including peroxynitrite and H2O2 (Mallozzi, Di Stasi & Minetti 1999; Mehdi et al. 2005) 

can activate Src in a NSCLC cell line (H358), resulting in EMT-associated cell invasion 

and motility (Zhang, H et al. 2012) (Fig 2.28). 

 

2.11.7.D Nicotine-derived nitrosamine ketone (NNK) 

NNK has been found to upregulate the expression of the mesenchymal marker 

fibronectin through cyclooxygenase-2 (COX-2), which is mediated by the activation of 

a7-nAChR. Polycyclic aromatic hydrocarbons (PAH) can mediate EMT through the 

activation of the aryl hydrocarbon receptor (AhR), which triggers marked cytoskeleton 

remodelling associated with the activation of the JNK pathway. Increased nuclear 

accumulation of AhR in response to PAH also leads to transcriptional activation of 

Slug (Fig 2.28).  
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Figure 2-28: EMT and smoking: Summary 

 
Reactive oxygen species (ROS) found in cigarette smoke can activate SRC resulting 

in cytoskeletal modification. Nicotine can induce EMT through nAChRs-dependent 

and nAChRs-independent pathways. In the nAChRs-dependent pathway, the 

activation of nAChRs results in the recruitment of β-arrestin1 on to the promoters and 

promotes the expression of mesenchymal markers. Additionally, the activation of 

nAChRs can also induce expression of periostin, the overexpression of which has 

been reported to cause EMT. In a nAChRs-independent pathway, nicotine can induce 

EMT through upregulating miR-21 in a manner dependent on TGF-β signalling.  

 

Reproduced with permission from Vu, Jin & Datta (2016), Copyright MDPI.  
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2.11.8 EMT and Angiogenesis 

The role of new blood vessel formation in EMT has not been widely discussed in the 

literature. However, angiogenesis has been studied as a vital aspect of both 

premalignant and malignant phases of cancer progression (Hanahan & Weinberg 

2011). Previous studies have demonstrated that smokers with neo-angiogenesis and 

projection of capillary loops penetrating into the bronchial epithelium are at especially 

high risk of developing lung cancer (Hiroshima, K. et al. 2002; Keith et al. 2000). 

Studies by our research group have reported increased vascularity in the sub-epithelial 

reticular basement membrane (Rbm) of the bronchial mucosa in COPD subjects 

(Soltani, A. et al. 2010; Soltani, Wood-Baker, et al. 2012). These aberrant vessels 

were found to be hyper permeable using surrounding albumin as a marker of vessel 

leakage. This increased vessel leakiness is consistent with previous literature 

describing vessels associated with premalignant lesions (Hanahan & Weinberg 2011; 

Soltani, A. et al. 2010; Soltani, Wood-Baker, et al. 2012). 

A subsequent study by Soltani et al investigated TGF-β expressing blood vessels, 

providing evidence for involvement of this major signalling molecule in this 

angiogenesis (Soltani, Sohal, et al. 2012). These TGF-β-positive vessels were 

detected in the Rbm of smokers and COPD subjects with evidence of EMT (Sohal, S. 

S., Reid, Soltani, Ward, Weston & Muller 2010, 2011). All these findings are consistent 

with active EMT Type 3, and previous literature showing potential of various EMT 

markers including S100A4 to be involved in the induction of angiogenesis (Kalluri, R. 

& Neilson, E. G. 2003).  

Endothelial cells of tumour associated blood vessels have been found to express 

endocan in non-small cell lung cancer (NSCLC) (Grigoriu et al. 2006). Endocan has 

been found to inhibit leukocyte adhesion to endothelial intercellular adhesion 

molecule-1, (ICAM-1), and lymphocyte function-associated antigen-1, (LFA-1) and 

their subsequent migration into tissue (Caires et al. 2009; Sarrazin et al. 2010). In 

particular, endocan also has the potential to inhibit migration of Natural Killer (NK) cells 

which should play an important role in recognising and killing of tumour cells (Sarrazin 

et al. 2010). This may link vessel proliferation in COPD airways, i.e. Type 3 EMT and 

increased risk of lung cancer.  
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Fibroblast-like cells produced through EMT are also believed to be involved in 

modulating cancer progression (Kalluri, Raghu & Zeisberg 2006). Thus, it has been 

postulated that EMT may give rise to cancer-stimulating stromal cells (cancer 

associated fibroblasts, CAFs) which produce tumour enhancing growth factors 

(Iwatsuki et al. 2010). 

 

2.11.9 EMT in COPD 
 

As described previously, COPD is characterized by the poorly reversible airflow 

obstruction, mainly due to inhalation of cigarette smoke (Churg et al. 2006; Hogg, 

Macklem & Thurlbeck 1968; Saetta, M. et al. 2000). Fibrosis and obliteration of the 

small airways and in some individual’s later development of emphysema contribute to 

this progressive airflow obstruction (O'Donnell, DE & Parker 2006).  

It has recently been shown that a fundamental-level pathology in COPD is genetic 

reprogramming of epithelial basal stem cells, consequence of which is a markedly 

altered epithelium structure; EMT induction may also be part of this process. However, 

details of the processes involved are not yet clearly understood. 

A study by our group a decade ago was the first to directly implicate EMT in COPD. 

This study showed that in addition to the classic changes of squamous metaplasia and 

(epithelial thickening), goblet cell and mucous gland hyperplasia, there is also marked 

fragmentation of the Rbm and mesenchymal protein acquisition by basal epithelial 

transitioning cells in smokers but especially in currently smoking COPD (Sohal, S. S., 

Reid, Soltani, Ward, Weston & Muller 2010). In addition, large numbers of EMT-

associated and presumably transitioning cells within clefts in the Rbm show increase 

expression of MMP9 and S100A4. The fragmentation of the Rbm is likely due to the 

MMP digesting the way for the cells though to the lamina propria (Acloque et al. 2009; 

Kalluri, R. 2009; Kalluri, R. & Neilson, E. G. 2003; Zeisberg & Neilson 2009). The cells 

in the fragmented Rbm were shown to double-express both epithelial and 

mesenchymal markers (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2010, 

2011). All of these observations were made using large airway endobronchial biopsies 

taken bronchoscopically from phenotypically diverse research volunteers. In EMT, 

activated state of large airway epithelium was observed, evident with overexpression 
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of EGFR (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2010). As previously 

discussed, the group also observed hyper-vascularity of Rbm and epithelium and 

hypo-vascularity of the LP, but with this change only found in current smokers, with or 

without COPD (Soltani, A. et al. 2010). 

Subsequently, Milara et al demonstrated that cigarette smoke extract (CSE) was 

capable of inducing EMT in vitro primary human bronchial epithelial cells through the 

TGFβ pathway but antagonised by increased cAMP levels (Milara, Peiro, et al. 2013). 

Similarly, Wang et al. contributed by observing a significant correlation between uPAR 

and vimentin (a mesenchymal marker) expression in COPD airway epithelium and in 

association with CSE-induced EMT in-vitro (Wang, Q et al. 2013). Later Sophie and 

colleagues highlighted the importance of EMT by describing that bronchial epithelium 

from COPD patients showed increased vimentin and decreased ZO-1 and E-cadherin 

expression. At the same time vimentin over-expression was also significantly 

correlated with basement membrane thickening and (importantly) airflow limitation. In 

addition, EMT-related de-differentiation of the epithelium occur in COPD conducting 

airways and correlated with peri-bronchial fibrosis and with airflow limitation. They also 

recapitulated these findings in vitro, where re-differentiation of the epithelium seemed 

to be the consequence of TGF-β signalling. Moreover, targeting TGF-β1 during in vitro 

differentiation also prevented vimentin induction and fibronectin release (Gohy, S. T. 

et al. 2015). 

 

2.11.10 EMT in Lung Cancer 
 

Lung cancer is a major cause of death worldwide (Siegel, R., Naishadham, D. & Jemal, 

A. 2013), predominantly in smokers and especially in those with COPD. It is highly 

complex neoplasm with several histologic types, with primary division between small 

cell and non-small cell lung carcinoma (NSCLC), with adenocarcinoma and squamous 

carcinoma being the predominant types in NSCLC (Molina et al. 2008). Lung cancer 

are believed to result from progressive series of cellular events (Wistuba 2007) that 

also involve EMT. A deeper understanding of mechanism involved in EMT associated 

with lung cancer progression and metastasis may lead to new and effective strategies 

for early detection and chemoprevention and targeted treatment.  
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FSP-1(S100A4) is a “classic” mesenchymal protein marker in which activity 

corresponds to fibroblast-regulated fibrosis in pulmonary tissue (Liau, Yamada & de 

Crombrugghe 1985). This might also give a clue to EMT associated fibroblast/myo-

fibroblast, expressing mesenchymal protein in malignant stroma. It is interesting to 

note that other sources of myofibroblasts in tumour tissue include pericytes, resident 

fibroblasts and bone-marrow derived mesenchymal stem cells. (Navab et al. 2011; 

Venkov et al. 2007). Further, gene expression of proteins regulated by TGFβ and 

MAPK signaling were observed to be higher in cancer-associate fibroblasts (CAF) in 

comparison to normal fibroblasts (Navab et al. 2011). Shi et al observed that EMT 

associated cancer cells, promote expansion of mesenchymal cells and poor patient 

outcomes correlated with elevated Twist, Snail and CD44 expression in lung cancer 

(Shi et al. 2013). 

Walser and colleagues proposed EMT as an important linking feature between COPD 

and lung cancer where it was highlighted that the cytokines and growth factors 

aberrantly produced in COPD and the developing tumour microenvironment have 

been found to have deleterious properties that simultaneously pave the way for both 

EMT and destruction of specific host cell-mediated immune responses (Walser et al. 

2008).  EMT in the context of lung cancer, has been reported to employ various 

signalling mechanisms and down-stream transcriptional factors for development, 

progression and finally metastasis. Here I will give a brief review of each for lung 

cancer, trying not to repeat too much of my previous discussion (Fig 2.29). It has been 

shown that EMT requires the cooperation of oncogenic Ras or RTK, both of which 

induce hyperactive downstream signaling of Raf/MAPK with endogenous TGFβ 

signaling. Indeed, it has been observed that sustained TGFβ signaling may be 

required for the maintenance of EMT in epithelial cells and also for metastasis in 

several mouse models (Grunert, Jechlinger & Beug 2003; Morris et al. 2003); TGFβ2 

may be particularly important in lung cancers, both NSCLC and SCLC (Malkoski et al. 

2012) and may be a potential therapeutic target (Fong et al. ; Tang et al. 2006). 

Wnt signaling has also been demonstrated in many human cancers and cells 

expressing Wnt-1 are resistant to therapies that mediate apoptosis. Thus, Wnt-1 and 

Wnt-2 have been found to be over-expressed in NSCLC lines (Huang, C et al. 2015). 

In addition, anti-Wnt-1, a monoclonal antibody, has been shown to suppress tumor 

growth (You et al. 2004). 
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We know that lung cancer (SCLC and NSCLC) requires an active Hh signaling 

pathway. It has been shown that Hh pathway antagonists also inhibits proliferation of 

NSCLC cell lines (Yuan et al. 2006). The importance of Hh signaling in cancer lies in 

the transcription targets of Gli, and other genes known to control cell proliferation: i.e, 

cyclin D1, cyclin E1 and Myc. Gli is also reported to activate genes controlling tumor 

angiogenesis including those in VEGF and PDGF signaling pathways (Morrow et al. 

2009). Endothelial cells lining the blood vessels supplying the tumor with nutrients also 

demonstrate endo-MT, under the influence of PDGF, periostin and Hh signaling 

pathways (Smith & Bhowmick 2016).  

Notch signaling (Notch receptor and ligand) were shown to be elevated in NSCLC 

lines and blockade of Notch pathway activation, using gamma secretase inhibitor 

caused increased apoptosis and reduced NSCLC tumor growth (Konishi et al. 2007). 

More recently, it has been shown that M2-like tumor-associated macrophages (TAMs) 

have a lower level of Notch pathway activation in mouse tumor models, while forced 

activation of Notch signaling in macrophages enhanced their anti-tumor capacity 

(Wang, YC et al. 2010). Therefore, Notch signaling plays critical roles in the 

determination of M1 versus M2 polarization of macrophages, and compromised Notch 

pathway activation can lead to over-expression of the M2-like TAMs in lung cancer 

progression (Popper 2016). 

 

Regarding therapeutic potentials for COPD, extensive review by Young and 

colleagues have highlighted the potential for statins in COPD. Current therapies for 

COPD have been shown to reduce symptoms and infective exacerbations and to 

improve quality of life. However, these drugs have little effect on the natural history of 

the disease (progressive decline in lung function and exercise tolerance) and do not 

improve mortality. The anti-inflammatory effects of statins on both pulmonary and 

systemic inflammation through inhibition of guanosine triphosphatase and NFkB-

mediated activation of inflammatory and matrix remodeling pathways could have 

substantial benefits in patients with COPD due to the following: 1) Inhibition of  cytokine  

production  (tumor  necrosis  factor- a,  interleukin  (IL)-6  and  IL-8)  and  neutrophil 

infiltration into the lung; 2) inhibition of fibrotic activity in the lung leading to small 

airways narrowing  and  irreversible  airflow  limitation;  3)  antioxidant  and anti-

inflammatory  (IL-6  mediated) effects  on  skeletal  muscle;  4)  reduced  inflammatory  
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responses  to  pulmonary  infection;  and  5) inhibition of the development (or reversal) 

of EMT, a “precursor event to  lung  cancer” (Young, Hopkins & Eaton 2009).  
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Figure 2-29: Multiple steps in Cancer Progression. 

Involvement of EMT-inducing transcription factors (EMT-TFs). 

 

Reproduced with permission from Sato (2016), Copyright AlphaMed Publisher. 

 

There is emerging evidence of cancer stem cell (CSC) involved in development of 

malignancy including lung cancer, which is currently under active investigation. The 

CSC model is based on the fact that each tumour contains a small subpopulation of 

cells which are capable of both cancer self-renewal and to generating differentiated, 

non-tumorigenic daughter cells (Clarke et al. 2006). In the lung, bronchio-alveolar stem 

cells (BASCs) are a population of pulmonary stem cells which are actually progenitors 

of airway epithelial (these stem cells are the epithelial basal cells) and alveolar type I 

and type II cells. They are crucial for renewal of bronchial, bronchiolar and alveolar 
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epithelium (Kim, CF 2007) and that their transformation may give rise to lung 

adenocarcinomas (Kim, CFB et al.). This supports a previous mouse model study 

where it was observed that BASC numbers were increased, even in the earliest 

malignant lesions that further increased during tumor progression (Jackson et al. 

2001).  The ability of EMT markers to identify a subset of tumour cells raises the 

possibility that EMT could be associated with the maintenance of cancer stem cells. 

Thus Brabletz reported that invading cells expressed nuclear β-catenin as well as the 

stem cell markers hTert and survivin (Brabletz, Jung, et al. 2005).  

The role of EMT in tumour metastasis has been widely studied. The presence of EMT 

markers at the tumour–host interface, but not in the central bulk of tumour, is strong 

evidence that EMT is involved in tumour invasiveness and aggressiveness. Two 

hypotheses currently attempt to explain EMT and metastasis 1) cancer progenitor cells 

initially undergo EMT and then metastasis following clonal expansion. This would 

cause a metastatic tumour to share a signature with the cell that originally underwent 

EMT, and thus influences cancer grade (Sarkar, S et al. 2013). 2). It has been also 

observed that, for successful metastasis there is another process, mesenchymal-

epithelial transition (MET). Cancer cells undergone EMT, travelled to other parts of the 

body usually have a mechanism that aid them to infiltrate in other tissues and produce 

new, clinically significant tumour sites, possibly by induced pluripotent stem cells 

(iPSCs) which regain epithelial characteristics and so anchor themselves in the normal 

surrounding tissue (Polo & Hochedlinger 2010). 

 

2.12 Concluding remarks for literature review and questions for the present 
thesis 

 
There is obviously increasing interest in the role of EMT in the pathogenesis of the 

airway wall fibrosis that underlies COPD, as well as its association with development 

and metastasis of lung cancer. Indeed, the majority (50−60%) of lung carcinoma arise 

in the setting of smoking related airway disease i.e. there is a strong link between lung 

cancer and airflow obstruction, suggesting that there may be common underlying 

pathogenic mechanisms.  Notably, two distinct types of EMT have been described in 

relation to fibrosis in general and malignant transformation. In addition, EMT drivers, 

pathways and downstream transcription factors have been implicated as major 

etiological factors in the pathogenesis in COPD. Despite all the data, the mechanisms 
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by which EMT is driving this process in airways of COPD have still been are poorly 

understood and importantly still not generally accepted in the respiratory research or 

clinical communities where an inflammatory model of COPD pathogenesis still holds 

major sway. 

The first step in the EMT process in the context of disease process is the “activation” 

of airway epithelial cells, however that is defined, that leads to structural alteration in 

epithelial morphology, and the characteristics gaining of mesenchymal potential. 

Several specific questions arise regarding mechanisms: Firstly, which specific subtype 

of EMT is present in both small and large airway of smokers and how much EMT 

activity related to airflow obstruction. Secondly, what transcriptional pathways 

(excitatory and inhibitory) are in play and how do they correlate with the degree of 

EMT activity in both smokers and COPD patients and how do they relate to airflow 

obstruction. Thirdly, whether EMT has role in, development, progression and 

metastasis of NSCLC in smokers and how does this relate to EMT in the airways of 

origin.  

Thus, the aims of my thesis were developed to answer these key questions in the 

context of the early airway disease before confounding by chronic infection and 

emphysema are prevalent; and are summarized below; 

 
1. To assess epithelial activation and EMT type and activity in small airways 

compared to matching large airways, I wish to evaluate the relationship 

between epithelial activation and EMT activity and the degree of airflow 

obstruction. 

2. To assess TGFβ1-pSmad 2/3 upregulation and whether there was reciprocal 

down regulation of inhibitory pSmad7 in the epithelium, Rbm and LP of large 

airways in smokers and COPD patients, I choose large airways because I found 

that EMT activity was greatest there, and because I had access to abundant 

tissue from very well characterized, age-matched volunteer subject groups, I 

also evaluated the relationship of expression of this pathway to the degree of 

airflow obstruction and EMT activity. 

3. To assess not only β-catenin/Snail1/Twist TF expression but also their cellular 

localization, again in large airways of smokers and COPD patients. Once more, 
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I also evaluated the relationship of these TFs to the TGFβ-Smad pathway, 

degree of airflow obstruction and EMT activity. 

4. To compare the expression pattern of EMT biomarker between central and 

peripheral (leading edge) areas of NSCLC, evaluate the relationship between 

EMT biomarker expression with differentiation and staging of NSCLC and also 

to evaluate the relationship of the EMT expression and vascularity in tumor with 

changes in the corresponding small and large airway wall. 

 

2.12.1 Hypothesis 
 

The overall hypothesis for my PhD studies is that EMT is an important pathogenic 

mechanism in the development of COPD. I have taken this further by hypothesising in 

addition, that well-accepted core EMT-related pathways and TFs can be demonstrated 

as active in the airways of COPD patients, and are related to functional manifestations 

of disease; and finally, that EMT is a process that relates COPD to its major 

complication of lung cancer development and its early dissemination.   
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Chapter 3 
 

3. Materials and Methods 
 

3.1 Introduction  
 

For the ex-vivo study of expression of epithelial activation and EMT bio-markers, I 

used: firstly, resected lung material to be able to compare small and large airways, 

while secondly, for investigation of pathways involved in EMT activation, I used only 

large airway biopsies obtained bronchoscopically from volunteers, including normal 

non-smokers. In both groups, we carefully phenotyped individuals has being current 

or ex-smokers, and having normal spirometry, or small airway obstruction only, or 

frank COPD i.e. with an FEV1/FVC ratio of < 70%. I was able to obtain lung material 

from age-matched deceased individuals from a lung bio-bank at the University of 

British Columbia in Canada, through the kind auspices of Prof. Jim Hogg (Its Director) 

and Prof Darryl Knight, at that time visiting fellow. 

 

 Throughout, I have studied protein expression using immune-staining: in Chapter 4 

and 7, for bio-markers of epithelial mesenchymal transition (EMT), S100A4 and 

vimentin; EGFR as an epithelial cell activation marker and as a marker of blood 

vessels, Type-IV collagen. In the same way in Chapter 5 and 6, I stained for expression 

of TGFβ1/pSmad 2/3, pSmad 7, β-catenin, Snail1 and Twist. 

 

3.2 Subject recruitment 

3.2.1 Ethics statements 

The Tasmania Health & Medical Human Research Ethics Committee approved all 

studies (EC00337, H0013051 and H0012921). All subjects gave written, informed 

consent to use their tissue, either prior to volunteer bronchoscopy and biopsy, or prior 

to lung surgery.  
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3.2.2 Endo-bronchial biopsies from large airways 

Twenty current smokers with established COPD (COPD-CS), 15 current smokers with 

normal lung function (NLFS), 15 ex-smokers with COPD (COPD-ES) and 15 normal 

healthy, never-smoking controls (NC) were recruited by advertisement in local 

newspapers and placement of posters in clinic waiting areas in the Royal Hobart 

hospital, as well as on the notice boards of social and veterans clubs. Potential 

participants were interviewed and examined by a respiratory physician clinically and 

physiologically. The diagnosis of COPD was made according to GOLD guidelines 

based on FEV1 /FVC ratio and categorized into two groups on the basis of current 

versus ex-smoking history. Data on this group are provided in corresponding Chapter 

5 and 6. 

For normal lung function current smokers, the inclusion criteria were; a minimum 10 

pack-year history of cigarette smoking with spirometry within normal limits, i.e., FEV1 

>80% of predicted, and FERatio (FEV1/FVC) >70% and no significant scalloping out 

of the expiratory descending limb of the flow-volume curve to suggest small airway 

obstruction. Normal healthy volunteers had normal lung function by spirometer 

assessment and had no history of smoking and respiratory illness. 

 

3.2.3 Exclusion criteria 

1. Subjects with a history of asthma, which included symptoms in childhood, 

related significant atopic disorders, eczema or hay fever, substantial day-to-day 

variability or prominent nocturnal symptoms, or a history of wheeze rather than 

progressive breathlessness and any who had previously used ICS (oral or 

inhaled) were excluded. 

2. Significant uncontrolled comorbidities such as diabetes, angina or cardiac 

failure, and other coexisting respiratory disorders including pulmonary fibrosis, 

lung cancer and bronchiectasis. 

3. Subjects with inability to give written informed consent were also excluded. 

3.2.4 Inclusion criteria for phenotypes 

1. Current-smokers with COPD aged at least 40 years with smoking history equal 

to or more than 15 pack-years; FEV1 40% to 80% predicted, with FER 

(FEV1/FVC) ≤70% post bronchodilator with definite scalloping out of the 
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descending limb of flow-volume loop on spirometry. COPD ex-smokers with at 

least six months of smoking cessation were included.   

2. Normal healthy never smoking controls and current smokers with normal lung 

function recruited also underwent bronchoscopic examination and physiological 

evaluation. They were at least 18 years old and FEV1/FVC ratio of 70% or 

higher and FEV1% predicted of 80% or higher.  

3. None of the never-smoking controls individuals had any history of respiratory 

illness or smoking.  For normal lung function current smokers, the inclusion 

criteria were; a minimum 10 pack-year history of cigarette smoking with 

spirometry within normal limits (FEV1 >80% of predicted, and FERatio 

(FEV1/FVC) >70%) and no scalloping out of the expiratory descending limb of 

the flow-volume curve, suggesting small airway obstruction. 

4. Individuals with Small airway disease (SAD) recruited on the basis of significant 

scalloping of the expiratory limb of the flow-volume curve and FEF25-75 < 68% 

predicted. 

 

3.3 Bronchoscopy 

Standard techniques were used in performing fiberoptic bronchoscopy. Subjects were 

pre-medicated with nebulized salbutamol (5 mg) 15–30 min before the procedure. 

Intravenous midazolam (3–10 mg) and fentanyl (25–100 µg) was used for sedation. 

Topical anesthesia above the vocal cords was done by lignocaine (4%) and 2% 

lignocaine was used to anaesthetize the airways below the cords, in 2 ml aliquots as 

required, up to a maximum of 6 ml. Subjects were monitored by pulse oximetry 

throughout the procedure and oxygen was administered routinely. Biopsies from 

secondary carina of segmental and sub-segmental bronchi in the right lower lobe were 

obtained, which were eight in number. There were no complications from the 

procedures. Bronchial biopsies were fixed in 4% neutral buffered formalin for 2 hours 

and subsequently processed into paraffin through graded alcohol and xylene using a 

Leica ASP 200 tissue processor.  



 
 

128 
 

3.4 Resected lung tissue non-tumorous large and small airways, and also 
lung cancers 

Twenty-five patients were included having primary non-small cell lung cancer 

(NSCLC), with an approximately equal distribution of squamous and adenocarcinoma. 

Patients were classified as current smokers or ex-smokers (at least 12 months of 

smoking cessation). Nine patients had demonstrated GOLD stage I/II COPD on post-

bronchodilator spirometry (FER<70%), and Nine patients had small airway disease 

(SAD) only, with scalloping of the expiratory limb of the flow-volume curve and FEF25-

75<68% predicted (Ciprandi et al. 2012). In addition, there were seven individuals who 

were current smokers without evidence of airflow obstruction, and hence designated 

as normal lung function smoker (NLFS). Again, those with a history of other chronic 

respiratory disorders including clinico-pathological asthma were excluded. Surgical 

resection material containing non-cancerous small and large airways and away from 

the main tumor, were fixed in formalin immediately after the surgery. At processing, 

tissue blocks of small airway (<2.0 mm internal diameter) were embedded in paraffin 

for our analyses.  

For the study comparing EMT expression in small versus large airways, I merged the 

COPD and those subjects who had only SAD, under the heading of CAL (chronic 

airflow limitations) because in fact there was essentially no difference between them 

in EMT bio-marker expression. Details are given in relevant chapter 4. 

Nine non-smoking, non-COPD subjects were included in the large versus small airway 

comparison study, as a control group (NC). As mention above, I am thankful to Prof. 

Darryl Knight (University of Newcastle, Australia) and Prof. J.C. Hogg (University of 

British Columbia, Canada) for assistance in providing normal small airway tissues. I 

am also thankful to Professor HK Muller, a professional pathologist, who inspected the 

tissue microscopically and confirmed that these tissues were normal, and without any 

evidence of smoking or changes associated with chronic respiratory disease. 

For NSCLC study, the details of patient included with adeno and squamous cell-

carcinoma are given in Chapter 7.  
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3.5 Processing of biopsies and resected tissue 

Tissue acquisition was from the Royal Hobart Hospital (RHH), but tissue grossing for 

proper identification was all done by me in RHH Pathology department. Regarding 

optimization of immunostaining and finalized staining work, I closely work (30-40%) 

with Mr. Steve Weston, our highly experienced lab manager. In addition, for quality 

control purpose, Steve oversaw all my processing work, while the more routine work 

of cutting sections and staining was done by Steve, at least for the most part when he 

was available. Sections cut at 3 μm intervals from individual paraffin blocks were 

stained with hematoxylin & eosin and assessed for quality and lack of damage. 

Following removal of paraffin and rehydration, immunostaining for EGFR, S100A4, 

Vimentin, N-cadherin, Type-IV collagen, TGFβ1, pSmad 2/3, pSmad7, β-catenin, 

Snail1 and Twist was done as appropriate in the different studies. For each individual 

study (Chapter 4-7), antibody staining was performed in 2 batches because the 

numbers of sections needing processing by the autostainer was too great for its 

capacity. However, appropriate verification controls were run with each batch, with 

coding for specific phenotypes done independently and blind to me. During staining 

optimization, we choose an antibody dilution and image analyzer setting that gave an 

optimal output. We kept to these setting throughout subsequent analysis and changes 

nothing from slide to slide or day to day. 

 

3.5.1 General procedure for hematoxylin and eosin (H&E) stain 

1. Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  

2. For biopsies, two sections (approximately 3µm thick) separated by 40-50 

micron (approximately 10 sections) were cut and put on each slide [3 

Aminopropyl triethoxy-silane APTS (Sigma A-3648) coated slides (in milli Q 

water bath with one drop of Tween 20 (ICN 103168) in water bath at approx 

50°C)] or Dako FLEX IHC microscopic slides (Code K8020, Dako Denmark 

A/S). For resected tissue, only one tissue section was used on glass slide 

because of large size of resected tissue. 

3. Slides were dried at 56°C for one hour and overnight at 37°C.  

4. In order to elaborate nuclei, slides with tissue sections were placed in Mayer’s 

hematoxylin for 5minutes, followed by rinsing in running water.  
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5. Tissue sections were placed in approximately 400ml of water with 8 drops of 

ammonia 30 seconds, and rinsed well in running water. 

6. Slides were then placed in eosin solution for 2 minutes, and quickly rinsed in 

running water to remove excess eosin and then placed into 95% ethanol for 30 

seconds. 

7. Further Dehydration of sections were done in clean fresh 95% ethanol, and 

then changed twice with 100% ethanol (2 minutes each change). 

8. Clearing of sections was done using two changes of fresh xylene (2 minutes 

each).  

9. Sections were coverslipped by using Dako Coverslipper (Dako, Denmark A/S) 

with 54 mm coverslipped and dried on hotplate overnight. 

3.5.2 General procedure for EGFR staining 

1. Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  

2. One section (approximately 3µm thick) of tissue was cut and put on each slide 

[3 Aminopropyl triethoxy-silane APTS (Sigma A-3648) coated slides (in milli Q 

water bath with one drop of Tween 20 (ICN 103168) in water bath at approx 

50°C)] or Dako FLEX IHC microscopic slides (Code K8020, Dako Denmark 

A/S). Slides were dried on hotplate at 56°C for one hour and overnight at 37°C.  

3. Slides were labelled using printed labels and marked on the edges with wax 

pen. 

4. Dewaxing of sections was done in “xylene” (twice for 5 minutes each) in fume 

hood.  

5. Hydration to water was carried out using 100% ethanol followed by 95% then 

70% (3 minutes each) followed by rinsing the sections well in running tap water 

(2 minutes). 

6. Antigen retrieval was performed for EGFR; sections were kept in proteinase K 

solution for 5 minutes. 

7. After antigen retrieval, the slides were cooled down to room temperature and 

transferred to Dako Autostainer Plus (Dako, Denmark, A/S), in which a program 

template for staining was made. 
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8. For EGFR, sections were placed in 3% H2O2 in distilled water for 20 minutes 

and washed in distilled water for 2 minutes to block endogenous peroxidase 

activity.  

9. Sections were rinsed in working Tris HCl buffer for 2 minutes after each 

treatment.  

10. Primary antibody was applied to the sections; EGFR (Clone H11, Dako, 

Denmark, Catalogue no. M3563, 1/100 dilution for 90 minutes) A negative 

control was also used in each run with isotyped matched immunoglobulin IgG1 

(clone X0931 Dako Denmark A/S). Lung sections from previous biobank were 

used as positive controls for confirmation of staining. 

11. Sections were rinsed well using Tris HCl (thrice, 5 mins each). 

12. Applied EnVision+ system-HRP labelled polymer (catalogue number K4001; 

Dako, Denmark A/S) reagent to sections for 30 mins and rinsed with Tris HCl 

buffer. 

13. DAB+ (catalogue number K3468; Dako, Denmark A/S) was applied to sections 

for 10 minutes and rinsed well using Tris HCl (twice) followed by distilled water. 

14. The slides were taken out of Autostainer and put in Mayers hematoxylin to 

elaborate nuclei for 3-5 minutes, then rinsed in running water. 

15. Sections were placed in approximately 400 ml of water with 6-8 drops of 

ammonia for 30 seconds, and rinsed well in running water. 

16. Dehydration was carried out in 95% ethanol, then two changes of 100% ethanol 

(2 minutes each).  

17. Clearing was done in two changes of xylene (2 minutes each). 

18. Sections were mounted in Depex using Dako Coverslipper (Dako, Denmark 

A/S) and dried on hotplate overnight. 

 

3.5.3 General procedure for S100A4 and Vimentin staining 

1 Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  

2 One section (approximately 3µm thick) of tissue was cut and put on each slide 

[3 Aminopropyl triethoxy-silane APTS (Sigma A-3648) coated slides (in milli 

Q water bath with one drop of Tween 20 (ICN 103168) in water bath at approx 

50°C)] or Dako FLEX IHC microscopic slides (Code K8020, Dako Denmark 
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A/S). Slides were dried on hotplate at 56°C for one hour and overnight at 

37°C.  

3 Slides were labelled using printed labels and marked on the edges with wax 

pen. 

4 Dewaxing of sections was done in “xylene” (twice for 5 minutes each) in fume 

hood.  

5 Hydration to water was carried out using 100% ethanol followed by 95% then 

70% (3 minutes each) followed by rinsing the sections well in running tap 

water (2 minutes). 

6 Antigen retrieval was performed in PT Link (Dako, Denmark A/S): for S100A4, 

sections were kept at 95°C at high pH buffer for 20 minutes: for vimentin, a 

temperature of 97°C at high pH buffer for 15 minutes was used. 

7 After antigen retrieval, the slides were cooled down to room temperature and 

transferred to Dako Autostainer Plus (Dako, Denmark, A/S), in which a 

program template for staining was made. 

8 For both S100A4 and vimentin, sections were placed in 3% H2O2 in distilled 

water for 15 minutes and washed in distilled water for 2 minutes to block 

endogenous peroxidase activity.  

9 Sections were rinsed in working Tris HCl buffer for 2 minutes after each 

treatment.  

10 Primary antibody was applied to the sections; S100A4 (Dako, Denmark, 

Catalogue no. A5114, 1/2000 dilution for 90 minutes) and vimentin (Clone 

vim3B4 Dako, Denmark, Catalogue no. M7020, 1/1000 for 60 minutes). A 

negative control was also used in each run with isotyped matched 

immunoglobulin IgG1 (clone X0931 Dako Denmark A/S). Lung sections from 

previous biobank were used as positive controls for confirmation of staining. 

11 Sections were rinsed well using Tris HCl (thrice, 5 mins each). 

12 Applied EnVision+ system-HRP labelled polymer (catalogue number K4001; 

Dako, Denmark A/S) reagent to sections for 30 mins and rinsed with Tris HCl 

buffer. 

13 DAB+ (catalogue number K3468; Dako, Denmark A/S) was applied to 

sections for 10 minutes and rinsed well using Tris HCl (twice) followed by 

distilled water. 
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14 The slides were taken out of Autostainer and put in Mayers hematoxylin to 

elaborate nuclei for 3-5 minutes, then rinsed in running water. 

15 Sections were placed in approximately 400 ml of water with 6-8 drops of 

ammonia for 30 seconds, and rinsed well in running water. 

16 Dehydration was carried out in 95% ethanol, then two changes of 100% 

ethanol (2 minutes each).  

17 Clearing was done in two changes of xylene (2 minutes each). 

18 Sections were mounted in Depex using Dako Coverslipper (Dako, Denmark 

A/S) and dried on hotplate overnight. 

3.5.4 General procedure for N-cadherin and Type-IV collagen staining. 
 

1 Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  

2 One section (approximately 3µm thick) of tissue was cut and put on each slide 

[3 Aminopropyl triethoxy-silane APTS (Sigma A-3648) coated slides (in milli 

Q water bath with one drop of Tween 20 (ICN 103168) in water bath at 

approximately 50°C)] or Dako FLEX IHC microscopic slides (Code K8020, 

Dako Denmark A/S). Slides were dried on hotplate at 56°C for one hour and 

overnight at 37°C.  

3 Slides were labelled using printed labels and marked on the edges with wax 

pen. 

4 Dewaxing of sections was done in “xylene” (twice for 5 minutes each) in fume 

hood.  

5 Hydration to water was carried out using 100% ethanol followed by 95% then 

70% (3 minutes each) followed by rinsing the sections well in running tap 

water (2 minutes). 

6 Antigen retrieval was performed in PT Link (Dako, Denmark A/S): for N-

cadherin, sections were kept at 97°C at high pH buffer for 30 minutes: for 

Type-IV collagen, a temperature of 97°C at high pH buffer for 20 minutes was 

used. 

7 After antigen retrieval, the slides were cooled down to room temperature and 

transferred to Dako Autostainer Plus (Dako, Denmark, A/S), in which a 

program template for staining was made. 



 
 

134 
 

8 For both N-cadherin and Type-IV collagen, sections were placed in 3% H2O2 

in distilled water for 15 minutes and washed in distilled water for 2 minutes to 

block endogenous peroxidase activity.  

9 Sections were rinsed in working Tris HCl buffer for 2 minutes after each 

treatment.  

10 Primary antibody was applied to the sections; N-cadherin (Clone 5D5, Abcam 

Cambridge, United Kingdom, ab98952, 1/200 dilution for 60 minutes) and 

Type-IV collagen (Clone CIV22 Dako, Denmark, Catalogue no. M0785, 1:100 

for 90 minutes). A negative control was also used in each run with isotyped 

matched immunoglobulin IgG1 (clone X0931 Dako Denmark A/S). Lung 

sections from previous biobank were used as positive controls for 

confirmation of staining. 

11 Sections were rinsed well using Tris HCl (thrice, 5 mins each). 

12 Applied EnVision+ system-HRP labelled polymer (catalogue number K4001; 

Dako, Denmark A/S) reagent to sections for 30 mins and rinsed with Tris HCl 

buffer. 

13 DAB+ (catalogue number K3468; Dako, Denmark A/S) was applied to 

sections for 10 minutes and rinsed well using Tris HCl (twice) followed by 

distilled water. 

14 The slides were taken out of Autostainer and put in Mayers hematoxylin to 

elaborate nuclei for 3-5 minutes, then rinsed in running water. 

15 Sections were placed in approximately 400 ml of water with 6-8 drops of 

ammonia for 30 seconds, and rinsed well in running water. 

16 Dehydration was carried out in 95% ethanol, then two changes of 100% 

ethanol (2 minutes each).  

17 Clearing was done in two changes of xylene (2 minutes each). 

18 Sections were mounted in Depex using Dako Coverslipper (Dako, Denmark 

A/S) and dried on hotplate overnight. 

 

3.5.5 General procedure for TGFβ1, pSmad2/3 and pSmad7 staining 

1 Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  



 
 

135 
 

2 Two sections (approximately 3µm thick) separated by 40-50 micron 

(approximately 10 sections) were cut and put on each slide [3 Aminopropyl 

triethoxy-silane APTS (Sigma A-3648) coated slides (in milli Q water bath with 

one drop of Tween 20 (ICN 103168) in water bath at approx 50°C)] or Dako 

FLEX IHC microscopic slides (Code K8020, Dako Denmark A/S). Slides were 

dried on hotplate at 56°C for one hour and overnight at 37°C.  

3 Slides were labelled using printed labels and marked on the edges with wax 

pen. 

4 Dewaxing of sections was done in “xylene” (twice for 5 minutes each) in fume 

hood.  

5 Hydration to water was carried out using 100% ethanol followed by 95% then 

70% (3 minutes each) followed by rinsing the sections well in running tap 

water (2 minutes). 

6 Antigen retrieval was performed in PT Link (Dako, Denmark A/S): for TGFβ1 

(no heat retrieval): for pSmad2/3, sections were kept at 97°C at low pH buffer 

for 30 minutes: for pSmad7, a temperature of 97°C at high pH buffer for 30 

minutes was used. 

7 After antigen retrieval, the slides were cooled down to room temperature and 

transferred to Dako Autostainer Plus (Dako, Denmark, A/S), in which a 

program template for staining was made. 

8 For TGFβ1, pSmad2/3 and pSmad7, sections were placed in 3% H2O2 in 

distilled water for 15 minutes and washed in distilled water for 2 minutes to 

block endogenous peroxidase activity.  

9 Sections were rinsed in working Tris HCl buffer for 2 minutes after each 

treatment.  

10 Primary antibody was applied to the sections; TGFβ1 (Clone TB21, Abcam 

Cambridge, United Kingdom, ab27969, 1/6000 dilution after blocking with 

Dako serum block (X0909), pSmad2/3 (Santa-Cruze, California, USA, SC-

11769R, 1/100 dilution for 60 minutes) and pSmad7 (Santa-Cruze, California, 

USA, SC-101152, 1/100 dilution for 60 minutes). A negative control was also 

used in each run with isotyped matched immunoglobulin IgG1 (clone X0931 

Dako Denmark A/S). Lung sections from previous biobank were used as 

positive controls for confirmation of staining. 

11 Sections were rinsed well using Tris HCl (thrice, 5 mins each). 
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12 Applied EnVision+ system-HRP labelled polymer (catalogue number K4001; 

Dako, Denmark A/S) reagent to sections for 30 mins and rinsed with Tris HCl 

buffer. 

13 DAB+ (catalogue number K3468; Dako, Denmark A/S) was applied to 

sections for 10 minutes and rinsed well using Tris HCl (twice) followed by 

distilled water. 

14 The slides were taken out of Autostainer and put in Mayers haematoxylin to 

elaborate nuclei for 3-5 minutes, then rinsed in running water. 

15 Sections were placed in approximately 400 ml of water with 6-8 drops of 

ammonia for 30 seconds, and rinsed well in running water. 

16 Dehydration was carried out in 95% ethanol, then two changes of 100% 

ethanol (2 minutes each).  

17 Clearing was done in two changes of xylene (2 minutes each). 

18 Sections were mounted in Depex using Dako Coverslipper (Dako, Denmark 

A/S) and dried on hotplate overnight. 

 

3.5.6 General procedure for β-catenin, Snail1 and Twist staining 

1 Paraffin blocks were sectioned at 3µms after cooling in –20 freezer or on ice 

blocks 5-10 minutes.  

2 Two sections (approximately 3µm thick) separated by 40-50 micron 

(approximately 10 sections) were cut and put on each slide [3 Aminopropyl 

triethoxy-silane APTS (Sigma A-3648) coated slides (in milli Q water bath with 

one drop of Tween 20 (ICN 103168) in water bath at approx 50°C)] or Dako 

FLEX IHC microscopic slides (Code K8020, Dako Denmark A/S). Slides were 

dried on hotplate at 56°C for one hour and overnight at 37°C.  

3 Slides were labelled using printed labels and marked on the edges with wax 

pen. 

4 Dewaxing of sections was done in “xylene” (twice for 5 minutes each) in fume 

hood.  

5 Hydration to water was carried out using 100% ethanol followed by 95% then 

70% (3 minutes each) followed by rinsing the sections well in running tap 

water (2 minutes). 
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6 Antigen retrieval was performed in PT Link (Dako, Denmark A/S): for β-

catenin, sections were kept at 97°C at high pH buffer for 15 minutes: for Snail1 

sections were kept at 97°C at high pH buffer for 15 minutes: for Twist, a 

temperature of 97°C at low pH buffer for 15 minutes was used. 

7 After antigen retrieval, the slides were cooled down to room temperature and 

transferred to Dako Autostainer Plus (Dako, Denmark, A/S), in which a 

program template for staining was made. 

8 For β-catenin, Snail1 and Twist, sections were placed in 3% H2O2 in distilled 

water for 20 minutes and washed in distilled water for 2 minutes to block 

endogenous peroxidase activity.  

9 Sections were rinsed in working Tris HCl buffer for 2 minutes after each 

treatment.  

10 Primary antibody was applied to the sections; anti-β-catenin (Clone 12F7 Ab 

22656, Abcam Cambridge, United Kingdom, 1/500 dilution for 90 minutes), 

Snail1 (Abcam Cambridge, United Kingdom, ab180714, 1/200 dilution for 90 

minutes after blocking with Dako serum block (X0909) and Twist (Ab50581 

Abcam Cambridge, United Kingdom, 1/500 dilution for 90 minutes). A 

negative control was also used in each run with isotyped matched 

immunoglobulin IgG1 (clone X0931 Dako Denmark A/S). Lung sections from 

previous biobank were used as positive controls for confirmation of staining. 

11 Sections were rinsed well using Tris HCl (thrice, 5 mins each). 

12 Applied EnVision+ system-HRP labelled polymer (catalogue number K4001; 

Dako, Denmark A/S) reagent to sections for 30 mins and rinsed with Tris HCl 

buffer. 

13 DAB+ (catalogue number K3468; Dako, Denmark A/S) was applied to 

sections for 10 minutes and rinsed well using Tris HCl (twice) followed by 

distilled water. 

14 The slides were taken out of Autostainer and put in Mayers hematoxylin to 

elaborate nuclei for 3-5 minutes, then rinsed in running water. 

15 Sections were placed in approximately 400 ml of water with 6-8 drops of 

ammonia for 30 seconds, and rinsed well in running water. 

16 Dehydration was carried out in 95% ethanol, then two changes of 100% 

ethanol (2 minutes each).  

17 Clearing was done in two changes of xylene (2 minutes each). 
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18 Sections were mounted in Depex using Dako Coverslipper (Dako, Denmark 

A/S) and dried overnight, on hotplate. 

 

3.6 Sections quantification 

Computer-assisted image analysis was performed with a Leica DM 2500 microscope 

(Leica Microsystems, Germany), Spot Insight-12 (Spot Imaging Solutions, USA) digital 

camera and Image Pro Plus 7.0 software (Media Cybernetics, USA). As many non-

overlapping pictures as possible were taken of the tissue from the areas of interest: 

(for studies involving endobronchial biopsies it was mainly epithelium, Rbm and lamina 

propria; for larger airways, and epithelium, Rbm and whole airway wall thickness for 

small airways <2mm diameter. For Chapter 7 involving tumor analysis, central and 

peripheral leading edge areas of NSCLC. Image randomization was done by using 

statreck.com with their random number generator. Randomly selected images (five for 

EBBs and eight for resected tissue) were then taken from the total number of images 

and used for the desired measurements. 

 

3.6.1 Quantification of EGFR, S100A4, Vimentin and Type-IV collagen 
expression 

 

EMT bio-markers in airways: Epithelial EGFR expression in large and small airways 

was expressed as the percentage of epithelium with EGFR expression. Basal 

epithelial S100A4 and vimentin expression in large and small airways was quantified 

and normalized by length of airway reticular basement membrane (Rbm). Similarly, 

S100A4 and vimentin expressing cells in airway Rbm were quantified and normalized 

by length of Rbm. I quantified the degree of Rbm fragmentation by measuring the 

length of linear clefts, and expressed these as percentage of total Rbm length. I also 

quantified number of Type-IV expressing blood vessels in Rbm in large and small 

airways and again normalized by length of Rbm (Chapter 4).  

 

EMT biomarkers in NSCLC: Evaluation of cell staining for EGFR, S100A4, vimentin 

and N-cadherin was performed both in the central and peripheral leading edge of 

NSCLC, in accordance with the “immunoreactive score” (IRS) with modification: IRS 

= SI (staining intensity) × PP (percentage of positive cells). In the modified IRS scoring 
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SI was determined as 0, negative; 1, weak; 2, moderate; and 3, strong and PP was 

ranged from 0-100% in order to get a wider range for analysis. TNM staging was done 

on the basis of their final recorded histopathological evaluation. TNM stage was scored 

according to TNM factor (T x N x M); T (Tumor size), N (Lymph node involvement) and 

M (Metastasis - Pleural/lympho-vascular/haematogenous). The majority of patients 

were in stage T1 or T2 plus N1. Even so, because of some patients were at T3 or N2 

or M1 with pleural or lymphatic involvement, I was able to have quite a wide range of 

scoring for correlations (Chapter 7). 

3.6.2 Quantification of TGFβ1, pSmad2/3 and pSmad7 expression  

Basal epithelial TGFβ1, pSmad2/3 and pSmad7 expression was quantified and 

normalized over length of the airway Rbm. Similarly, TGFβ1, pSmad2/3 and pSmad7 

expressing cells and vessels in airway Rbm were quantified and normalized over 

length of Rbm. Using the image analyser, I also quantified pSmad2/3 and pSmad7 

expressing cells and vessels up to 150µm deep into the lamina propria and results 

presented as cells per mm2 of lamina propria (Chapter 5). 

3.6.3 Quantification of β-catenin, Snail1 and Twist expression 

Again, basal epithelial β-catenin, Snail1 and Twist expression was quantified and 

normalized over length of the airway Rbm. Similarly, β-catenin, Snail1 and Twist 

expressing cells in airway Rbm were quantified and normalized over the length of 

Rbm. Using the image analyser, I also quantified β-catenin, Snail1 and Twist 

expressing cells up to 150µm deep into the lamina propria and results presented as 

cells per mm2 of lamina propria (Chapter 6). 

For all such work done throughout this thesis, all slides were coded and randomized 

by an independent person (Mr. Steven Weston, our very experienced laboratory 

manager) and then counted in a single batch by myself fully blinded to subject and 

diagnosis. Quality assurance on randomly selected slides was provided by a 

professional academic pathologist (Professor H.K. Muller). 

 

3.7 Statistical analysis 

In chapter 4, there were two separate comparisons involved namely, large versus 

small airways; and small airway versus control small airways Normally distributed data 

(Shapiro-Wilk test) for EMT bio-markers in the airways (Chapter 4) and NSCLC 
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(chapter 8) were expressed as means with 95% confidence intervals (CI). Straight 

comparisons were undertaken using paired t tests using Graph Pad Prism (Graph Pad 

Software Inc. United States of America).  

Cross-sectional multi-group data on TGFβ1, pSmad2/3, pSmad7 (Chapter 5), β-

catenin, Snail1 and Twist, (Chapters 6) were non-normally distributed, and so data 

were presented as medians and ranges; Non- parametric analyses of variance 

(ANOVA) were performed using the Kruskal-Wallis Test to detect any overall 

difference among study groups, followed by Dunn’s multiple comparison test to specify 

which groups were different. 

I also performed regression analysis for nearly all biomarker expressions level against 

FEV1, FERatio, FEF25-75% (for small airway assessment) in the COPD groups, using 

Spearman's rank test. Linear regression analyses for potential confounders were 

undertaken and differences between groups in gender and age were found to be non-

contributory throughout. 

All statistical analyses were performed using SPSS (statistics version 20.0, IBM 

Corporation, Armonk, NY, USA) for Windows 10.0 and Graph Pad Prism 6.0 (Graph 

Pad Software Inc. United States of America) and a p < 0.05 was considered 

statistically significant.  
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Chapter 4 

4. Epithelial mesenchymal transition (EMT) in smokers: large versus 
small airways; and relation to airflow obstruction 

 

4.1  Introduction  

As reviewed in detail in chapter 2, recent observations have emphasized Rbm 

fragmentation, cellularity and hyper-vascularity in large airway biopsies from smokers 

and COPD patients (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2010; Sohal, 

S. S., Reid, Soltani, Ward, Weston & Muller 2011; Soltani, Muller, et al. 2012) as 

evidence of EMT Type 3. There is limited evidence that EMT is also active in small 

airways (Milara, Peiro, et al. 2013; Sohal, S. S. & Walters 2013). Angiogenesis in the 

Rbm is specifically smoking related (Hiroshima, K. et al. 2002; Walters, E. H. et al. 

2008) while other features are most marked in COPD (Sohal, S. S., Reid, Soltani, 

Ward, Weston & Muller 2010). To my knowledge, no reported studies in human 

resected lung tissue exploring individual type of EMT have been done, nor 

observations on the relationship between EMT activity in small airways and airflow 

obstruction in COPD patients. 

Thus our previous published work used large airway endoscopic biopsies (Soltani, 

Muller, et al. 2012). This encouraged me to design the present study in order to 

compare the degree of EMT activity in small versus matching large airways and also 

the type of EMT in each compartment, using lung tissue resected from smokers 

undergoing lung resection for lung cancer. I have also, for the first time, explored 

relationships between epithelial activation and EMT activity with the degree of airflow 

obstruction in this group selected to have a wide variation in chronic airflow limitation 

(CAL). 

4.2  Overview of materials and methods 

The demographics of subjects involved are detailed in Table 4.1. I employed classical 

immune-histochemical methods, described in chapter 3 to evaluate an epithelial 

activation marker (EGFR), EMT biomarkers (S100A4 and vimentin), and vascularity 

marker (Type-IV collagen) in the large and small airways in resected tissue.  
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Groups (numbers) CAL (n=18) Normal (n=9) 

Male/Female 13/5 6/3 

Age (years) 64(58.7-69.2) 52(42.4-63.3) 

Smoking pack years (Range) 39(24.1-40.1) N/A 

FEV1 % predicted 82 (76-89.4) N/A 

FEV/FVC % (Range) 69(66.9-73.1) N/A 

FEF25-75% predicted 48.5(39.9-57.1) N/A 

 

Table 4.1: Demographic details and Lung Function data of CAL Patients and 
Control Subjects. 

 
Data expressed as mean and CI95%; 

CAL=Chronic Airflow Limitation 

FEV1= Forced Expiratory Volume in 1 second 

FVC =Force Vital Capacity 

FEF = Force Expiratory Flow  
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4.3 Results 

The overall results of different groups are presented in Tables 4.2 and 4.3. 

 

4.3.1 EGFR expression in Epithelium 

A greater proportion of the airway epithelium stained for EGFR in large airways of CAL 

patients (mean 11.4%, CI 9.9-12.8) compared to CAL small airway (mean 6.8%, CI 

5.5-8.1) (p<0.001) (Figure 4.1). There was also a marked difference between small 

airways in the CAL group and the normal small airways (mean 0.6%, CI 0.3-0.8) 

(p<0.001) (Figure 4.2). 

 

 

Figure 4-1: EGFR Expression 

A) Large airway and B) Small airway tissue from patient with CAL and C) Normal small 

airways. Black arrows indicate airway epithelium (chronic airflow limitation) stained 

positive for EGFR (epithelial activation marker). Original magnification, ×400. Scale 

bar =50 μm.  
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Figure 4-2: Percentage of airway Epithelium showing EGFR Expression  

in CAL patients stained for EGFR compared with CAL small airway and normal control 

small airway.  
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4.3.2 Fragmentation in the reticular basement membrane (Rbm)  

Fragmentation of the Rbm was more marked in large airways from CAL subjects 

(mean 27.9%, CI 24.3-31.6) than in their small airways (mean 14.9%, CI 13-16.9) 

(p<0.001) (Figure 4.3). Small airways from CAL subjects showed significantly greater 

fragmentation than in normal small airways (mean 2.4%, CI 2.1-2.7) (p<0.001) (Figure 

4.4) 

 

 

Figure 4-3: Rbm Fragmentation 

A) Large airway and B) small airway tissue from a patient with CAL and C) Normal 

small airways. Black arrows indicate Rbm fragmentation. Original magnification, ×400. 

Scale bar =50 μm.  
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Figure 4-4: Percentage of Rbm fragmentation. 

(Total length of clefts as percentage of the total length of Rbm) in large airway in CAL 

patients versus CAL small airway and in normal control small airway.  
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4.3.3 S100A4 and vimentin positive cells in the basal epithelium 

I observed S100A4 and vimentin staining in the basal layer of the epithelium in both 

large and small airways in CAL, but with considerably more marked expression in large 

airways (p<0.001 for each) (Figure 4.5) (S100A4, mean 42.9 cells/mm3, CI 38.5-47.4; 

vimentin, mean 69.7 cells/mm3, CI 60.1-79.3) than in small airways (S100A4, mean 

25.9 cells/mm3, CI 22.8-28.9; vimentin, mean 41.5 cells/mm3, CI 35.8-47.4) (Figure 

4.6 and 4.7). In turn there was significantly greater expression in CAL small airways 

than in normal control small airways (S100A4, mean 6.4 cells/mm3, CI 4.7-7.9; 

vimentin, mean 8.2 cells/mm3, CI 6.9-9.4) (for both p<0.001) (Figure 4.7). 

 

4.3.4 S100A4 and vimentin positive cells in the Rbm 

In comparison to CAL large airways (S100A4, mean 24.1 cell/mm3, CI 22.2-25.9; 

vimentin, mean 36.1 cells/mm3, CI 32.8-39.5) (Figure 4.5) there was slightly but 

significant less expression of these mesenchymal markers in small airways (S100A4, 

mean 13.9 cells/mm3, CI 12.5-15.3; vimentin, mean 27.8 cells/mm3, CI 25.4-30.2) (for 

both p<0.001) (Figure 4.6 and 4.7). However, once again expression was greater in 

the small airways in CAL compared to normal control small airways (S100A4, mean 

5.3 cells/mm3, CI 4.1-6.5; vimentin, mean 8.1 cells/mm3, CI 6.7-9.5) (for both p<0.001) 

(Figure 4.7).  
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Figure 4-5: S100A4 and Vimentin Expression 

A&B) large airways and C&D) Small airways. Black arrows indicate: (A&C) S100A4 

and (B&D) vimentin positive cells in epithelium and fragmented Rbm. Original 

magnification, ×400. Scale bar =50 μm.  
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Figure 4-6: Comparison of S100A4 Expression 

In the basal epithelial cells of large airway in CAL patients, with small airway of CAL 

patients and normal control small airway. (B) Comparison of S100A4 expression in 

Rbm of large airway in CAL patients, with small airway of CAL patients and normal 

control small airway. 

 

Figure 4-7: Comparison of vimentin Expression  

In basal epithelial cells in CAL large airway versus CAL small airways and in normal 

control small airway. (B) Comparison of number of vimentin-positive cells in Rbm in 

CAL large airway versus CAL small airway and normal control small airway.  
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4.3.5 Blood vessels in the Rbm 

Hyper vascularity of the Rbm was found only in CAL large airways (mean 8.5 vessels 

per mm of Rbm, CI 7.6-9.4) (Figure 4.8), and not in the small airways either in CAL 

(mean 0.2 vessels per mm of Rbm, CI 0.05-0.3) (p<0.001) or the control group (mean 

0.05 vessels per mm of Rbm, CI 0.02-0.13) (p=NS) (Figure 4.9). 

 

 

 

Figure 4-8: Type-IV expression by blood vessels 

(A) Black arrows indicate hyper vascularity of the Rbm with Type-IV collagen-stained 

blood vessels in the Rbm (EMT Type 3). (B) In small airway, vessels are seen only in 

lamina propria (black arrows) while Rbm is devoid of vessels. C) Normal small airways. 

Original magnification, ×360. Scale bar =50 μm.  
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Figure 4-9: Comparison of number of blood vessels in large airway (RBM)  

of CAL compared with CAL small airway and normal control small airway.   
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Indices 
AIRWAY (CAL) Mean 

Difference 
(95% CI) 

Small airway 
(Normal 

Control) Large Small 

EGFR 
(Epithelium) 

(%) 

11.4 

(9.9-12.8) 

6.8 

(5.5-8.1) 

4.6(2.6 to 6.5) 

P<0.001 

0.6 (0.3-0.8) 

P<0.001 

S100A4 
(Epithelium) 

(per mm of rbm) 

42.9 

(38.5-47.4) 

25.9 

(22.8-28.9) 

17(11.4 to 22.6) 

P<0.001 

6.4 (4.7-7.9) 

P<0.001 

S100A4 (Rbm) 
(per mm of rbm) 

24.1 

(22.2-25.9) 

13.9 

(12.5-15.3) 

10.2(7.7 to 12.6) 

P<0.001 

5.3 (4.1-6.5) 

P<0.001 

Vimentin 
(Epithelium) 

(per mm of rbm) 

69.7 

(60.1-79.3) 

41.5 

(35.8-47.4) 

28.2(16.5 to 

39.8) 

P<0.001 

8.2 (6.9-9.4) 

P<0.001 

Vimentin (Rbm) 
(per mm of rbm) 

36.1 

(32.8-39.5) 

27.8 

(25.4-30.2) 

8.3(4.1 to 12.6) 

P<0.001 

8.1 (6.7-9.5) 

P<0.001 

Fragmentation 
(Rbm) 

(per mm of rbm) 

27.9 

(24.3-31.6) 

14.9 

(13-16.9) 

13(8.72 to 

17.26) 

P<0.001 

2.4 (2.1-2.7) 

P<0.001 

Vessels (Rbm) 
(per mm of rbm) 

8.5 

(7.6-9.4) 

0.2 

(0.05-0.3) 

8.3(7.4 to 9.1) 

P<0.001 

0.05 (0.02-

0.13) 

P=NS 

 

Table 4.2: Comparison of different pathological indices in CAL Large and 
Small airways 

(Data expressed as mean and CI95%).  
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Table 4.3: Comparison of different pathological indices in CAL small airway 
and normal control small airway. 

(Data expressed as mean and CI95%). 

  

Indices 

 

Small Airways 

 

Mean 
Difference 

(95% CI) (CAL) (Normal Control) 

EGFR (Epithelium) 
6.8 

(5.5-8.1) 

0.6 

(0.3-0.8) 

6.2 (3.8 to 8.6) 

P<0.001 

S100A4 (Epithelium) 

(per mm of rbm) 

25.9 

(22.8-28.9) 

6.4 

(4.7-7.9) 

19.5 (12.7 to 26.5) 

P<0.001 

S100A4 (Rbm) 

(per mm of rbm) 

13.9 

(12.5-15.3) 

5.3 

(4.1-6.5) 

8.6 (5.6 to 11.6) 

P<0.001 

Vimentin (Epithelium) 

(per mm of rbm) 

41.5 

(35.8-47.4) 

8.2 

(6.9-9.4) 

33.3 (19.1 to 47.6) 

P<0.001 

Vimentin (Rbm) 

(per mm of rbm) 

27.8 

(25.4-30.2) 

8.1 

(6.7-9.5) 

19.7 (14.5 to 24.9) 

P<0.001 

Fragmentation (Rbm) 

(per mm of rbm) 

14.9 

(13-16.9) 

2.4 

(2.1-2.7) 

12.5 (7.3 to 17.8) 

P<0.001 

Vessels (Rbm) 

(per mm of rbm) 

0.2 

(0.05-0.3) 

0.05 

(0.02-0.13) 

0.1 (-1 to 1.2) 

P= NS 
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4.3.6 Regression Data 

In CAL subjects there were significant relationships between increasing airflow obstruction 

and increasing epithelial activation (EGFR expression) (Figure 4.10) and enhanced S100A4 

expression in both epithelial basal cells and in Rbm cells (Figure 4.11), generally most marked 

for small airways pathology and for small airway obstruction (FEF25-75 % predicted). There was 

quite a dichotomy between these relationships and the absence of such relationships for Rbm 

fragmentation and vimentin expression (Table 4.4). 

 

 

 

Figure 4-10: Correlation between EGFR (% epithelium) in small airway and 
FEF25–75%. 
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Figure 4-11: Correlation between small airways S100A4 expression and FEF25–
75% 

A) Basal epithelial cells B) Rbm  
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Table 4.4: Linear regression of pathological data from CAL subjects versus 
spirometric indices. 
  

 
Indices 

Large Airways pathology Small Airways pathology 

FEV1 / FVC FEF 25-75% FEV1 / FVC FEF 25-75% 

 r p r p r p r p 

EGFR -0.11 0.65 0.01 0.96 -0.46 0.06 0.51 0.02 

S100A4 – Epi -0.44 0.06 -0.44 0.06 -0.44 0.06 -0.52 0.03 

S100A4 - Rbm -0.46 0.05 -0.53 0.02 -0.60 0.01 -0.45 0.05 

Vimentin - Epi 0.08 0.75 0.17 0.51 0.08 0.73 -0.21 0.40 

Vimentin - Rbm 0.03 0.90 -0.36 0.14 -0.16 0.54 -0.14 0.59 

Fragmentation 
(Rbm) 

-0.15 0.53 -0.09 0.73 -0.11 0.66 -0.02 0.95 

Vessels (Rbm) -0.13 0.58 0.02 0.92 0.09 0.71 -0.08 0.75 
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4.4 Discussion 

This study sought to analyse the expression of epithelial activation and classic EMT 

structural and mesenchymal biomarkers and also vascular changes, in matching large 

and small airways from smoking patients with airflow obstruction (CAL). I have 

extended previously demonstrated findings where compared to normal controls, 

smokers highly expressed these bio-markers, but this was greatest in COPD (Sohal, 

S. S., Reid, Soltani, Ward, Weston & Muller 2010). Here I show that small airways 

from a group of CAL patients also demonstrated increased EGFR expression as well 

as active EMT significantly above normal, but uniformly less so than in large airway. 

However, in small airways, EMT changes were not associated with hyper-vascularity 

i.e. could be considered as the pro-fibrotic Type-2 EMT rather than the more 

malignancy-associated Type-3 EMT. 

In both large and small airways in this CAL group, staining for S-100A4 and vimentin 

was focused in the basal cell layer of the epithelium. This may highlight the likelihood 

of these cells being especially involved in undergoing transition to a mesenchymal 

phenotype. Similar positive staining of cells in the clefts of the disrupted Rbm further 

strengthens this concept of transition and migration of these basal cells. We have 

previously shown that the Rbm cells are not immune or inflammatory cells, and that 

they do strongly express matrix metalloprotein-9 (MMP-9), i.e. with proteolytic capacity 

to digest their way through the lamina propria, and so likely causing the Rbm 

fragmentation (Sohal, S. S., Reid, Soltani, Ward, Weston & Muller 2010; Sohal, S. S., 

Reid, Soltani, Ward, Weston & Muller 2011). 

The differentiation into Type-2 EMT in small airways (<2mm internal diameter) is 

consistent with fibrosis and obliteration here. Classically more cancer develops in large 

airways (Hogg et al. 2004; Prudkin et al. 2009; Yanai et al. 1992), especially for the 

squamous cell variety where Type-3 EMT predominates. Myofibroblast accumulation 

accompanies the damage to small airways in COPD (Burgel et al. 2011). The origin of 

these myofibroblasts is not fully understood, but our data suggest that they might be 

derived from EMT. Endothelial mesenchymal transition (EndoMT), pericytes 

transformation or stroma cells are other possible sources (Milara, Serrano, et al. 2013; 

Scotton & Chambers 2007). Further work is needed to delineate these possibilities.  
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I have now shown that EMT is active in small airways and that at least S100A4 

expression is associated with airflow obstruction suggesting that this fibroblast marker 

may indeed be relevant to airway fibrosis. Interestingly, EMT is also thought to be 

involved in development of idiopathic pulmonary fibrosis (Coward, Deacon & Pang 

2013), and since this is also frequently smoking related, it suggests a certain 

pathological unity with the process in the small airways. That’s in detail fibroblast 

subtypes and related changes in extracellular matrix (ECM) would be my future goal 

as well. 

In agreement with our findings, Milara and colleagues also observed up regulation of 

EMT biomarkers in small airways in COPD (Milara, Peiro, et al. 2013). Such EMT 

changes could also be induced in culture by cigarette smoke. Our study takes this 

further by quantifying Rbm structural changes, comparing large and small airway and 

characterising Type-2 versus Type-3 EMT. Milara et al also implicated increasing 

cyclic AMP in EMT activity in the airways (Milara et al. 2014), while others implicated 

an urokinase plasminogen activator receptor dependant signalling pathway (Wang, Q 

et al. 2013) or a muscarinic mechanism (Yang, K et al. 2014). 

The main strength of this study is that I directly investigated human tissue from CAL-

affected individuals. Further, I have a sufficiently robust number of participants with 

good spread of airflow obstruction in large and small airways. Some limitations are 

however inevitable, especially availability of normal control small airway samples and 

international collaboration has been needed to provide this. I have focused on empiric 

but classically described (Pain, M. et al. 2014) ‘‘down-stream’’ phenotypic 

manifestation of EMT i.e. structural changes and protein expression. I will follow up 

with detailed comparative analysis of more upstream pathways and expression of 

EMT-related transcription factors in large versus small airway whole tissue. 

Finally, due to the number of patients available to analyse, I have treated those with 

frank COPD (FER less than 70%) and those only with abnormal small airway function 

(scalloping of the expiratory limb of the volume loop and low FEF25-75%) as a single 

group. The advantage that this gave to me is that I had a wide range of physiological 

values for regression analyses, which have produced extremely interesting results. 

Our current group of cancer patients contained only four subjects without evidence of 

any airflow obstruction. They were not included in this chapter as there were not 
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sufficient numbers for a non-CAL group. They were included in Chapter 7 (using all 

the cancer subjects). It is interesting how relatively uncommon completely 

physiologically normal smoking cancer patients seems to be, but it is also noteworthy 

that they do seem to have EMT changes in both large and small airways, though less 

marked. Indeed, had their data been added to our regressions, these would have been 

even more significance because of a broader range of data provided. 

In conclusion, my data provide evidence for active EMT in small as well as the 

previously demonstrated large airways of smokers with CAL. On the basis of Rbm 

hyper-vascularity, the EMT in large airways is characteristic of so-called Type-3 EMT, 

while Type-2 EMT is now shown to be predominant in small airways. This is consistent 

with the major pathologies in the two compartments: in large airways the process might 

especially form a microenvironment for the development of lung cancer, while Type-2 

EMT is thought to be especially pro-fibrotic, and might be more related to small airway 

fibrosis, obstruction and obliteration. The relationship seen between the fibroblastic 

marker S100A4 and airflow obstruction would definitely open up a very significant 

potential to explain the exact pathogenesis of COPD and its role in fibrosis, as well as 

in malignancy.   
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Chapter 5 

5. Transforming growth factor (TGF)-β1 and the Smad pathway in 
airway EMT. 

 

 

5.1 Introduction 

In this chapter I have focused on TGFβ1 and its canonical ‘SMAD” pathway cascades 

(Smad 2/3 and Smad 7), since this is probably the most mentioned generally in the 

EMT literature. It seemed a sensible place to start in dissecting out potential 

intracellular EMT mechanisms in the airway context of COPD pathology. Emphasis 

has been laid both on its expression and also possible functional relationships in terms 

of airway obstruction in COPD. 

TGFβ1, as important multifunctional cytokine involved in number of biological 

processes including regulation of angiogenesis and ECM components and has been 

implicated as a driver of COPD airway pathology (Hogg 2004; Kranenburg et al. 2005; 

Schiller, M., Javelaud, D. & Mauviel, A. 2004). Although TGFβ1 works in association 

with other pathways as well, the best described intracellular pathway for TGFβ1 actions 

is the so called “canonical” cascade by involving up-regulation and phosphorylation of 

Smad 2/3 (Hogg, J. C. & Timens, W. 2009; Schiller, M., Javelaud, D. & Mauviel, A. 

2004); that leads to EMT (Xu, J, Lamouille & Derynck 2009), which is active in COPD 

as shown in chapter 4.  

TGFβ1 and its downstream pathway involving different types of Smad transcription 

factors, including both excitatory and inhibitory Smads, have been reviewed in Chapter 

2. To briefly recap, Springer and colleagues previously demonstrated reduced Smad 

7 gene expression in bronchial biopsies of COPD patients (Springer et al. 2004), 

suggesting that lack of Smad 7 could be relevant to COPD pathogenesis (Willis & 

Borok 2007). Our group have suggested that TGFβ1 is functionally active through 

pSmad 2/3 expression in COPD (Soltani, Sohal, et al. 2012). The present study has 

taken this further and evaluated TGFβ1 expression and its associated downstream 

“SMAD fingerprint” in airway biopsy material from COPD subjects and appropriate 

smoking and non-smoking controls. This study facilitates the understanding of EMT-

associated pathogenesis of COPD as a result of smoking-induced intracellular 
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downstream Smad transcriptional pathways. 

In the present study, I have investigated whether TGFβ1 and activated 

(phosphorylated, p) Smad 2/3 expression is increased in smokers, especially in COPD 

subjects. In addition, reciprocal down regulation of a protective role of pSmad 7 has 

been investigated. Moreover, I observed a significant relationship between activation 

of the TGFβ1-Smad pathway and EMT activity and airflow obstruction. 

 

5.2  Overview of materials and methods 

Once again I employed the classical immune-histochemical methods described in 

chapter 3, to evaluate TGFβ1, pSmad 2/3 and pSmad 7 expression in the large airway 

bronchial biopsies collected from well phenotyped volunteer study participants. Detail 

demographics of subjects are given in Table 5.1.   
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Groups 
(numbers) 

 
NC 

(n=15) 
 

NLFS 
(n=15) 

S-COPD 
(n=17) 

ES-COPD 
(n=15) 

GOLD 
I/GOLD II‡ N/A N/A 10/7 8/7 

Male/female 7/8 11/4 9/8 9/6 

Age (years) 44 (20-68) 
(p=0.313) 

50 (30-66) 
(p=0.313) 

61 (46-78) 
(p=0.001)* 

62 (53-69) 
(p=0.001)* 

Smoking 
(pack years) 
 
 

0 32 (10-57) 45 (18-78) 51 (18-150) 

FEV1% 
predicted 

(Post BD)† 
113 (86-140) 99 (78-125) 

(p=0.01)* 
83 (66-102) 
(p<0.001)* 

83 (54-104) 
(p<0.001)* 

FEV1/FVC % 
(Post BD)† 82 (71-88) 77 (70-96) 

(p=0.218) 
59 (46-68) 
(p<0.001)* 

57 (38-68) 
p<0.001)* 

 

Table 5.1: Demographic detail and lung function data for participants. 

Data expressed as median and range. 

NC- Normal control; NLFS-Normal lung function smoker; COPD-CS-COPD current 

smoker; COPD-ES- COPD ex-smoker; N/A-Not any 

*Significance difference from NC  

† Post BD values after 400µg of salbutamol 

‡ Diagnosis of COPD was made according to GOLD 2015 guidelines   
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5.3  Results 

5.3.1 TGFβ1 expression 
 

5.3.1.A Basal epithelium 

A greater proportion of the cells in the basal layer of the large airway epithelium stained 

for TGFβ1 in NLFS, S-COPD and ES-COPD in comparison to H-N control group 

(p<0.05), but with no significant difference between smoker/ COPD groups (Figure 5.1 

and 5.2). 

 

 
  

Figure 5-1: Representative photomicrograph of TGFβ1 expression in 4 different 
study group. 

A) Healthy non-smoker (H-N), B) smoker with normal lung function (NLFS), C) current 

smoking COPD (S-COPD) and D) ex-smoker with COPD (ES-COPD). Original 

magnification, ×400. Scale bar =50 µm.  
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Figure 5-2: Comparison of TGFβ1 expression in basal epithelial cells  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.1.B Rbm 

Rbm cells highly expressed TGFβ1 in NLFS, S-COPD, and ES-COPD in comparison 

to H-N control group (P<0.005), but this was most marked in S-COPD i.e. there was 

both a smoking and extra COPD effect (P<0.005) (Figure 5.1 and 5.3).  

TGFβ1 expression on blood vessels in the Rbm was significantly increased in all 

smoker/COPD groups (p<0.05) (Figure 5.1 and 5.4). The data were also analysed as 

percent of vessels that stained, to normalise for a marked increase in smokers/COPD 

(Soltani, A. et al. 2010), but the signal was much the same. 

 

 

 

 

Figure 5-3: Comparison of TGFβ1 expression in Rbm cells 

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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Figure 5-4: Comparison of TGFβ1 expression in Rbm vessels  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD). 

 

 

 

5.3.1.C LP 
In the LP, there was either no or just light diffuse staining in the normal controls, which 

was uniformly much heavier in all smoker/COPD groups (Figure 5.1).  
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5.3.2 pSmad 2/3 expression 
 
5.3.2.A Basal epithelium 

Compared to normal control (H-N), there was an increased proportion of cells in the 

epithelial basal staining for pSmad 2/3 expression in smoking groups (both NLFS and 

S-COPD) (P<0.05) but not in the ES-COPD group. (Figure 5.5 and 5.6). 

 

 

 

Figure 5-5: Photomicrographs of pSmad 2/3 expression representing 4 different 
study groups. 

A) Healthy non-smokers (H-N), B) smokers with normal lung function (NLFS), C) 

current smoking COPD (S-COPD) and D) ex-smokers with COPD (ES-COPD). 

Original magnification, ×400. Scale bar =50 µm.  
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Figure 5-6: Comparison of pSmad 2/3 expression in basal epithelial cells  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.2.B Rbm 

In Rbm cells, an elevated expression of pSmad 2/3 in Rbm cells in the ES-COPD 

group was intermediate between controls and the other pathological groups. i.e., there 

was predominantly a smoking effect but again some extra COPD effect (Figure 5.5 

and 5.7). 

Similarly, pSmad 2/3 Rbm vessel expression was greater in the NLFS and S-COPD 

groups, but not in the ES-COPD group (Figure 5.5 and 5.8). When normalised as 

percent vessels, the outstanding feature was a marked increase in staining in the S-

COPD group. 

 

 

 

 

Figure 5-7: Comparison of pSmad 2/3 expression in Rbm cells  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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Figure 5-8: Comparison of pSmad 2/3 expression in Rbm vessels  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.2.C LP 

In LP cells there was an increase pSmad 2/3 expression only in the COPD groups, 

perhaps a little more marked in S-COPD (P<0.001) (Figure 5.5 and 5.9) Total cell 

number in the LP are decreased in COPD, so data were analysed as percentage of 

cells expressing pSmad 2/3 and was especially marked in the S-COPD group (Figure 

5.10). In the LP vessels, there was an increase in pSmad 2/3 expression in both 

smoking groups, but again especially so in current smoking COPD (S-COPD) 

(P<0.005) (Figure 5.11). 

 

 

 

Figure 5-9: Comparison of pSmad 2/3 expression in LP cells  

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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Figure 5-10: Comparison of pSmad 2/3 expression as percent of LP cells 

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD). 

 

Figure 5-11: Comparison of pSmad 2/3 expression in LP vessels 

between healthy non-smokers (H-N), smokers with normal lung function (NLFS), 

current smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.3 pSmad 7 expression 
 

5.3.3.A Basal epithelium 

In general, pSmad 7 expression was inverse of that for pSmad 2/3, but not always. 

In contrast to pSmad 2/3, pSmad 7 stained cells in the basal epithelium were slightly 

increased in NLFS (P<0.01) but slightly reduced though non-significantly so in the 

COPD groups (Figure 5.12 and 5.13). 

 

 

Figure 5-12: Photomicrograph of pSmad 7 expression in 4 different study 
groups 
 
A) Healthy non-smokers (H-N), B) smokers with normal lung function (NLFS), C) 

current smoking COPD (S-COPD) and D) ex-smoker with COPD (ES-COPD). Original 

magnification, ×400. Scale bar =50 µm.  



 
 

174 
 

 

Figure 5-13: Comparison of pSmad 7 expression in basal epithelial cells  

In healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.3.B Rbm 

In the Rbm, there was little change in pSmad 7 cell expression, with a slight with a 

slight decrease only in COPD (P<0.13) (Figure 5.12 and Fig 5.14). The pattern in Rbm 

vessels was similar; though the decrease in percent vessel staining in S-COPD was 

much more marked (P<0.01) (not included here). 

 

 

Figure 5-14: Comparison of pSmad 7 expression in Rbm cells  

In healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.3.C LP 

In LP, there was a reduction in absolute numbers of pSmad 7 cell expression in 

smokers and COPD about equally (P<0.01) (Figure 5.12 and 5.15). In LP vessels, 

there was a light non-significant decrease in pSmad 7 expression in NLFS which was 

more marked in both COPD groups (P<0.05) (Figure 5.12 and 5.16), and especially 

then normalised in percentage terms. 

 

 

 

 

 

Figure 5-15: Comparison of pSmad 7 expression in LP cells  

In healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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Figure 5-16: Comparison of pSmad 7 expression in LP vessels  

In healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.4 pSmad 2/3:7 ratios 

In the epithelium, there was a significant increase in this ratio only in current smoker 

COPD (S-COPD) subjects (Figure 5.17). In the Rbm there was a large increase in 

pSmad 2/3 to 7 ratio in both COPD groups (Figure 5.18).  

Finally, in LP cells there was again a marked increase in the ratio in both COPD groups 

(P<0.001; Figure 5.19). 

 

 

 

 

Figure 5-17:: Comparison of cellular expression of pSmad 2/3:7 ratio in basal 
epithelial cells  

of healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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Figure 5-18: Comparison of cellular expression of pSmad 2/3:7 ratio in Rbm cells 

of healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD). 

 

Figure 5-19: Comparison of cellular expression of pSmad 2/3:7 ratio in LP cells 

of healthy non-smokers (H-N), smokers with normal lung function (NLFS), current 

smoking COPD (S-COPD) and ex-smokers with COPD (ES-COPD).  
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5.3.5 Regression analyses 

Whether with FEV1, FEV1/FVC ratio (FER), or FEF25-75 % (small airways), there were 

remarkably consistent negative relationships in all smokers/COPD groups with pSmad 

2/3 cell expression (Figure 5.20), i.e. airflow obstruction; and contrasting positive 

relationships with pSmad 7 expression (Figure 5.21). This is illustrated in ES-COPD, 

a group less likely confounded by co-existing effects of active smoking, but 

relationships were all very similar in each non-normal groups. 

Cellular expression of both pSmad 2/3 and pSmad 7 were correlated with the classical 

EMT mesenchymal marker S100A4 (Sohal, S. S., Reid, Soltani, Ward, Weston & 

Muller 2010); there were consistent relationships between epithelial basal cell and 

Rbm cell expression of pSmad 2/3 (positive) and pSmad 7 (negative) with S100A4 

(Figure 5.22).  Similarly, the cellular pSmad 2/3:7 ratios also had consistently positive 

relationships with the EMT marker.  

In contrast, were no significant relationships for basal cell TGFβ1 expression against 

pSmads or S100A4, nor with lung function.  
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Figure 5-20: Correlation between basal epithelial pSmad 2/3 expression and lung 
function test 

for the ex-smoker with COPD group (ES-COPD). 

 

 

Figure 5-21: Correlation between basal epithelial cells pSmad 7 expression and 
FEF 25-75 % 

for the ex-smoker with COPD group (ES-COPD).   
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Figure 5-22: Correlation between S100A4, pSmad 2/3 and pSmad 7 expression 

(A) Correlation between numbers of Rbm cells positive for pSmad 2/3 with S100A4 

positive Rbm cells; (B) Correlation between numbers of basal epithelial cells positive 

for pSmad 7 with S100A4 positive basal cells, for the ex-smoker with COPD group 

(ES-COPD).   
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5.4 Discussion 

As mentioned earlier, the basic pathophysiology of COPD lies in its progressive 

fibrosis and destruction of small airways (Hogg, McDonough & Suzuki 2013), though 

there has been little understanding of this. However, there is increasing evidence of 

dysregulated epithelial basal stem cell function (Ryan et al. 2014), one feature of which 

our group strongly suggested is active EMT (Sohal, S. S., Reid, Soltani, Ward, Weston 

& Muller 2010). The literature around this is limited and reviewed earlier. 

TGFβ1 has been suggested as a key regulator of the fibrotic airway disease in COPD 

(Tatler & Jenkins 2012), but again there is little confirmation of this. Although cigarette 

smoke was shown to induce TGFβ1 in cultured mouse tracheal explants (Wang, R. D., 

Wright, J. L. & Churg, A. 2005), its down-stream effectors, pSmad 2/3, were reported 

not to be increased in expression in small airways in COPD subjects (Zandvoort et al. 

2006) though Smad 7 expression was reduced (Zandvoort et al. 2006). TGFβ1 has 

been postulated also as a key inducer of EMT in several tissues, including alveolar 

type II cells (Konigshoff et al. 2009) in idiopathic pulmonary fibrosis (IPF) (Ramos et 

al. 2001), so some connection between TGFβ1, EMT and fibrosis is appearing in lung 

pathology. 

This is the first comprehensive study of the expression of the TGFβ1-related “classical” 

pathway transcriptional proteins in airway tissues from normal smokers and patients 

with COPD compared to normal controls. I have studied this in large airways because 

our group previously reported TGFβ1 expression to be increased in the epithelial and 

Rbm cells of smokers and especially those with COPD (Soltani, Sohal, et al. 2012) but 

focused only on the relationship of TGFβ1 to vascular structures. 

The observation of an increase in TGFβ1 expression in basal airway epithelial cells in 

smokers is consistent with some previous reports in both large and small airway (de 

Boer et al. 1998; Takizawa et al. 2001). In the current study the fact that cellular pSmad 

expression was closely associated in regressions with both EMT activity and airflow 

obstruction suggest strongly that this pathway is of functional significance in COPD 

pathogenesis.  
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Several genetic studies have demonstrated a link between COPD and TGFβ1 in COPD 

(Smolonska et al. 2009). TGFβ1 can also induce EMT- type changes in cultured 

respiratory epithelial cells (Gohy, S. T. et al. 2015). The epithelium in smokers is also 

likely to produce more TGF-β1, suggesting the possibility of a self-reinforcing vicious 

cycle to EMT stimulation (Wang, R. D., Wright, J. L. & Churg, A. 2005). My finding is 

novel in that I have shown both a general increase in TGFβ1 in all airway wall 

compartments studied, but a parallel change in downstream pSmad signalling. These 

changes were evident in both smokers and COPD, but most in actively smoking 

COPD. The relevance of my findings is underscored by anti-TGFβ treatment being 

able to attenuate COPD pathology in mice (Podowski et al. 2012). 

In my work, although TGFβ1 expression was increased in the smoker/COPD airways, 

unlike for pSmad there was no relationship to either EMT activity or obstructive lung 

function. This suggests that other growth factors or changes in receptor 

responsiveness to TGFβ1 are also involved. Further, the Wnt-β catenin pathway may 

be a mediator in pulmonary fibrosis (Konigshoff et al. 2008) and Notch, NFkB and 

Hedgehog (Hh) have been also shown to participate in EMT (Karhadkar et al. 2004). 

Work on these pathways in COPD is now needed, and some contribution to this is 

provided in next Chapter. 

Evidence of increased TGFβ1 expression by Rbm vessels was further supported by 

vascular expression of pSmad2/3 in smokers and COPD. This system may be a 

driving factor for angiogenesis in the Rbm to produce the picture of pre-malignant 

Type-3 EMT (Kalluri, R. & Weinberg 2009). Such a link with cancer is reinforced by 

the finding that EMT expression through a Smad-binding element is active in non-

small cell lung carcinoma (Yang, H et al. 2015) and facilitates metastasis (Yu et al. 

2015). It needs to be noted that lung cancer is especially prevalent in smokers with 

COPD (Yang, IA et al. 2011) 

The large majority of cells in the LP are thought to be stromal (Mani et al. 2008) and 

are likely to the one expressing pSmads. This would fit with evidence that lung 

fibroblasts in COPD patients produce increased extracellular matrix (ECM), dependent 

on the local cytokine environment (Zandvoort et al. 2008). 

One of the most remarkable translational findings in my current study was the 

significant correlation of pSmad 2/3 and pSmad 7 expression with both an EMT activity 



 
 

185 
 

marker and airflow obstruction. Interestingly, in more advanced disease and in small 

airways, Zandvoort and colleagues did not find pSmad 2 expression in COPD 

(Zandvoort et al. 2006); but it may be that my study being into earlier disease in COPD 

was more appropriate for investigating core pathogenic mechanisms.  

The strengths of the present study include, first, the use of relevant human tissue, with 

sufficiently robust number, following up my previous observation of presence of EMT 

in both small and large airways of COPD (chapter 4). Second, by using well 

phenotyped individuals with mild to moderate COPD, I studied pathogenic 

mechanisms in relatively early disease without confounding by chronic infection and 

emphysema. There are also a few limitations to this study. Firstly, it is cross-sectional 

at a single time point and longitudinal studies are needed to see how variable TGFβ1-

pSmad expression is and if it relates to the trajectory of airway dysfunction.  Secondly, 

I am not yet sure about the true phenotype of the LP cells expressing pSmad which is 

a future goal now of our group. Finally, my control subjects were somewhat younger 

than the smoker/COPD group, but there was no evidence that growth factor or 

transcription factor expression were age-related across any group.  

In conclusion, the TGFβ1-pSmad pathway is likely to be an important regulator of EMT 

and physiological obstruction, presumably via fibrosis. The present study 

demonstrated a positive association between smoking, COPD and up regulation of 

stimulatory pSmads in all airway compartments, and in vessels as well as cells. The 

relationships seen between pSmad expression and EMT and also airflow obstruction 

support these statements. Translational research in this area still hold a considerable 

potential to explore new therapeutic targets in order to revolutionized the management 

of smoking-related airflow limitation in patients with COPD.  
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Chapter 6 
 

6. β-catenin, Twist and Snail: Transcriptional regulation of EMT 
in smokers and COPD, and relation to airflow obstruction 

 

6.1  Introduction 

Relatively little has been known regarding transcriptional regulation of EMT specifically 

in the airways of smokers and COPD, although there is a large literature in other 

pathological situations and especially in epithelial cancers. There is just some work in 

epithelial cell culture on the mechanisms of EMT in the airways (Gohy, S. T. et al. 

2015). In chapter 5, I investigated the evidence for involvement of TGF-β1 and its 

SMAD transcription factor system in EMT activity in large airway biopsies from 

smokers and patients with COPD, and in this chapter I deal with another key question 

regarding the role of a well described EMT-related transcriptional factor cluster (β-

catenin, Snail1 and Twist) specifically in development and progression of airway 

remodelling. This has not been previously done. 

A review of these transcription factor clusters were given in Chapter 2, as well as 

mutual interaction potentially existing between them.  

To my knowledge, it is probably the first study, where not only β-catenin, Snail1 and 

Twist protein expression has been observed but also cellular compartmentalisation 

has also been identified in airway biopsy material obtained directly from human COPD 

subjects and appropriate smoking and non-smoking controls. I also investigated 

relationships between these transcriptional factors and EMT activity (represented by 

the mesenchymal marker S100A4), with the TGFβ1 and Smad system, and finally with 

airflow obstruction as the final functional outcome of these complex processes.  

6.2 Overview of materials and methods 

I employed classical immune-histochemical methods to evaluate β-catenin, Snail1 and 

Twist expression in the large airway epithelium in bronchial biopsies collected from 

well phenotyped study participants. Details of study participants are given in Table 6.1.  
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Groups 
(numbers) 

 
NC 

(n=15) 
 

NLFS 
(n=15) 

COPD-CS 
(n=20) 

COPD-EX 
(n=15) 

GOLD 
I/GOLD II‡ N/A N/A 11/9 8/7 

Male/female 7/8 11/4 12/8 9/6 

Age (years) 44 (20-68) 
(p=0.313) 

50 (30-66) 
(p=0.313) 

60 (48-78) 
(p=0.001)* 

62 (53-69) 
(p=0.001)* 

Smoking 
(pack years) 
 
 

0 32 (10-57) 45 (18-80) 51 (18-150) 

FEV1% 
predicted 

(Post BD)† 
113 (86-140) 99 (78-125) 

(p=0.01)* 
85 (68-102) 
(p<0.001)* 

83 (54-104) 
(p<0.001)* 

FEV1/FVC % 
(Post BD)† 82 (71-88) 77 (70-96) 

(p=0.218) 
59 (48-68) 
(p<0.001)* 

57 (38-68) 
p<0.001)* 

 

Table 6.1: Demographic detail and lung function data for participants. 

Data expressed as median and range. 

NC- Normal control; NLFS-Normal lung function smoker; COPD-CS-COPD current 

smoker; COPD-ES- COPD ex-smoker; N/A-Not any 

*Significance difference from NC  

† Post BD values after 400µg of salbutamol 

‡ Diagnosis of COPD was made according to GOLD 2015 guidelines.  
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6.3 Results 
 

6.3.1 Basal epithelial cells 
 

6.3.1.A β-catenin 

There was general staining for β-catenin in the basal cells of airway epithelium in all 

groups with no significant difference in number of cells expressing it. However, there 

were striking change in the cellular distribution of β-catenin expression from cell 

membrane to cytoplasm in NLFS and COPD-EX, but to the nucleus in COPD-CS 

(Figure 6.1 and 6.2). The ratio of number of cells with predominant nuclear rather than 

membranous/cytoplasmic predominance was significantly higher in COPD-CS in 

comparison to NC and NLFS as well (P<0.01) (Figure 6.3). 

 

 

Figure 6-1: Representative photomicrograph of β-catenin expression in 4 
different study group. 

A) Healthy non-smoker (N-C), B) smoker with normal lung function (NLFS), C) current 

smoking COPD (COPD-CS) and D) ex-smoker with COPD (COPD-EX). Original 

magnification, ×400. Scale bar =50 µm.  
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Figure 6-2: Comparison of cytoplasmic versus nuclear % basal cells expressing 
β-catenin  

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX). 

 

 

Figure 6-3: Comparison of nuclear: membranous/cytoplasmic ratio of basal cells 
expressing β-catenin  

Between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  

N C
N L F S

C O
P D -C

S

C O
P D -E

X

0

2 0

4 0

6 0

8 0

1 0 0
B

a
s

a
l 

E
p

it
h

e
li

a
l 

C
e

ll
s

 %
(M

e
m

b
 v

s
 C

y
to

 v
s

 N
u

c
l)

:
β

-c
a

te
n

in

M e m b

C y to

N u c l
**

**



 
 

190 
 

6.3.1.B Snail1 

Snail expression was less uniform among basal cells, but there was a significant 

increase expression in both NLFS and COPD-CS (P<0.05). In addition, there was a 

significant shift from cytoplasmic to nuclear expression only in COPD-CS group 

(P<0.01) gradually rise from NC to NLFS and finally to the COPD-CS group (P<0.01). 

(Figure 6.4 and 6.5).  

 

 

Figure 6-4: Photomicrographs of Snail1 expression representing 4 different 
study groups: 

A) Healthy non-smoker (N-C), B) smoker with normal lung function (NLFS), C) current 

smoking COPD (COPD-CS) and D) ex-smoker with COPD (COPD-EX). Original 

magnification, ×400. Scale bar =50 µm.  
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Figure 6-5: Comparison of cytoplasmic versus nuclear % basal cells expressing 
Snail1  

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.1.C Twist 

Twist expression was prominent in the NC group but only in the more apical cell areas. 

In contrast there was more basal cell expression in all other groups (P<0.01). There 

was shift from the cytoplasmic to nuclear compartment expression only in the 2 

groups, NLFS and COPD-EX (P<0.05), and not in COPD- CS (Figure 6.6 and 6.7). 
 
 

 

Figure 6-6: Representative photomicrograph of Twist expression in 4 different 
study groups 

A) Healthy non-smoker (N-C), B) smoker with normal lung function (NLFS), C) current 

smoking COPD (COPD-CS) and D) ex-smoker with COPD (COPD-EX). Original 

magnification, ×400. Scale bar =50 µm.  
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Figure 6-7: Comparison of cytoplasmic versus nuclear % basal cells expressing 
Twist  

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.2 Rbm cells 
 

6.3.2.A β-catenin 

There was little difference in general cellular staining between the 4 groups, but a small 

though significant shift from cytoplasmic to nuclear expression in NLFS and COPD-

CS (P<0.05) (Figure 6.1 and 6.8). Similarly, nuclear to cytoplasmic ratio was 

significantly higher than NC in NLFS group (P<0.05) (Figure 6.9). 

 

 

Figure 6-8: Comparison of cytoplasmic versus nuclear % Rbm cells expressing 
β-catenin 

 between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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Figure 6-9: Comparison of nuclear: cytoplasmic ratio of Rbm cells expressing 
β-catenin  

In healthy non-smokers (N-C), smokers with normal lung function (NLFS), current 

smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.2.B Snail1 

There was similar and substantial staining of Snail1 in Rbm cells in all 4 groups, but 

with a marked shift from cytoplasmic to nuclear expression in the 3 different clinical 

groups compared to NC (P<0.05) (Figure 6.4 and 6.10), reflected in increased nuclear 

to cytoplasmic ratio for these 3 pathological groups (P<0.05). 

 

 

Figure 6-10: Comparison of cytoplasmic versus nuclear % Rbm cells expressing 
Snail1  

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.2.C Twist 

There was increased expression of Twist in NLFS as compared NC subjects but a 

slight shift towards nuclear expression occurred in both NLFS and COPD-EX group 

(P<0.05) (Figure 6.6 and 6.11). A significantly elevated nuclear to cytoplasmic ratio 

occurred in NLFS and COPD-EX groups (P<0.01). 

 

 

 

Figure 6-11: Comparison of cytoplasmic versus nuclear % Rbm cells expressing 
Twist  

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.3 LP cells 
 

6.3.3.A β-catenin 

Matrix staining for β-catenin was observed in NC only, and was absent in all clinical 

groups, suggesting some change in physio-chemical interactions with matrix proteins. 

In LP cells there were fewer cells expressing β-catenin in all groups (approx. 20% of 

total cells), but there was a shift to nuclear expression in both NLFS and COPD-CS 

compared to NC (P<0.05). (Figure 6.1 and 6.12) Similarly, nuclear to cytoplasmic ratio 

was also significantly higher in NLFS and COPD-CS (P<0.05). 

 

 

Figure 6-12: Comparison of cytoplasmic versus nuclear % LP cells stained 
with β-catenin 

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.3.B Snail1 

No matrix staining was observed in any group. There was again a marked shift from 

cytoplasmic to nuclear expression in the 3 clinical groups, but especially in NLFS and 

COPD-CS (P<0.05) (Figure 6.4 and 6.13). A corresponding shift was observed in 

nuclear to cytoplasmic ratio in NLFS and COPD-CS (P<0.05). 

 

 

 

 

Figure 6-13: Comparison of cytoplasmic versus nuclear % LP cells stained 
with Snail1 

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.3.C Twist 

Matrix was devoid of Twist staining in LP area. There was no difference in % cell 

staining (all around 20%) between groups but a shift from cytoplasmic to nuclear 

staining in the COPD group, especially in COPD-Ex smokers (P<0.05) (Figure 6.6 and 

6.14). In addition, nuclear to cytoplasmic ratio was also observed to be high in two 

above mentioned clinical groups (P<0.05). 

 

 

 

 

Figure 6-14: Comparison of cytoplasmic versus nuclear % LP cells stained with 
Twist 

between healthy non-smokers (N-C), smokers with normal lung function (NLFS), 

current smoking COPD (COPD-CS) and ex-smokers with COPD (COPD-EX).  
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6.3.4 Regression Analyses 

The relationships between β-catenin and Snail1 cell expressions, each independently 

with lung function, TGFβ1-Smad system and EMT activity (as S100A4 expression), 

were quite similar in all compartments (i.e. for basal cells, Rbm cells and LP cells); 

relationship for Twist were weaker though still generally significant.  In general, higher 

the expressions of the transcription factors were annotated with greater degrees of 

EMT activity and also with greater levels of airflow obstruction. These relationships 

were strongest in basal cells and in COPD-CS, and representative regressions, are 

shown only for this group (Figure 6.15, 6.16 and 6.17). 

 

 

Figure 6-15: Regression Analysis of Transcription Factor Clusters and Lung 
Function test 

A) Correlation between number of basal epithelial cells positive for β-catenin and 

forced expiratory ratio (FER); (B) The same for % predicted FEF25-75 (an index of small 

airway calibre); (C) Correlation between Snail1 positive basal epithelial cells and 

forced expiratory ratio (FER); (D) Correlation between basal epithelial cells positive for 
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Snail1 with FEF 25-75% predicted. All these correlations are from the current-smoking 

COPD group (COPD-CS). 

 

 

Figure 6-16: Regression Analysis of Transcription Factor Clusters and S100A4 

(A) Correlation between number of basal epithelial cells positive for β-catenin with 

S100A4 positive basal epithelial cells; (B) Correlation between number of Rbm 

expressing β-catenin with S100A4 positive Rbm cells; Similarly, (C) Correlation 

between number of basal epithelial cells positive for Snail1 with S100 positive basal 

cells; (D) Correlation between Rbm cells expressing Snail1 with S100A4 positive Rbm 

cells. All these correlations are also from the current smoking COPD group (COPD-

CS).  
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Figure 6-17: Regression Analysis of Transcription Factor Clusters and TGF β-
Smad system 

(A) Correlation between number of β-catenin positive basal epithelial cells with TGFβ1 

positive basal epithelial cells; (B) Correlation between number of basal epithelial cells 

positive for β-catenin with pSmad 2/3 positive basal cells; (C) Correlation between 

basal epithelial expressing Snail1 with pSmad 2/3 positive basal epithelial cells. All 

these correlations are also from the current smoking COPD group (COPD-CS).  
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6.4 Discussion 

I discussed in chapter 5 my data in regard to the TGFβ1-Smad pathway in COPD, and 

its relationships with both EMT and airway obstruction. I have now addressed similar 

issues with the classic pro-EMT β-catenin-Snail1-Twist transcription factor cluster, 

usually thought to be activated by the Wnt system through cell surface Frizzled 

receptors (Fodde & Brabletz 2007). I have now provided strong evidence for a general 

up-regulation of this system in smokers and once again especially in COPD. A 

particular feature was marked shift in these transcription factor expressions from the 

cell cytoplasm (and in the case of β-catenin first from the cell membrane) into the cell 

nucleus. This was evident not only in the epithelial basal cells but also in the hyper-

cellular reticular basement membrane (Rbm) and to an extent in lamina propria 

stromal cells. There were strong generalised associations between the expression of 

these transcription factors and EMT activity (using expression of the classic 

mesenchymal marker S100A4) and notably also airflow obstruction. 

Although several studies have demonstrated a role of the canonical Wnt/ β-catenin 

signalling pathway in fibrosis and tissue remodelling (Cheon et al. 2004; Chilosi et al. 

2003; Clevers 2006), little has been known about how β -catenin may be involved in 

the pathology of COPD. My observations do consolidate the recent report of Wnt up-

regulation in COPD airways and its induction in cultured airway cells by cigarette 

smoke (Heijink et al. 2016). In addition, various growth factors, including TGF- β1, can 

activate β-catenin signalling either directly or via autocrine Wnt ligand production 

(Cheon et al. 2004; Guo & Wang 2009; Nunes et al. 2008) and this would fit with my 

observation of a significant cross-association with the TGF β1 and pSmad 2/3 

pathways in these human tissue studies. 

Stabilized (non-phosphorylated) β-catenin activates several target genes including 

those for MMP’s, growth factors, ECM proteins and pro-inflammatory mediators and 

enzyme (Clifford, Deacon & Knox 2008; Doyle & Haas 2009; Rahmani et al. 2005) and 

most importantly has been postulated as a key inducer of EMT in several tissues 

(Nagarajan et al. 2012). In addition, Baarsma et al observed that β-catenin expression 

is higher than normal in primary pulmonary fibroblasts from COPD subjects (Baarsma, 

H. A. et al. 2011), which may reflect my findings of expression by minority of LP stromal 

cells.  
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Snail1 and Twist have been implicated previously in induction of EMT in airways with 

protein and mRNA expression of mesenchymal markers and EMT-related 

transcription factors increased in cultured epithelial cells (Nishioka, M et al. 2015). The 

findings of the present study are novel in that I have not only shown a general increase 

in expression of transcriptional factors in all airway wall compartments, but also a 

downstream cytoplasmic to nuclear shift in smokers and especially in COPD. These 

changes were most evident in the basal epithelial cells in current smoker COPD. 

These findings have allowed us to develop a working model of COPD pathogenesis 

which can be tested by further experiment. 

β-catenin and Snail1 and Twist are intimately interlinked because the majority of β-

catenin’s action is mediated through the other two transcription factors (Li, J & Zhou 

2011; Morin 1999). Twist as an important transcriptional factors for fibrosis was first 

demonstrated in murine model of virus-induced lung fibrosis and in alveolar epithelial 

cells from lung tissue of idiopathic pulmonary fibrosis (IPF) patients (Pozharskaya et 

al. 2009).  My present study suggest that these processes are also active in the 

airways in smoking-related COPD. 

One of the most remarkable findings in my present study was the significant correlation 

of basal epithelial cell transcription factor expression with both an EMT activity marker 

and also airflow obstruction. This latter “mechanistic” relationship gives my findings 

clinical and potentially translational relevance. However, I also found a strong 

relationship in my previous study between Smad expression in the epithelium and 

airway obstruction (Chapter 5) though interestingly this was not found with TGFβ1 

expression. This emphasise that factors other than this growth factor, are also likely 

driving EMT and down-stream airway fibrosis, making this a complex system unlikely 

to be amenable to an easy therapeutic intervention. 

The strengths of the present study include the use of relevant human tissue in very 

well phenotyped individuals including mild to moderate COPD patients and 

comprehensive appropriate controls, and with sufficiently robust numbers giving 

sufficient power to detect these fascinating findings. I have focused on mild to 

moderate COPD patients, because active pathogenic mechanisms at this stage will 

be core ones, and not unduly influenced by later secondary complications such as 
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infection, inflammation and immune activation in airway lumen and without significant 

emphysema to affect airflow.  

There are also some limitations to this study. Firstly, it has not undertaken 

comprehensive longitudinal analysis which could relate variable transcriptional factors 

expression to individual disease progression. It is noteworthy, for example, that even 

in the normal smoker control group there were quite strong relationships between 

transcription factors and decreasing lung function, even if technically all within the non-

COPD range, suggesting that there are individuals on the way to full-blown COPD; 

one could also speculate that they may be of particular risk of lung cancer. Secondly, 

I am not sure about the detailed phenotype of the of LP cells expressing β-

catenin/Snail1/Twist, although descriptively they seemed to be stromal cell and not 

immune/inflammatory. Double staining will be a future goal. Thirdly, my control 

subjects were somewhat younger than the smoker/COPD group, but transcription 

factor expression levels were not age related in any group; and finally, this study used 

large airway biopsies while the predominant anatomic site of airflow limitation is in the 

small airways. I did this because recruiting volunteers for bronchoscopic airway 

sampling allowed us access to fit subjects with well-defined phenotypes including 

COPD subjects with relatively mild disease without confounding drug treatment or the 

pathology present in resected lung tissues. Further, I know that although EMT is 

especially active in larger airways, it is also present in small airways and lessons 

learned in one site are likely to reflect also what is happening throughout the airway 

tree; it is telling that both EMT activity (Chapter 4) and these current transcription factor 

expressions were strongly related to small airway function (FEF25-75%). Even so, it 

is now certainly well worth the effort to try and replicate these finding in small airway 

samples. 

In conclusion, I observed that the β-catenin/Snail1/Twist transcription factor cluster is 

activated in smokers and especially in COPD, and that their expression is remarkably 

closely related to both EMT activity and airway obstruction. I feel that this work is 

opening up novel understanding of the fundamental mechanisms involved in COPD 

patho-physiology. It will also open a new horizon in research for therapeutic targets in 

COPD patients, especially perhaps those who are in their early stage of COPD, and 

indeed more generally in smokers who are vulnerable to development of COPD.  
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Chapter 7 

7. Epithelial mesenchymal transition (EMT) and non-small cell lung 
cancer (NSCLC): A mutual association with airway disease 

 

 

7.1 Introduction 

Non-small cell lung cancer (NSCLC) is the leading cause of cancer death worldwide 

(Siegel, R., Naishadham, D. & Jemal, A. 2013). Among NSCLC variants, 

adenocarcinoma is the most common histological subtype. (40% of cases), while 

squamous cell carcinoma is the second most common type (approx. 25-30%).  

Surgical resection is the treatment of choice for early-stages though recurrence and 

metastasis are the common even after resection (D’Amico 2008; Williams et al. 2006). 

Since metastasis is the main obstacle for long-term survival after surgical resection, 

identification of prognostic molecular markers early on, related to aggressiveness, 

would be clinically useful. 

For metastatic disease, it is widely accepted that invasion of extracellular matrix, 

vascular dissemination, and homing of cancer cells are major steps (Duffy, McGowan 

& Gallagher 2008). However, tissue invasion, is highly dependent on the structure of 

the primary organ and seems mechanically difficult due to lack of anatomic lung 

structures that can serve as routes for invasion. Therefore, in NSCLC, invasion needs 

newly formed desmoplastic stroma, containing active fibroblasts and a dense network 

of collagen and elastin, embedded in a ground substance, composed of proteoglycans 

and glycoproteins (Liotta 1986). Sakurai and colleagues tried to grade this infiltration 

process in NSCLC histopathologically by the degree of invasion and showed that 

grade was related to prognosis (Sakurai, H et al. 2004). Travis and colleagues further 

showed that   breaking through epithelial basement membrane is also of major 

prognostic significance (Travis & Harris 2004). 

Invasion into the surrounding tumorigenic desmoplastic stroma is enhanced by 

epithelial-mesenchymal transition (EMT) activity in cancer cells. EMT is a cellular 

process of morphologic and functional trans-differentiation from an epithelial to 

mesenchymal phenotype which is also implicated in the conversion of early-stages 

into invasive malignancies (Chen, N et al. 2014; Iwano, M. et al. 2002; Kang, Y & 
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Massagué 2004; Yilmaz, Christofori & Lehembre 2007). 

As consequence of EMT, resultant mesenchymal cells, digesting through the 

basement membrane (Gotzmann et al. 2004; Gupta & Massagué 2006; Jechlinger et 

al. 2003; Lee, J. M. et al. 2006) activate a gene program characteristics of cells (Kang, 

Y & Massagué 2004; Klymkowsky & Savagner 2009). EMT has been shown to be 

active in a number of epithelial cancers, e.g. pancreatic cancer, gastric, and colorectal 

carcinomas (Alves et al. 2007; Bukholm, Nesland & Borresen-Dale 2000; Kang, H et 

al. 2011; Nishioka, R et al. 2010) and indeed epithelial cancers constitute the vast bulk 

of human malignancies. Thus, EMT is an important event in the progression, invasion 

and metastasis of carcinomas and related in general to a particularly dismal prognosis 

(Gupta & Massagué 2006; Lee, J. M. et al. 2006; Thiery, J. P. 2002). 

In the present study, I have taken a somewhat new direction for human work by 

investigating the heterogeneity of expression of classic EMT-related proteins including 

S100A4, vimentin and N-cadherin, as well as epithelial activity marker EGFR and a 

vascularity marker, Type-IV collagen for endothelial basement membrane (Soltani, 

Wood-Baker, et al. 2012). I have divided NSCLCs virtually between central and 

peripheral components, assessed their individual grade of differentiation and also 

obtained their final recorded histopathological TNM staging. I have investigated 

whether the expression pattern of EMT bio-markers would be greater at the peripheral 

area ‘leading edge’ of NSCLC tumors compared with central areas, and correlate with 

tumour differentiation and staging in both (adeno and squamous cell carcinoma). 

Finally, I have assessed how EMT expression and vascularity in the tumors may relate 

to such changes in the large and small airway walls from corresponding individuals in 

the resected lung specimens. 

7.2 Over view of materials and methods 

I employed classical immune-histochemical methods to evaluate EGFR, EMT 

biomarkers (S100A4, vimentin, N-cadherin) and Type-IV collagen expression in the 

NSCLC from well phenotyped participants. Details of study participants are given in 

Table 7.1.  
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Groups (numbers) Adeno CA (n=15) 
Squamous cell 

CA(n=10) 

Male/Female 
11/4 

 
7/3 

Age (years) 
65 (55.7-68.7) 

 

54 (46-68.3) 

 

Smoking pack years 
(Range) 

41 (25.2-44.3) 
35 (28.4-43.9) 

 

T factor 
T1a/1b 
T2a/2b 

T3 

(n) 

8 

5 

2 

(n) 

6 

3 

1 

N factor 
N1 
N2 

(n) 

11 

4 

(n) 

6 

4 

Vascular Invasion 
3 (+) 

12 (-) 

3 (+) 

7 (-) 

Pleural invasion 
2 (+) 

13 (-) 

1 (+) 

9 (-) 

Lymphatic invasion 
3 (+) 

12 (-) 

2 (+) 

8 (-) 

FEV1 % predicted 82 (75-91.4) 80 (72-87.4) 

FEV/FVC %* 66 (62.9-76.1) 68 (60.9-73.1) 

FEF25-75% predicted 52.5 (39.9-75.1) 53 (36-70.8) 

Table 7.1: Demographic detail and lung function data of NSCLC patients  

Data expressed as mean and CI95%; 

T= Tumor Size 

N= Lymph node involvement 

FEV1= Forced Expiratory Volume in 1 second 

FVC =Force Vital Capacity 

FEF = Force Expiratory Flow  
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7.3 Results 
 

7.3.1 EMT biomarker expression in NSCLC 

For both tumour types, and for all bio-markers, (EGFR for epithelial activation; 

S100A4, vimentin and N-cadherin, for EMT) and also for collagen-IV for vessels, 

expression of protein was more marked in the leading edge peripheral area than 

centrally, P<0.05 for squamous cell carcinoma (Figure 7.1, 7.2 and 7.3) and P<0.01 

to P<0.001 for adeno-carcinoma (Figure 7.4, 7.5, 7.6, 7.7 and 7.8). 

 

 

Figure 7-1: Representative photomicrograph of EGFR and S100A4 expression 
in squamous cell carcinoma 

A) & C) Central Portion, B) & D) Peripheral leading edge. Original magnification, ×400. 

Scale bar =50 µm.  
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Figure 7-2: Representative photomicrograph of N-cadherin and vimentin 
expression in squamous cell carcinoma 

A) & C) Central Portion B) & D) Peripheral leading edge. Original magnification, ×400. 

Scale bar =50 µm.  
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Figure 7-3: Comparison between central and peripheral leading edge of 
squamous cell carcinoma 

 (A) S100A4, (B) EGFR, (C) vimentin and (D) N-cadherin expression (IRS score).  
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Figure 7-4: Representative photomicrograph of EGFR and S100A4 expression 
in Adeno carcinoma. 

A) & C) Central Portion, B) & D) Peripheral leading edge. Original magnification, ×400. 

Scale bar =50 µm.  
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Figure 7-5: Representative photomicrograph of N-cadherin and Vimentin 
expression in Adeno carcinoma 

A) & C) Central Portion, B) & D) Peripheral leading edge. Original magnification, ×400. 

Scale bar =50 µm.  
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Figure 7-6: Comparison between central and peripheral leading edge of Adeno 
carcinoma 

(A) S100A4, (B) EGFR, (C) vimentin and (D) N-cadherin expression (IRS score).  
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Figure 7-7: Photomicrographs of Type-IV collagen expressing blood vessels. 

A & C) Central Portion, B & D) Peripheral leading edge. Original magnification, ×400. 

Scale bar =50 µm. 

 

 

Figure 7-8: Comparison of number of Type-IV collagen expressing vessels 

between centre and peripheral leading edge of (A) Squamous cell carcinoma and (B) 

Adeno carcinoma.  
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7.3.2 Regression Analyses  
 

7.3.2.A Adenocarcinoma 

For EGFR and S100A4, there were strong relationships, between peripheral tumour 

expressions (IRS assessment) and both TNM stage (P<0.05) and differentiation 

(P<0.05) (Figure 7.9).  

For S100A4 and vimentin, peripheral tumour cell expression was positively correlated 

to corresponding small airway epithelial S100A4 (P<0.05) and vimentin (P<0.02) 

expression (Figure 7.10), but not to large airway expression. There were no 

relationships found between tumour vascularity and that in either the large or small 

airways. 

 

7.3.2.B Squamous cell carcinoma 

Again peripheral leading edge area expression of EMT biomarker (S100A4 and 

Vimentin) and EGFR (IRS assessment) positively correlated with more advanced 

stages (P<0.01) and poor differentiation (P<0.05) of tumors (Figure 7.9) 

There were significant relationships found between tumour EMT bio-marker 

expression (by IRS assessment) and corresponding large and small airway wall EMT 

marker expressions (Figure 7.10). There was also a strong positive association 

between peripheral leading edge, vessel density and large airway epithelial reticular 

basement membrane (Rbm) vascularity (P<0.05) (Figure 7.11).  
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Figure 7-9: Regression Analysis of Tumor differentiation, TNM Stage and EGFR 

A) Correlation between IRS score of EGFR at leading edge of Squamous cell 

carcinoma, and TNM stage (B) Correlation between IRS score of EGFR at leading 

edge of Adeno carcinoma, and TNM stage C) Correlation between IRS score of EGFR 

at leading edge of Squamous cell carcinoma, and differentiation (D) Correlation 

between IRS score of EGFR at leading edge of Adeno carcinoma, and differentiation.  
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Figure 7-10: Regression analysis for S100A4 at tumour leading edge and in 
airways. 

A) Correlation between S100A4 (IRS score) at leading edge of Squamous cell 

carcinoma, and number of basal epithelial cells per mm of Rbm, positive for S100A4, 

in large airway (B) Correlation between S100A4 (IRS score) at leading edge of Adeno 

carcinoma, and number of basal epithelial cells per mm of Rbm, positive for S100A4, 

in large airway C) Correlation between S100A4 (IRS score) at leading edge of 

Squamous cell carcinoma, and small airway’s number of basal epithelial cells per mm 

of Rbm, positive for S100A4 (D) Correlation between S100A4 (IRS score) at leading 

edge of Adeno carcinoma, and small airway’s number of basal epithelial cells per mm 

of Rbm, positive for S100A4.  
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Figure 7-11: Regression analysis for number of blood vessels at tumour 
leading edge and in airway. 

Correlation between number of Type-IV collagen positive vessels at leading edge and 

number of Rbm vessels per mm of Rbm, in large airways.  
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7.4 Discussion 

Non-small cell lung cancer (NSCLC) is the most predominant type of lung cancer and 

the leading cause of cancer deaths worldwide (Jemal et al. 2010). However, NSCLC 

has been relatively little studied for the potential importance of EMT in determining its 

biology and outcomes. I have now shown that there is obvious heterogeneity in central 

and peripheral leading edge of NSCLC (adeno and squamous cell-carcinoma), not 

only in terms of EMT biomarker expression (S100A4, Vimentin and N-cadherin) and 

EGFR expression but also in vessel density as well. In addition, there was a strong 

correlation between EMT biomarker expression in the leading edge and with advanced 

stage and poor differentiation of NSCLC. There was also a positive correlation 

between leading edge EMT expression in both tumour types and airway epithelial EMT 

activity, and for squamous cell-carcinoma only between peripheral tumour and large 

airway Rbm vascularity. 

The current literature has included a focus on gene deletions and insertions in exon 

19 and point mutations in exons 18 and 21 in the epidermal growth factor receptor 

(EGFR) (Otto et al. 2012; Uruga et al. 2010), expression of onco-fetal protein IMP3 

(Beljan Perak et al. 2012) and specific gene promoter methylation (Ji et al. 2011) as 

prognostic markers in NSCLC. However, there has been little work solely on 

metastasis-related markers including EMT related proteins. Some studies have 

highlighted that centrally located tumour cells stained more positively for epithelial 

markers, but was absent at the invasive front of the tumour in lung cancer (Chiou et 

al. 2010; Hung et al. 2009; Tischler et al. 2011), but did not look at the inverse, i.e. 

more mesenchymal tumour cell expression at the leading edge. Both lower epithelial 

marker and higher mesenchymal marker expression suggest active EMT.  

As EMT activity is considered to be one of the causes of morphological heterogeneity 

in general (Bartis et al. 2014) and now I observed in NSCLC that S100A4 and vimentin 

and N-cadherin expression was relatively low in the central region and so was blood 

vessel density, in comparison with leading edge, peripheral part. In the central area of 

NSCLC, the cells usually form irregular-shaped nests associated with marked 

desmoplastic stroma production (Chen, Z et al. 2014).  In comparison, in the peripheral 

areas of primary NSCLC, the tumour cell infiltrate fills and destroys the alveolar 

spaces, but is associated with a weak desmoplastic reaction (Funai et al. 2003; 
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Watanabe et al. 2011). This latter area is also where I observed increased S100A4 

and vimentin expression and an associated increase in tumour blood vessels.  My 

observations are possibly in contrast to the study by Udagawa and colleagues who 

observed expression of molecular markers (EGFR, S100A4, CD44 and E-cadherin) at 

both peripheral and central area of squamous cell-carcinoma (Udagawa, H. et al. 

2015).  

The current study clearly showed that the expression level of N-cadherin was 

significantly higher at the tumour periphery than in the central area of NSCLC of both 

sorts studied. In digestive tract cancers (Lee, S-J et al. 2013) and oral squamous cell 

carcinoma (Wang, X et al. 2009), a decrease in E-cadherin expression was found at 

the invasive front of the tumor but they did not look at the “flip-side” expression of N-

cadherin; a switch from E-cadherin to N-cadherin is a strong bio-marker of EMT 

(Gravdal et al. 2007). 

As described earlier, EGFR is an example of a receptor tyrosine kinase (RTKs), a 

family of transmembrane proteins that serve as receptors for many growth factors, 

which then activate signalling pathways leading to cell proliferation and anti-apoptotic 

activity. Heterogeneous expression of RTKs in cancer cells is well recorded 

(Andersson, J et al. 2004) and in NSCLC heterogeneous EGFR expression within the 

same was reported (Grob et al. 2013; Italiano et al. 2006). Compatible with this, in my 

study, EGFR expression was significantly higher in the peripheral area than in the 

central area of the primary NSCLCs. However, Udagawa et al observed EGFR 

expression to be greater in the central tumour area than peripherally (Udagawa, H. et 

al. 2015), though this study dealt only with squamous cell-carcinoma. A retrospective 

analysis of the FLEX study suggested that chemotherapy with an anti- EGFR antibody, 

improved the overall survival of patients with tumours showing high EGFR expression, 

but not in those showing low EGFR expression (Pirker et al. 2012). It might be that 

early assessment of lung cancer for leading-edge EGFR expression could be 

especially useful for deciding on anti-EGFR therapy.  

I also found strong relationships between EMT activity and both small and large airway 

EMT activity in squamous cell tumours though in adeno-carcinoma there was such a 

relationship only with EMT expression in small airways. Further, there was a strong 

association between peripheral squamous cell carcinoma vascularity with large airway 
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Rbm vascularity. This positive association is in agreement to my previous finding in 

Chapter 4 where Type-3 EMT (hype vascular Rbm) is thought to be a pro-malignant 

features in large airways. This was not the case for adeno-carcinoma. 

These similarities with airway regions of likely origin, i.e. squamous cell-carcinoma 

from large airways and adeno-carcinoma from small airways suggest that those local 

environments are important for development of specific cancer types and for imprinting 

on the local EMT-related features which then influence tumour aggressiveness. This 

suggests that sampling of the airway wall to assess EMT and vascularity in large 

airway could be useful prognosticating, especially for squamous cells.  

The strengths of the present study included the use of relevant human tissue in well 

phenotyped individuals, the inclusion of both adeno and squamous cell carcinoma 

patients and the sufficiently robust numbers giving sufficient power to detect these 

fascinating findings. We also focused on staging and differentiation of tumours, in 

order to be able to relate tumour characteristics to these important clinical factors. 

There were also some limitations to this study. Firstly, it was cross-sectional at a single 

time point and lacked the potential strength of a longitudinal study with early tumour 

assessment that could be related prospectively to out-comes, and although difficult, 

this should now be done in a replication cohort. 

In conclusion, EGFR and EMT-related protein expression was markedly high at the 

peripheral leading edge of NSCLCs and related to tumour characteristics associated 

with poor prognosis. These changes could be potentially useful as early prognostic 

bio-markers. There were also interesting relationships between EMT-related tumour 

bio-marker expression and those in the corresponding airway epithelium and Rbm, 

which means that background airway changes may also be of clinical utility in tumour 

assessment.  
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Chapter 8 

8. Summary and Conclusions 
 

 

8.1 Overview of results 

There is emerging evidence that EMT and its associated pathways plays a key role in 

the pathogenesis of both smoking-related COPD and COPD-related lung cancer. My 

thesis reports novel findings from investigations of EMT in human lung tissues, 

especially airway epithelium, Rbm and LP collected from controls, normal smokers 

and COPD patients, either from endobronchial biopsies or from resected lung tissue. 

I proposed that increased expression of EMT-related biomarkers and related 

downstream transcription factor clusters/pathways are major pathological changes 

underlying airway remodeling and potentially lung cancer in COPD patients. These 

changes in the airways have not been described so comprehensively in the literature 

before, and I believe this thesis will significantly add to the current understanding of 

the pathogenesis and patho-physiology of COPD, and will allow potentially new 

therapeutic approaches to emerge. 

My thesis is divided into seven main sections. The first two chapters outline the current 

evidence for expression of EMT and relate downstream transcriptional 

factors/pathways in COPD. Third chapter details the demographics of study patients 

and methodological approaches employed. There are then four main results chapters 

with individual discussions. 

In Chapter 4, I extended the evidence for airway EMT activity to the small airways in 

smokers and COPD compared to appropriate controls (normal lung tissue from 

transplant donors -unused), compared them to large airway findings, and related EMT 

activity to physiological abnormalities i.e. airflow obstruction in the same individuals. 

In Chapter 5, I demonstrated enhanced expression of TGFβ1 and its canonical 

downstream Smad pathway (including activated pSmad 2/3 and 7) in large airway 

samples, again in well phenotyped COPD subjects and appropriate smoking and non-

smoking controls. The increased pSmad 2/3, but not the TGFβ1, was significantly 

correlated with EMT activity and also airflow obstruction. This diversity of outcome 

suggested that factors other than or as well as TGFβ1 are driving this system.   
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In Chapter 6, I explored up-regulation of the β-catenin, Snail1 and Twist transcriptional 

factor cluster and also their cellular localization (membranous, cytoplasmic or nuclear) 

according to phenotype group in large airways. Not only were these transcription 

factors (TFs) generally up-regulated in COPD but there was a consistent shift of these 

TF towards more nuclear expression. In addition, expression of all these TFs (though 

weakest for Twist) was significantly correlated with EMT activity, the corresponding 

TGFβ-Smad data and importantly once again airflow obstruction. This latter finding 

especially gives major functional relevance to these research outcomes. 

Finally, in the last results chapter, Chapter 7, I demonstrated a substantial and highly 

significant difference in EGFR and EMT biomarker expression between central and 

peripheral leading edge (marked increase) in resected NSCLC (adeno- and squamous 

cell-carcinoma). In regression analysis, I also showed the expressions of all analyzed 

bio-markers were positively related to tumor TNM stage and differentiation score. 

Further, there were significant relationships between EMT activity at the peripheral 

leading edge and EMT expression in the corresponding non-tumorous airways, and 

for squamous cell-carcinoma a relationship between vascularity at the leading edge 

and vessel density in the Rbm in the corresponding large airways. This is the first 

direct evidence that EMT and EMT related angiogenesis in the airway wall may be 

imprinted on the biology of the tumor arising in those airways, and may provide a 

mechanism for the known relationship between COPD and lung cancer.  These 

findings could be potentially useful as early prognostic bio-markers in lung cancer. 

Even sampling the corresponding airway wall may be useful in giving some indication 

of the likely aggressiveness of the tumor which has arisen from it.  
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Figure 8.1 sums up a lot of my data, enhanced by some of the facts we already knew 

about EMT-induction mechanisms. The overall work done has been related to airway 

function specially in COPD and with lung cancer as well. It would now be interesting 

to investigate whether current therapeutics in COPD may affect these pathways as a 

means by which they seem to stabilize the natural history of COPD, as well as 

exploring how newer anti-fibrotic drugs being introduced for treatment of IPF may 

affect these pathways in the airways as well as the lungs.  

 

 

 

Figure 8-1: EMT associated transcriptional factors/pathways, as potential 
therapeutic targets. 

 

As part of this final over-view of my thesis, perhaps two extra but important points need 

to be made: 

Firstly, all my work was in human tissue and so has important limitations; namely, that 

it is difficult to manipulate the situation and likewise to do longitudinal studies, although 

our group does have a history of managing to do this in volunteer clinical groups in 

spite of the difficulties involved in undergoing multiple bronchoscopies (Sohal et al. 

2014; Walters, Reid, et al. 2008; Walters, Soltani, et al. 2008). Thus, although our 
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phenotypic groups were very well characterised, the difference between groups that 

we found are likely, but not necessarily functionally and causatively related to these 

phenotypes. Ideally, this sort of human work should be done as part in an extended 

multi-modality team, where hypotheses generated can be tested across in-vitro 

studies in primary or secondary human cell culture, and also in animal models.  Both 

of these latter modalities would then allow for manipulations e.g. smoke exposure and 

also suppression of key pathways and transcription factors etc. so as to be able to 

move from only making extrapolations and assumptions about the meaning of 

associations, to being more sure about cause and effect. However, we did not have 

these capacities available at the right time for me to exploit, and I would not have had 

the time in 3 years to cover all the ground I have achieved, if also pursuing such a 

multi-modality approach I had to do the work myself. 

Thus practically to take such a multi-modality approach, one would need ready and 

committed collaborators.  Our group did set up a cell culture facility 3 years ago, but 

much time has been needed to do extensive and mainly methodological evaluations, 

and data related directly to COPD and smoke exposures are only now being 

generated. We did not have the equipment or willing collaborators to do smoke 

exposure experiments in animals locally, although we do now have available extensive 

tissue from “smoked animals” from external collaborators, which will be part of the 

group`s next phase of this programme. A major problem with most smoke exposure 

studies in animals is that they are really about induction of innate inflammatory 

responses in the airway lumen (i.e. acute or sub-acute bronchitis) (e.g. Botelho et al. 

2010) and not really a chronic disease process equivalent to airway-destructive 

COPD. Our group is currently evaluating a collaborator’s chronic exposure animal 

model to see how equivalent to relevant human airway disease this really is. If it is 

suitable, then we could be highly productive over the next few years in doing the sort 

of work needed to consolidate our findings to better “prove” cause-effect relationships. 

Secondly, and perhaps in stark contrast to the above, working with human tissue from 

relevant patients is at the same time also a major strength of this work, especially the 

ability to relate our quantitated markers of EMT to transcription factors, and indeed 

both of these to clinically relevant physiological indices of the core disease process 

i.e. airflow obstruction. Few other centres in the world have been able to do this (Gohy 

et al. 2015; Wang et al. 2013). I believe that it is reasonable to say that this programme 
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of work from our group has put the idea on the collective respiratory research map that 

EMT may be indeed intimately related pathogenically to airway fibrosis and airway 

obstruction in COPD. A number of important papers that I have quoted which 

essentially replicate our finding, e.g. Gohy et al. refer to our work as their starting point. 

What my work to date has lacked, and it is a significant weakness, is the ability to use 

any intermediate measure of COPD airway pathology, and especially airway 

thickening, fibrosis and activation of sub-epithelial matrix-producing stromal cells, in 

regressions against my EMT-related end-points. Data on exactly these measures are 

now emerging from others in our team, and will allow us in the near future to do these 

analyses.  



 
 

229 
 

References: 
Acloque, H, Adams, MS, Fishwick, K, Bronner-Fraser, M & Nieto, MA 2009, 'Epithelial-mesenchymal 
transitions: the importance of changing cell state in development and disease', J Clin Invest, vol. 119, 
no. 6, pp. 1438-1449. 

 
Adhikary, A, Chakraborty, S, Mazumdar, M, Ghosh, S, Mukherjee, S, Manna, A, Mohanty, S, Nakka, KK, 
Joshi, S & De, A 2014, 'Inhibition of Epithelial to Mesenchymal Transition by E-cadherin Up-regulation 
via Repression of Slug Transcription and Inhibition of E-cadherin Degradation DUAL ROLE OF 
SCAFFOLD/MATRIX ATTACHMENT REGION-BINDING PROTEIN 1 (SMAR1) IN BREAST CANCER CELLS', 
Journal of Biological Chemistry, vol. 289, no. 37, pp. 25431-25444. 

 
Aida, S, Tamai, S, Sekiguchi, S & Shimizu, N 1994, 'Distribution of epidermal growth factor and 
epidermal growth factor receptor in human lung: immunohistochemical and immunoelectron-
microscopic studies', Respiration, vol. 61, no. 3, pp. 161-166. 

 
AIHW 2012, Australia's Health 2012: In Brief, AIHW. 

 
Al-Saad, S, Al-Shibli, K, Donnem, T, Persson, M, Bremnes, RM & Busund, LT 2008, 'The prognostic 
impact of NF-kappaB p105, vimentin, E-cadherin and Par6 expression in epithelial and stromal 
compartment in non-small-cell lung cancer', Br J Cancer, vol. 99, no. 9, pp. 1476-1483. 

 
Allen-Ramey, FC, Gupta, S & daCosta DiBonaventura, M 2012, 'Patient characteristics, treatment 
patterns, and health outcomes among COPD phenotypes', International journal of chronic obstructive 
pulmonary disease, vol. 7, p. 779. 

 
Alves, CC, Rosivatz, E, Schott, C, Hollweck, R, Becker, I, Sarbia, M, Carneiro, F & Becker, KF 2007, 'Slug 
is overexpressed in gastric carcinomas and may act synergistically with SIP1 and Snail in the down-
regulation of E-cadherin', J Pathol, vol. 211, no. 5, pp. 507-515. 

 
Ambartsumian, N, Klingelhofer, J, Grigorian, M, Christensen, C, Kriajevska, M, Tulchinsky, E, Georgiev, 
G, Berezin, V, Bock, E, Rygaard, J, Cao, R, Cao, Y & Lukanidin, E 2001, 'The metastasis-associated 
Mts1(S100A4) protein could act as an angiogenic factor', Oncogene, vol. 20, no. 34, pp. 4685-4695. 

 
Ambros, V & Horvitz, HR 1984, 'Heterochronic mutants of the nematode Caenorhabditis elegans', 
Science, vol. 226, no. 4673, pp. 409-416. 

 
Amishima, M, Munakata, M, Nasuhara, Y, Sato, A, Takahashi, T, Homma, Y & Kawakami, Y 1998, 
'Expression of epidermal growth factor and epidermal growth factor receptor immunoreactivity in the 
asthmatic human airway', Am J Respir Crit Care Med, vol. 157, no. 6 Pt 1, pp. 1907-1912. 

 
Andersson, CK, Mori, M, Bjermer, L, Lofdahl, CG & Erjefalt, JS 2010, 'Alterations in lung mast cell 
populations in patients with chronic obstructive pulmonary disease', Am J Respir Crit Care Med, vol. 
181, no. 3, pp. 206-217. 

 



 
 

230 
 

Andersson, ER & Lendahl, U 2014, 'Therapeutic modulation of Notch signalling—are we there yet?', 
Nature reviews Drug discovery, vol. 13, no. 5, pp. 357-378. 

 
Andersson, J, Linderholm, B, Bergh, J & Elmberger, G 2004, 'HER-2/neu (c-erbB-2) evaluation in 
primary breast carcinoma by fluorescent in situ hybridization and immunohistochemistry with special 
focus on intratumor heterogeneity and comparison of invasive and in situ components', Appl 
Immunohistochem Mol Morphol, vol. 12, no. 1, pp. 14-20. 

 
Angadi, PV & Kale, AD 2015, 'Epithelial-mesenchymal transition-A fundamental mechanism in cancer 
progression: An overview', Indian Journal of Health Sciences, vol. 8, no. 2, p. 77. 

 
Annoni, R, Lancas, T, Yukimatsu Tanigawa, R, de Medeiros Matsushita, M, de Morais Fernezlian, S, 
Bruno, A, Fernando Ferraz da Silva, L, Roughley, PJ, Battaglia, S, Dolhnikoff, M, Hiemstra, PS, Sterk, PJ, 
Rabe, KF & Mauad, T 2012, 'Extracellular matrix composition in COPD', Eur Respir J, vol. 40, no. 6, pp. 
1362-1373. 

 
Araya, J, Cambier, S, Markovics, JA, Wolters, P, Jablons, D, Hill, A, Finkbeiner, W, Jones, K, Broaddus, 
VC & Sheppard, D 2007, 'Squamous metaplasia amplifies pathologic epithelial-mesenchymal 
interactions in COPD patients', J Clin Invest, vol. 117, no. 11, pp. 3551-3562. 

 
Atkinson, JJ & Senior, RM 2003, 'Matrix metalloproteinase-9 in lung remodeling', Am J Respir Cell Mol 
Biol, vol. 28, no. 1, pp. 12-24. 

 
Baarsma, HA, Menzen, MH, Halayko, AJ, Meurs, H, Kerstjens, HA & Gosens, R 2011, 'β-Catenin 
signaling is required for TGF-β1-induced extracellular matrix production by airway smooth muscle 
cells', American Journal of Physiology-Lung Cellular and Molecular Physiology, vol. 301, no. 6, pp. L956-
L965. 

 
Baarsma, HA, Spanjer, AIR, Haitsma, G, Engelbertink, L, Meurs, H, Jonker, MR, Timens, W, Postma, DS, 
Kerstjens, HAM & Gosens, R 2011, 'Activation of WNT / β-Catenin Signaling in Pulmonary Fibroblasts 
by TGF-β(1) Is Increased in Chronic Obstructive Pulmonary Disease', PLoS One, vol. 6, no. 9. 

 
Bafadhel, M, McKenna, S, Terry, S, Mistry, V, Reid, C, Haldar, P, McCormick, M, Haldar, K, Kebadze, T 
& Duvoix, A 2011, 'Acute exacerbations of chronic obstructive pulmonary disease: identification of 
biologic clusters and their biomarkers', Am J Respir Crit Care Med, vol. 184, no. 6, pp. 662-671. 

 
Bailey, KL 2012, 'The importance of the assessment of pulmonary function in COPD', Med Clin North 
Am, vol. 96, no. 4, pp. 745-752. 

 
Banerjee, A & Panettieri, R 2012, 'Vitamin D modulates airway smooth muscle function in COPD', 
Current opinion in pharmacology, vol. 12, no. 3, pp. 266-274. 

 
Banks, E, Joshy, G, Weber, MF, Liu, B, Grenfell, R, Egger, S, Paige, E, Lopez, AD, Sitas, F & Beral, V 2015, 
'Tobacco smoking and all-cause mortality in a large Australian cohort study: findings from a mature 
epidemic with current low smoking prevalence', BMC medicine, vol. 13, no. 1, p. 1. 



 
 

231 
 

 
Barnes, PJ & Adcock, IM 2003, 'How Do Corticosteroids Work in Asthma?', Annals of Internal Medicine, 
vol. 139, no. 5_Part_1, pp. 359-370. 

 
Barnes, PJ & Stockley, RA 2005, 'COPD: current therapeutic interventions and future approaches', Eur 
Respir J, vol. 25, no. 6, pp. 1084-1106. 

 
Barr, RG, Wentowski, CC, Grodstein, F, Somers, SC, Stampfer, MJ, Schwartz, J, Speizer, FE & Camargo, 
CA, Jr. 2004, 'Prospective study of postmenopausal hormone use and newly diagnosed asthma and 
chronic obstructive pulmonary disease', Arch Intern Med, vol. 164, no. 4, pp. 379-386. 

 
Barrallo-Gimeno, A & Nieto, MA 2005, 'The Snail genes as inducers of cell movement and survival: 
implications in development and cancer', Development, vol. 132, no. 14, pp. 3151-3161. 

 
Barrecheguren, M, Esquinas, C & Miravitlles, M 2015, 'The asthma-chronic obstructive pulmonary 
disease overlap syndrome (ACOS): opportunities and challenges', Curr Opin Pulm Med, vol. 21, no. 1, 
pp. 74-79. 

 
Barsky, SH, Roth, MD, Kleerup, EC, Simmons, M & Tashkin, DP 1998, 'Histopathologic and molecular 
alterations in bronchial epithelium in habitual smokers of marijuana, cocaine, and/or tobacco', J Natl 
Cancer Inst, vol. 90, no. 16, pp. 1198-1205. 

 
Bartel-Friedrich, S, Lautenschlager, C, Holzhausen, HJ & Friedrich, RE 2007, 'Expression and 
distribution of cytokeratins and vimentin in rat larynx and trachea following irradiation', Anticancer 
Res, vol. 27, no. 4a, pp. 2059-2069. 

 
Bartis, D, Mise, N, Mahida, RY, Eickelberg, O & Thickett, DR 2014, 'Epithelial-mesenchymal transition 
in lung development and disease: does it exist and is it important?', Thorax, vol. 69, no. 8, pp. 760-
765. 

 
Bataille, F, Rohrmeier, C, Bates, R, Weber, A, Rieder, F, Brenmoehl, J, Strauch, U, Farkas, S, Furst, A, 
Hofstadter, F, Scholmerich, J, Herfarth, H & Rogler, G 2008, 'Evidence for a role of epithelial 
mesenchymal transition during pathogenesis of fistulae in Crohn's disease', Inflamm Bowel Dis, vol. 
14, no. 11, pp. 1514-1527. 

 
Batlle, E, Sancho, E, Franci, C, Dominguez, D, Monfar, M, Baulida, J & Garcia De Herreros, A 2000, 'The 
transcription factor snail is a repressor of E-cadherin gene expression in epithelial tumour cells', Nat 
Cell Biol, vol. 2, no. 2, pp. 84-89. 

 
Behnes, CL, Hemmerlein, B, Strauss, A, Radzun, HJ & Bremmer, F 2012, 'N-cadherin is differentially 
expressed in histological subtypes of papillary renal cell carcinoma', Diagn Pathol, vol. 7, p. 95. 

 
Beljan Perak, R, Durdov, MG, Capkun, V, Ivcevic, V, Pavlovic, A, Soljic, V & Peric, M 2012, 'IMP3 can 
predict aggressive behaviour of lung adenocarcinoma', Diagn Pathol, vol. 7, p. 165. 



 
 

232 
 

 
Bellusci, S, Furuta, Y, Rush, MG, Henderson, R, Winnier, G & Hogan, BL 1997, 'Involvement of Sonic 
hedgehog (Shh) in mouse embryonic lung growth and morphogenesis', Development, vol. 124, no. 1, 
pp. 53-63. 

 
Bergeron, C & Boulet, LP 2006, 'Structural changes in airway diseases: characteristics, mechanisms, 
consequences, and pharmacologic modulation', Chest, vol. 129, no. 4, pp. 1068-1087. 

 
Bermudez, O, Hennen, E, Koch, I, Lindner, M & Eickelberg, O 2013, 'Gli1 mediates lung cancer cell 
proliferation and Sonic Hedgehog-dependent mesenchymal cell activation', PLoS One, vol. 8, no. 5, p. 
e63226. 

 
Bjornland, K, Winberg, JO, Odegaard, OT, Hovig, E, Loennechen, T, Aasen, AO, Fodstad, O & 
Maelandsmo, GM 1999, 'S100A4 involvement in metastasis: deregulation of matrix 
metalloproteinases and tissue inhibitors of matrix metalloproteinases in osteosarcoma cells 
transfected with an anti-S100A4 ribozyme', Cancer Res, vol. 59, no. 18, pp. 4702-4708. 

 
Black, PN, Ching, PS, Beaumont, B, Ranasinghe, S, Taylor, G & Merrilees, MJ 2008, 'Changes in elastic 
fibres in the small airways and alveoli in COPD', European Respiratory Journal, vol. 31, no. 5, pp. 998-
1004. 

 
Bloom, DE, Cafiero, E.T., Jané-Llopis, E., Abrahams-Gessel, S., Bloom, L.R., Fathima, S., Feigl, & A.B., G, 
T., Mowafi, M., Pandya, A., Prettner, K., Rosenberg, L., Seligman, B., Stein, A.Z., & Weinstein, C. 2011, 
'The Global Economic Burden of Noncommunicable Diseases. Geneva: World Economic Forum', World 
Economic Forum. 

 
Bohadana, A, Teculescu, D & Martinet, Y 2004, 'Mechanisms of chronic airway obstruction in smokers', 
Respir Med, vol. 98, no. 2, pp. 139-151. 

 
Bolanos, AL, Milla, CM, Lira, JC, Ramirez, R, Checa, M, Barrera, L, Garcia-Alvarez, J, Carbajal, V, Becerril, 
C, Gaxiola, M, Pardo, A & Selman, M 2012, 'Role of Sonic Hedgehog in idiopathic pulmonary fibrosis', 
Am J Physiol Lung Cell Mol Physiol, vol. 303, no. 11, pp. L978-990. 

 
Bolden, JE, Peart, MJ & Johnstone, RW 2006, 'Anticancer activities of histone deacetylase inhibitors', 
Nat Rev Drug Discov, vol. 5, no. 9, pp. 769-784. 

 
Bordonaro, M 2009, 'Role of Wnt signaling in the development of type 2 diabetes', Vitam Horm, vol. 
80, pp. 563-581. 

 
Borgerding, M & Klus, H 2005, 'Analysis of complex mixtures--cigarette smoke', Exp Toxicol Pathol, vol. 
57 Suppl 1, pp. 43-73. 

 
Bornman, DM, Mathew, S, Alsruhe, J, Herman, JG & Gabrielson, E 2001, 'Methylation of the E-cadherin 
gene in bladder neoplasia and in normal urothelial epithelium from elderly individuals', Am J Pathol, 
vol. 159, no. 3, pp. 831-835. 



 
 

233 
 

 
Borthwick, LA, Parker, SM, Brougham, KA, Johnson, GE, Gorowiec, MR, Ward, C, Lordan, JL, Corris, PA, 
Kirby, JA & Fisher, AJ 2009, 'Epithelial to mesenchymal transition (EMT) and airway remodelling after 
human lung transplantation', Thorax, vol. 64, no. 9, pp. 770-777. 

 
Bosken, CH, Wiggs, BR, Pare, PD & Hogg, JC 1990, 'Small airway dimensions in smokers with 
obstruction to airflow', Am Rev Respir Dis, vol. 142, no. 3, pp. 563-570. 

Botelho, FM, Gaschler, GJ, Kianpour, S, Zavitz, CC, Trimble, NJ, Nikota, JK, Bauer, CM & Stampfli, MR 
2010, 'Innate immune processes are sufficient for driving cigarette smoke-induced inflammation in 
mice', Am J Respir Cell Mol Biol, vol. 42, no. 4, pp. 394-403. 
 
Boulet, L & Sterk, P 2007, 'Airway remodelling: the future', European Respiratory Journal, vol. 30, no. 
5, pp. 831-834. 

 
Bourdin, A, Neveu, D, Vachier, I, Paganin, F, Godard, P & Chanez, P 2007, 'Specificity of basement 
membrane thickening in severe asthma', J Allergy Clin Immunol, vol. 119, no. 6, pp. 1367-1374. 

 
Bowers, RR, Manevich, Y, Townsend, DM & Tew, KD 2012, 'Sulfiredoxin redox-sensitive interaction 
with S100A4 and non-muscle myosin IIA regulates cancer cell motility', Biochemistry, vol. 51, no. 39, 
pp. 7740-7754. 

 
Brabletz, T, Hlubek, F, Spaderna, S, Schmalhofer, O, Hiendlmeyer, E, Jung, A & Kirchner, T 2005, 
'Invasion and metastasis in colorectal cancer: epithelial-mesenchymal transition, mesenchymal-
epithelial transition, stem cells and beta-catenin', Cells Tissues Organs, vol. 179, no. 1-2, pp. 56-65. 

 
Brabletz, T, Jung, A, Spaderna, S, Hlubek, F & Kirchner, T 2005, 'Opinion: migrating cancer stem cells - 
an integrated concept of malignant tumour progression', Nat Rev Cancer, vol. 5, no. 9, pp. 744-749. 

 
Breuer, RH, Pasic, A, Smit, EF, van Vliet, E, Noordegraaf, AV, Risse, EJ, Postmus, PE & Sutedja, TG 2005, 
'The natural course of preneoplastic lesions in bronchial epithelium', Clinical Cancer Research, vol. 11, 
no. 2, pp. 537-543. 

 
Britton, J, Pavord, I, Richards, K, Wisniewski, A, Knox, A, Lewis, S, Tattersfield, A & Weiss, S 1994, 
'Dietary magnesium, lung function, wheezing, and airway hyperreactivity in a random adult population 
sample', Lancet, vol. 344, no. 8919, pp. 357-362. 

 
Brundwald, G, Pratt, R & Lilien, J 1982, 'Enzymatic dissection of embryonic cell adhesive mechanisms. 
III. Immunological identification of a component of the calcium-dependent adhesive system of 
embryonic chick neural retina cells', J Cell Sci. 

 
Buist, AS, McBurnie, MA, Vollmer, WM, Gillespie, S, Burney, P, Mannino, DM, Menezes, AM, Sullivan, 
SD, Lee, TA, Weiss, KB, Jensen, RL, Marks, GB, Gulsvik, A & Nizankowska-Mogilnicka, E 2007, 
'International variation in the prevalence of COPD (the BOLD Study): a population-based prevalence 
study', Lancet, vol. 370, no. 9589, pp. 741-750. 

 



 
 

234 
 

Buist, AS, Vollmer, WM, Sullivan, SD, Weiss, KB, Lee, TA, Menezes, AM, Crapo, RO, Jensen, RL & 
Burney, PG 2005, 'The Burden of Obstructive Lung Disease Initiative (BOLD): rationale and design', 
Copd, vol. 2, no. 2, pp. 277-283. 

 
Bukholm, IK, Nesland, JM & Borresen-Dale, AL 2000, 'Re-expression of E-cadherin, alpha-catenin and 
beta-catenin, but not of gamma-catenin, in metastatic tissue from breast cancer patients 
[seecomments]', J Pathol, vol. 190, no. 1, pp. 15-19. 

 
Buonato, JM, Lan, IS & Lazzara, MJ 2015, 'EGF augments TGFbeta-induced epithelial-mesenchymal 
transition by promoting SHP2 binding to GAB1', J Cell Sci, vol. 128, no. 21, pp. 3898-3909. 

 
Burgel, PR, Bourdin, A, Chanez, P, Chabot, F, Chaouat, A, Chinet, T, de Blic, J, Devillier, P, Deschildre, 
A, Didier, A, Garcia, G, Jebrak, G, Laurent, F, Morel, H, Perez, T, Pilette, C, Roche, N, Tillie-Leblond, I, 
Verbanck, S & Dusser, D 2011, 'Update on the roles of distal airways in COPD', Eur Respir Rev, vol. 20, 
no. 119, pp. 7-22. 

 
Burgel, PR & Nadel, JA 2004, 'Roles of epidermal growth factor receptor activation in epithelial cell 
repair and mucin production in airway epithelium', Thorax, vol. 59, no. 11, pp. 992-996. 

 
Burgel, P & Nadel, J 2008, 'Epidermal growth factor receptor-mediated innate immune responses and 
their roles in airway diseases', European Respiratory Journal, vol. 32, no. 4, pp. 1068-1081. 
 
Caires, NDF, Barrier, M, Sarrazin, S, Depontieu, F, Ghamlouch, H, Morelle, W, Drobecq, H, Delehedde, 
M, Lortat-Jacob, H & Duez, C 2009, 'Identification of cathepsin G in the generation of elastase-resistant 
fragment of vascular endocan: involvement in the regulation of LFA-1-dependent cascade', Critical 
Care, vol. 13, no. 4, p. 1. 

 
Calabrese, C, Bocchino, V, Vatrella, A, Marzo, C, Guarino, C, Mascitti, S, Tranfa, CM, Cazzola, M, 
Micheli, P & Caputi, M 2006, 'Evidence of angiogenesis in bronchial biopsies of smokers with and 
without airway obstruction', Respir Med, vol. 100, no. 8, pp. 1415-1422. 

 
Calin, GA, Dumitru, CD, Shimizu, M, Bichi, R, Zupo, S, Noch, E, Aldler, H, Rattan, S, Keating, M & Rai, K 
2002, 'Frequent deletions and down-regulation of micro-RNA genes miR15 and miR16 at 13q14 in 
chronic lymphocytic leukemia', Proceedings of the National Academy of Sciences, vol. 99, no. 24, pp. 
15524-15529. 

 
 
Câmara, J & Jarai, G 2010, 'Epithelial-mesenchymal transition in primary human bronchial epithelial 
cells is Smad-dependent and enhanced by fibronectin and TNF-α', Fibrogenesis Tissue Repair, vol. 3, 
no. 1, p. 1. 

 
Cano, A, Perez-Moreno, MA, Rodrigo, I, Locascio, A, Blanco, MJ, del Barrio, MG, Portillo, F & Nieto, MA 
2000, 'The transcription factor snail controls epithelial-mesenchymal transitions by repressing E-
cadherin expression', Nat Cell Biol, vol. 2, no. 2, pp. 76-83. 

 



 
 

235 
 

Capaccione, KM, Hong, X, Morgan, KM, Liu, W, Bishop, JM, Liu, L, Markert, E, Deen, M, Minerowicz, C, 
Bertino, JR, Allen, T & Pine, SR 2014, 'Sox9 mediates Notch1-induced mesenchymal features in lung 
adenocarcinoma', Oncotarget, vol. 5, no. 11, pp. 3636-3650. 

 
Carlson, CL, Cushman, M, Enright, PL, Cauley, JA & Newman, AB 2001, 'Hormone replacement therapy 
is associated with higher FEV1 in elderly women', Am J Respir Crit Care Med, vol. 163, no. 2, pp. 423-
428. 

 
Carlson, JJ, Garrison, LP, Ramsey, SD & Veenstra, DL 2009, 'Epidermal growth factor receptor genomic 
variation in NSCLC patients receiving tyrosine kinase inhibitor therapy: a systematic review and meta-
analysis', J Cancer Res Clin Oncol, vol. 135, no. 11, pp. 1483-1493. 

 
Carter, V, Shenton, BK, Jaques, B, Turner, D, Talbot, D, Gupta, A, Chapman, CE, Matthews, CJ & 
Cavanagh, G 2005, 'Vimentin antibodies: a non-HLA antibody as a potential risk factor in renal 
transplantation', Transplant Proc, vol. 37, no. 2, pp. 654-657. 

 
Carver, EA, Jiang, R, Lan, Y, Oram, KF & Gridley, T 2001, 'The mouse snail gene encodes a key regulator 
of the epithelial-mesenchymal transition', Molecular and cellular biology, vol. 21, no. 23, pp. 8184-
8188. 

 
Chandrasekar, N, Mohanam, S, Gujrati, M, Olivero, WC, Dinh, DH & Rao, JS 2003, 'Downregulation of 
uPA inhibits migration and PI3k/Akt signaling in glioblastoma cells', Oncogene, vol. 22, no. 3, pp. 392-
400. 

 
Chanez, P, Vignola, AM, O'Shaugnessy, T, Enander, I, Li, D, Jeffery, PK & Bousquet, J 1997, 
'Corticosteroid reversibility in COPD is related to features of asthma', Am J Respir Crit Care Med, vol. 
155, no. 5, pp. 1529-1534. 

 
Charpidou, A, Blatza, D, Anagnostou, V & Syrigos, KN 2008, 'Review. EGFR mutations in non-small cell 
lung cancer--clinical implications', In Vivo, vol. 22, no. 4, pp. 529-536. 

 
Chen, N, Sato, D, Saiki, Y, Sunamura, M, Fukushige, S & Horii, A 2014, 'S100A4 is frequently 
overexpressed in lung cancer cells and promotes cell growth and cell motility', Biochemical and 
biophysical research communications, vol. 447, no. 3, pp. 459-464. 

 
Chen, X & Xu, L 2011, 'Mechanism and regulation of nucleocytoplasmic trafficking of smad', Cell & 
bioscience, vol. 1, no. 1, p. 1. 

 
Chen, XL, Wang, LC, Zhang, WG, Chen, XY & Sun, ZM 2008, '[Correlations of S100A4 and MMP9 
expressions to infiltration, metastasis and prognosis of non-small cell lung cancer]', Nan Fang Yi Ke Da 
Xue Xue Bao, vol. 28, no. 7, pp. 1254-1258. 

 
Chen, Z, Fillmore, CM, Hammerman, PS, Kim, CF & Wong, K-K 2014, 'Non-small-cell lung cancers: a 
heterogeneous set of diseases', Nat Rev Cancer, vol. 14, no. 8, pp. 535-546. 



 
 

236 
 

 
Cheon, SS, Nadesan, P, Poon, R & Alman, BA 2004, 'Growth factors regulate β-catenin-mediated TCF-
dependent transcriptional activation in fibroblasts during the proliferative phase of wound healing', 
Exp Cell Res, vol. 293, no. 2, pp. 267-274. 

 
Chi, S, Huang, S, Li, C, Zhang, X, He, N, Bhutani, MS, Jones, D, Castro, CY, Logrono, R, Haque, A, 
Zwischenberger, J, Tyring, SK, Zhang, H & Xie, J 2006, 'Activation of the hedgehog pathway in a subset 
of lung cancers', Cancer Lett, vol. 244, no. 1, pp. 53-60. 

 
Chiang, C-H, Chuang, C-H & Liu, S-L 2014, 'Transforming growth factor-β1 and tumor necrosis factor-
α are associated with clinical severity and airflow limitation of COPD in an additive manner', Lung, vol. 
192, no. 1, pp. 95-102. 

 
Chilosi, M, Poletti, V, Zamò, A, Lestani, M, Montagna, L, Piccoli, P, Pedron, S, Bertaso, M, Scarpa, A & 
Murer, B 2003, 'Aberrant Wnt/β-catenin pathway activation in idiopathic pulmonary fibrosis', Am J 
Pathol, vol. 162, no. 5, pp. 1495-1502. 

 
Chiou, SH, Wang, ML, Chou, YT, Chen, CJ, Hong, CF, Hsieh, WJ, Chang, HT, Chen, YS, Lin, TW, Hsu, HS 
& Wu, CW 2010, 'Coexpression of Oct4 and Nanog enhances malignancy in lung adenocarcinoma by 
inducing cancer stem cell-like properties and epithelial-mesenchymal transdifferentiation', Cancer 
Res, vol. 70, no. 24, pp. 10433-10444. 

 
Chmura, K, Hines, S & Chan, ED 2008, 'Airway anatomy and physiology', in CT of the Airways, Springer, 
pp. 3-24. 

 
Chung, KF 2005, 'The role of airway smooth muscle in the pathogenesis of airway wall remodeling in 
chronic obstructive pulmonary disease', Proceedings of the American Thoracic Society, vol. 2, no. 4, 
pp. 347-354. 

 
Chung, KF & Adcock, IM 2008, 'Multifaceted mechanisms in COPD: inflammation, immunity, and tissue 
repair and destruction', Eur Respir J, vol. 31, no. 6, pp. 1334-1356. 

 
Churg, A, Tai, H, Coulthard, T, Wang, R & Wright, JL 2006, 'Cigarette smoke drives small airway 
remodeling by induction of growth factors in the airway wall', Am J Respir Crit Care Med, vol. 174, no. 
12, pp. 1327-1334. 

 
Cigna, N, Farrokhi Moshai, E, Brayer, S, Marchal-Somme, J, Wémeau-Stervinou, L, Fabre, A, Mal, H, 
Lesèche, G, Dehoux, M, Soler, P, Crestani, B & Mailleux, AA 2012, 'The Hedgehog System Machinery 
Controls Transforming Growth Factor-β–Dependent Myofibroblastic Differentiation in Humans: 
Involvement in Idiopathic Pulmonary Fibrosis', Am J Pathol, vol. 181, no. 6, pp. 2126-2137. 

 
Ciprandi, G, Capasso, M, Tosca, M, Salpietro, C, Salpietro, A, Marseglia, G & La Rosa, M 2012, 'A forced 
expiratory flow at 25-75% value< 65% of predicted should be considered abnormal: A real-world, 
cross-sectional study', in Allergy and Asthma Proceedings, vol. 33, pp. e5-e8. 

 



 
 

237 
 

Citterio, HL & Gaillard, DA 1994, 'Expression of transforming growth factor alpha (TGF alpha), 
epidermal growth factor receptor (EGF-R) and cell proliferation during human palatogenesis: an 
immunohistochemical study', Int J Dev Biol, vol. 38, no. 3, pp. 499-505. 

 
Clarhaut, J, Gemmill, RM, Potiron, VA, Ait-Si-Ali, S, Imbert, J, Drabkin, HA & Roche, J 2009, 'ZEB-1, a 
repressor of the semaphorin 3F tumor suppressor gene in lung cancer cells', Neoplasia, vol. 11, no. 2, 
pp. 157-166. 

 
Clarke, MF, Dick, JE, Dirks, PB, Eaves, CJ, Jamieson, CH, Jones, DL, Visvader, J, Weissman, IL & Wahl, 
GM 2006, 'Cancer stem cells--perspectives on current status and future directions: AACR Workshop 
on cancer stem cells', Cancer Res, vol. 66, no. 19, pp. 9339-9344. 

 
Clevers, H 2006, 'Wnt/β-catenin signaling in development and disease', Cell, vol. 127, no. 3, pp. 469-
480. 

 
Clifford, RL, Deacon, K & Knox, AJ 2008, 'Novel Regulation of Vascular Endothelial Growth Factor-A 
(VEGF-A) by Transforming Growth Factor β1 REQUIREMENT FOR Smads, β-CATENIN, AND GSK3β', 
Journal of Biological Chemistry, vol. 283, no. 51, pp. 35337-35353. 

 
Cohen, S 1960, 'PURIFICATION OF A NERVE-GROWTH PROMOTING PROTEIN FROM THE MOUSE 
SALIVARY GLAND AND ITS NEURO-CYTOTOXIC ANTISERUM', Proc Natl Acad Sci U S A, vol. 46, no. 3, 
pp. 302-311. 

 
Collen, D 1999, 'The plasminogen (fibrinolytic) system', Thromb Haemost, vol. 82, no. 2, pp. 259-270. 

 
Coon, DR, Roberts, DJ, Loscertales, M & Kradin, R 2006, 'Differential epithelial expression of SHH and 
FOXF1 in usual and nonspecific interstitial pneumonia', Exp Mol Pathol, vol. 80, no. 2, pp. 119-123. 

 
Cosio, MG, Hale, KA, Niewoehner, DE & Markert, M 1980, 'Morphologic and Morphometric Effects of 
Prolonged Cigarette Smoking on the Small Airways 1, 2', American Review of Respiratory Disease, vol. 
122, no. 2, pp. 265-271. 

 
Coward, W, Deacon, K & Pang, L 2013, 'Activation Of Epidermal Growth Factor Receptor (EGFR) Is 
Required For Tgfβ1-Induced Epithelial-Mesenchymal Transition (emt) In Idiopathic Pulmonary Fibrosis 
(ipf)', Am J Respir Crit Care Med, vol. 187, p. A4818. 

 
Croce, CM 2009, 'Causes and consequences of microRNA dysregulation in cancer', Nature reviews 
genetics, vol. 10, no. 10, pp. 704-714. 

 
Cudkowicz, L & Armstrong, J 1953, 'The bronchial arteries in pulmonary emphysema', Thorax, vol. 8, 
no. 1, pp. 46-58. 

 
D’Amico, TA 2008, 'Molecular biologic staging of lung cancer', The Annals of thoracic surgery, vol. 85, 
no. 2, pp. S737-S742. 



 
 

238 
 

 
Dahlmann, M, Okhrimenko, A, Marcinkowski, P, Osterland, M, Herrmann, P, Smith, J, Heizmann, CW, 
Schlag, PM & Stein, U 2014, 'RAGE mediates S100A4-induced cell motility via MAPK/ERK and hypoxia 
signaling and is a prognostic biomarker for human colorectal cancer metastasis', Oncotarget, vol. 5, 
no. 10, pp. 3220-3233. 

 
Dai, Y & Faller, DV 2008, 'Transcription Regulation by Class III Histone Deacetylases (HDACs)-Sirtuins', 
Transl Oncogenomics, vol. 3, pp. 53-65. 

 
Dasgupta, P, Rastogi, S, Pillai, S, Ordonez-Ercan, D, Morris, M, Haura, E & Chellappan, S 2006, 'Nicotine 
induces cell proliferation by β-arrestin–mediated activation of Src and Rb–Raf-1 pathways', J Clin 
Invest, vol. 116, no. 8, pp. 2208-2217. 

 
Dasgupta, P, Rizwani, W, Pillai, S, Kinkade, R, Kovacs, M, Rastogi, S, Banerjee, S, Carless, M, Kim, E & 
Coppola, D 2009, 'Nicotine induces cell proliferation, invasion and epithelial-mesenchymal transition 
in a variety of human cancer cell lines', International Journal of Cancer, vol. 124, no. 1, pp. 36-45. 

 
Dave, N, Guaita-Esteruelas, S, Gutarra, S, Frias, A, Beltran, M, Peiro, S & de Herreros, AG 2011, 
'Functional cooperation between Snail1 and twist in the regulation of ZEB1 expression during 
epithelial to mesenchymal transition', J Biol Chem, vol. 286, no. 14, pp. 12024-12032. 

 
Davis, R, Rizwani, W, Banerjee, S, Kovacs, M, Haura, E, Coppola, D & Chellappan, S 2009, 'Nicotine 
promotes tumor growth and metastasis in mouse models of lung cancer', PLoS One, vol. 4, no. 10, p. 
e7524. 

 
de Boer, WI, Hau, CM, van Schadewijk, A, Stolk, J, van Krieken, JH & Hiemstra, PS 2006, 'Expression of 
epidermal growth factors and their receptors in the bronchial epithelium of subjects with chronic 
obstructive pulmonary disease', Am J Clin Pathol, vol. 125, no. 2, pp. 184-192. 

 
de Boer, WI, van Schadewijk, A, Sont, JK, Sharma, HS, Stolk, J, Hiemstra, PS & van Krieken, JH 1998, 
'Transforming growth factor beta1 and recruitment of macrophages and mast cells in airways in 
chronic obstructive pulmonary disease', Am J Respir Crit Care Med, vol. 158, no. 6, pp. 1951-1957. 

 
De Craene, B & Berx, G 2013, 'Regulatory networks defining EMT during cancer initiation and 
progression', Nat Rev Cancer, vol. 13, no. 2, pp. 97-110. 

 
de Ruijter, AJ, van Gennip, AH, Caron, HN, Kemp, S & van Kuilenburg, AB 2003, 'Histone deacetylases 
(HDACs): characterization of the classical HDAC family', Biochem J, vol. 370, no. Pt 3, pp. 737-749. 

 
Decramer, M & Rossi, A 2001, 'Contributions from the European Respiratory Monograph: a new series 
in the journal', European Respiratory Journal, vol. 17, no. 4, pp. 577-578. 

 
Dentener, MA, Vernooy, JH, Hendriks, S & Wouters, EF 2005, 'Enhanced levels of hyaluronan in lungs 
of patients with COPD: relationship with lung function and local inflammation', Thorax, vol. 60, no. 2, 
pp. 114-119. 



 
 

239 
 

 
Deribe, YL, Pawson, T & Dikic, I 2010, 'Post-translational modifications in signal integration', Nat Struct 
Mol Biol, vol. 17, no. 6, pp. 666-672. 

 
Derynck, R & Zhang, YE 2003, 'Smad-dependent and Smad-independent pathways in TGF-beta family 
signalling', Nature, vol. 425, no. 6958, pp. 577-584. 

 
Deshmukh, HS, Case, LM, Wesselkamper, SC, Borchers, MT, Martin, LD, Shertzer, HG, Nadel, JA & 
Leikauf, GD 2005, 'Metalloproteinases mediate mucin 5AC expression by epidermal growth factor 
receptor activation', Am J Respir Crit Care Med, vol. 171, no. 4, pp. 305-314. 

 
Deslee, G, Woods, JC, Moore, CM, Liu, L, Conradi, SH, Milne, M, Gierada, DS, Pierce, J, Patterson, A, 
Lewit, RA, Battaile, JT, Holtzman, MJ, Hogg, JC & Pierce, RA 2009, 'Elastin expression in very severe 
human COPD', Eur Respir J, vol. 34, no. 2, pp. 324-331. 

 
Di Stefano, A, Capelli, A, Lusuardi, M, Balbo, P, Vecchio, C, Maestrelli, P, Mapp, CE, Fabbri, LM, Donner, 
CF & Saetta, M 1998, 'Severity of airflow limitation is associated with severity of airway inflammation 
in smokers', Am J Respir Crit Care Med, vol. 158, no. 4, pp. 1277-1285. 
 
 
Di Stefano, A, Capelli, A, Lusuardi, M, Caramori, G, Balbo, P, Ioli, F, Sacco, S, Gnemmi, I, Brun, P, Adcock, 
IM, Balbi, B, Barnes, PJ, Chung, KF & Donner, CF 2001, 'Decreased T lymphocyte infiltration in bronchial 
biopsies of subjects with severe chronic obstructive pulmonary disease', Clin Exp Allergy, vol. 31, no. 
6, pp. 893-902. 

 
Doerner, AM & Zuraw, BL 2009, 'TGF-beta1 induced epithelial to mesenchymal transition (EMT) in 
human bronchial epithelial cells is enhanced by IL-1beta but not abrogated by corticosteroids', Respir 
Res, vol. 10, p. 100. 

 
Doyle, JL & Haas, TL 2009, 'Differential role of β‐catenin in VEGF and histamine‐induced MMP‐2 
production in microvascular endothelial cells', Journal of cellular biochemistry, vol. 107, no. 2, pp. 272-
283. 

 
Dransfield, MT, Wilhelm, AM, Flanagan, B, Courville, C, Tidwell, SL, Raju, SV, Gaggar, A, Steele, C, Tang, 
LP, Liu, B & Rowe, SM 2013, 'Acquired cystic fibrosis transmembrane conductance regulator 
dysfunction in the lower airways in COPD', Chest, vol. 144, no. 2, pp. 498-506. 

 
Duffy, MJ, McGowan, PM & Gallagher, WM 2008, 'Cancer invasion and metastasis: changing views', J 
Pathol, vol. 214, no. 3, pp. 283-293. 

 
Dumont, N, Wilson, MB, Crawford, YG, Reynolds, PA, Sigaroudinia, M & Tlsty, TD 2008, 'Sustained 
induction of epithelial to mesenchymal transition activates DNA methylation of genes silenced in 
basal-like breast cancers', Proc Natl Acad Sci U S A, vol. 105, no. 39, pp. 14867-14872. 

 
Dunnill, MS 1969, 'The classification and quantification of emphysema', Proc R Soc Med, vol. 62, no. 
10, pp. 1024-1027. 



 
 

240 
 

 
Eapen, MS, Tan, D, Muller, HK, Walters, EH & Sohal, S 2015, 'Is Central Airway Inflammation Really A 
Feature Of Mild-Moderate Chronic Obstructive Pulmonary Disease (COPD)?', in B37. TELL ME WHY: 
COPD PATHOGENESIS, Am Thoracic Soc, pp. A2870-A2870. 

 
Eberhard, DA, Johnson, BE, Amler, LC, Goddard, AD, Heldens, SL, Herbst, RS, Ince, WL, Janne, PA, 
Januario, T, Johnson, DH, Klein, P, Miller, VA, Ostland, MA, Ramies, DA, Sebisanovic, D, Stinson, JA, 
Zhang, YR, Seshagiri, S & Hillan, KJ 2005, 'Mutations in the epidermal growth factor receptor and in 
KRAS are predictive and prognostic indicators in patients with non-small-cell lung cancer treated with 
chemotherapy alone and in combination with erlotinib', J Clin Oncol, vol. 23, no. 25, pp. 5900-5909. 

 
Eckes, B, Colucci-Guyon, E, Smola, H, Nodder, S, Babinet, C, Krieg, T & Martin, P 2000, 'Impaired wound 
healing in embryonic and adult mice lacking vimentin', J Cell Sci, vol. 113 ( Pt 13), pp. 2455-2462. 

 
Eckes, B, Dogic, D, Colucci-Guyon, E, Wang, N, Maniotis, A, Ingber, D, Merckling, A, Langa, F, Aumailley, 
M, Delouvee, A, Koteliansky, V, Babinet, C & Krieg, T 1998, 'Impaired mechanical stability, migration 
and contractile capacity in vimentin-deficient fibroblasts', J Cell Sci, vol. 111 ( Pt 13), pp. 1897-1907. 

 
Economics, A 2008, 'Economic impact of COPD and cost effective solutions', The Australian Lung 
Foundation. 

 
Eger, A, Aigner, K, Sonderegger, S, Dampier, B, Oehler, S, Schreiber, M, Berx, G, Cano, A, Beug, H & 
Foisner, R 2005, 'DeltaEF1 is a transcriptional repressor of E-cadherin and regulates epithelial plasticity 
in breast cancer cells', Oncogene, vol. 24, no. 14, pp. 2375-2385. 

 
Eger, A, Stockinger, A, Park, J, Langkopf, E, Mikula, M, Gotzmann, J, Mikulits, W, Beug, H & Foisner, R 
2004, 'beta-Catenin and TGFbeta signalling cooperate to maintain a mesenchymal phenotype after 
FosER-induced epithelial to mesenchymal transition', Oncogene, vol. 23, no. 15, pp. 2672-2680. 

 
Ekberg-Jansson, A, Amin, K, Bake, B, Rosengren, A, Tylen, U, Venge, P & Lofdahl, CG 2005, 'Bronchial 
mucosal mast cells in asymptomatic smokers relation to structure, lung function and emphysema', 
Respir Med, vol. 99, no. 1, pp. 75-83. 

 
Elkington, PT & Friedland, JS 2006, 'Matrix metalloproteinases in destructive pulmonary pathology', 
Thorax, vol. 61, no. 3, pp. 259-266. 

 
Ellenrieder, V, Hendler, SF, Boeck, W, Seufferlein, T, Menke, A, Ruhland, C, Adler, G & Gress, TM 2001, 
'Transforming growth factor β1 treatment leads to an epithelial-mesenchymal transdifferentiation of 
pancreatic cancer cells requiring extracellular signal-regulated kinase 2 activation', Cancer Res, vol. 61, 
no. 10, pp. 4222-4228. 

 
Eriksson, S 1965, 'Studies in alpha 1-antitrypsin deficiency', Acta Med Scand Suppl, vol. 432, pp. 1-85. 

 



 
 

241 
 

Eurlings, IM, Dentener, MA, Cleutjens, JP, Peutz, CJ, Rohde, GG, Wouters, EF & Reynaert, NL 2014, 
'Similar matrix alterations in alveolar and small airway walls of COPD patients', BMC Pulm Med, vol. 
14, p. 90. 

 
Eurlings, IMJ, Reynaert, NL, van den Beucken, T, Gosker, HR, de Theije, CC, Verhamme, FM, Bracke, 
KR, Wouters, EFM & Dentener, MA 2014, 'Cigarette Smoke Extract Induces a Phenotypic Shift in 
Epithelial Cells; Involvement of HIF1α in Mesenchymal Transition', PLoS One, vol. 9, no. 10, p. e107757. 

 
Evans, RM 1998, 'Vimentin: the conundrum of the intermediate filament gene family', Bioessays, vol. 
20, no. 1, pp. 79-86. 

 
Fagotto, F, Glück, U & Gumbiner, BM 1998, 'Nuclear localization signal-independent and 
importin/karyopherin-independent nuclear import of β-catenin', Current Biology, vol. 8, no. 4, pp. 181-
190. 

 
Fang, TC, Yashiro-Ohtani, Y, Del Bianco, C, Knoblock, DM, Blacklow, SC & Pear, WS 2007, 'Notch directly 
regulates Gata3 expression during T helper 2 cell differentiation', Immunity, vol. 27, no. 1, pp. 100-
110. 

 
Farge, E 2003, 'Mechanical induction of Twist in the Drosophila foregut/stomodeal primordium', Curr 
Biol, vol. 13, no. 16, pp. 1365-1377. 

 
Farrell, J, Kelly, C, Rauch, J, Kida, K, Garcia-Munoz, A, Monsefi, N, Turriziani, B, Doherty, C, Mehta, JP, 
Matallanas, D, Simpson, JC, Kolch, W & von Kriegsheim, A 2014, 'HGF induces epithelial-to-
mesenchymal transition by modulating the mammalian hippo/MST2 and ISG15 pathways', J Proteome 
Res, vol. 13, no. 6, pp. 2874-2886. 

 
Feltis, BN, Wignarajah, D, Zheng, L, Ward, C, Reid, D, Harding, R & Walters, EH 2006, 'Increased 
vascular endothelial growth factor and receptors: relationship to angiogenesis in asthma', Am J Respir 
Crit Care Med, vol. 173, no. 11, pp. 1201-1207. 

 
Fernandez, IE & Eickelberg, O 2012, 'The impact of TGF-beta on lung fibrosis: from targeting to 
biomarkers', Proc Am Thorac Soc, vol. 9, no. 3, pp. 111-116. 

 
Ferrara, N 2009, 'Vascular endothelial growth factor', Arterioscler Thromb Vasc Biol, vol. 29, no. 6, pp. 
789-791. 

 
Ficner, R 2009, 'Novel structural insights into class I and II histone deacetylases', Curr Top Med Chem, 
vol. 9, no. 3, pp. 235-240. 

 
Fidler, IJ & Poste, G 2008, 'The "seed and soil" hypothesis revisited', Lancet Oncol, vol. 9, no. 8, p. 808. 

 
Finkel, T 2003, 'Oxidant signals and oxidative stress', Curr Opin Cell Biol, vol. 15, no. 2, pp. 247-254. 

 



 
 

242 
 

Fletcher, C & Peto, R 1977, 'The natural history of chronic airflow obstruction', Br Med J, vol. 1, no. 
6077, pp. 1645-1648. 

 
Fodde, R & Brabletz, T 2007, 'Wnt/beta-catenin signaling in cancer stemness and malignant behavior', 
Curr Opin Cell Biol, vol. 19, no. 2, pp. 150-158. 

 
Fong, Y-C, Hsu, S-F, Wu, C-L, Li, T-M, Kao, S-T, Tsai, F-J, Chen, W-C, Liu, S-C, Wu, C-M & Tang, C-H 
'Transforming growth factor-β1 increases cell migration and β1 integrin up-regulation in human lung 
cancer cells', Lung Cancer, vol. 64, no. 1, pp. 13-21. 

 
Foong, RE & Zosky, GR 2013, 'Vitamin D deficiency and the lung: disease initiator or disease modifier?', 
Nutrients, vol. 5, no. 8, pp. 2880-2900. 

 
Fowles, J & Dybing, E 2003, 'Application of toxicological risk assessment principles to the chemical 
constituents of cigarette smoke', Tob Control, vol. 12, no. 4, pp. 424-430. 

 
Franke, WW, Grund, C, Kuhn, C, Jackson, BW & Illmensee, K 1982, 'Formation of cytoskeletal elements 
during mouse embryogenesis', Differentiation, vol. 23, no. 1-3, pp. 43-59. 

 
Fuchs, E & Weber, K 1994, 'Intermediate filaments: structure, dynamics, function, and disease', Annu 
Rev Biochem, vol. 63, pp. 345-382. 

 
Fujimoto, K, Kubo, K, Yamamoto, H, Yamaguchi, S & Matsuzawa, Y 1999, 'Eosinophilic inflammation in 
the airway is related to glucocorticoid reversibility in patients with pulmonary emphysema', Chest, vol. 
115, no. 3, pp. 697-702. 

 
Fukagawa, A, Ishii, H, Miyazawa, K & Saitoh, M 2015, 'deltaEF1 associates with DNMT1 and maintains 
DNA methylation of the E-cadherin promoter in breast cancer cells', Cancer Med, vol. 4, no. 1, pp. 125-
135. 

 
Fukuchi, Y, Nishimura, M, Ichinose, M, Adachi, M, Nagai, A, Kuriyama, T, Takahashi, K, Nishimura, K, 
Ishioka, S & Aizawa, H 2004, 'COPD in Japan: the Nippon COPD Epidemiology study', Respirology, vol. 
9, no. 4, pp. 458-465. 

 
Fukuoka, M, Yano, S, Giaccone, G, Tamura, T, Nakagawa, K, Douillard, JY, Nishiwaki, Y, Vansteenkiste, 
J, Kudoh, S, Rischin, D, Eek, R, Horai, T, Noda, K, Takata, I, Smit, E, Averbuch, S, Macleod, A, 
Feyereislova, A, Dong, RP & Baselga, J 2003, 'Multi-institutional randomized phase II trial of gefitinib 
for previously treated patients with advanced non-small-cell lung cancer (The IDEAL 1 Trial) 
[corrected]', J Clin Oncol, vol. 21, no. 12, pp. 2237-2246. 

 
Funai, K, Yokose, T, Ishii, G, Araki, K, Yoshida, J, Nishimura, M, Nagai, K, Nishiwaki, Y & Ochiai, A 2003, 
'Clinicopathologic characteristics of peripheral squamous cell carcinoma of the lung', Am J Surg Pathol, 
vol. 27, no. 7, pp. 978-984. 

 



 
 

243 
 

Fuxe, J & Karlsson, MC 2012, 'TGF-beta-induced epithelial-mesenchymal transition: a link between 
cancer and inflammation', Semin Cancer Biol, vol. 22, no. 5-6, pp. 455-461. 

 
Fuxe, J, Vincent, T & Garcia de Herreros, A 2010, 'Transcriptional crosstalk between TGF-beta and stem 
cell pathways in tumor cell invasion: role of EMT promoting Smad complexes', Cell Cycle, vol. 9, no. 
12, pp. 2363-2374. 

 
Gallet, A & Therond, PP 2005, 'Temporal modulation of the Hedgehog morphogen gradient by a 
patched-dependent targeting to lysosomal compartment', Dev Biol, vol. 277, no. 1, pp. 51-62. 

 
Ganesan, S, Unger, BL, Comstock, AT, Angel, KA, Mancuso, P, Martinez, FJ & Sajjan, US 2013, 
'Aberrantly activated EGFR contributes to enhanced IL-8 expression in COPD airways epithelial cells 
via regulation of nuclear FoxO3A', Thorax, vol. 68, no. 2, pp. 131-141. 

 
Gardner, A, Fisher, AJ, Richter, C, Johnson, GE, Moisey, EJ, Brodlie, M, Ward, C, Krippner-Heidenreich, 
A, Mann, DA & Borthwick, LA 2012, 'The critical role of TAK1 in accentuated epithelial to mesenchymal 
transition in obliterative bronchiolitis after lung transplantation', Am J Pathol, vol. 180, no. 6, pp. 2293-
2308. 

 
Gavert, N & Ben-Ze'ev, A 2008, 'Epithelial-mesenchymal transition and the invasive potential of 
tumors', Trends Mol Med, vol. 14, no. 5, pp. 199-209. 

 
Gibbons, DL, Lin, W, Creighton, CJ, Rizvi, ZH, Gregory, PA, Goodall, GJ, Thilaganathan, N, Du, L, Zhang, 
Y, Pertsemlidis, A & Kurie, JM 2009, 'Contextual extracellular cues promote tumor cell EMT and 
metastasis by regulating miR-200 family expression', Genes Dev, vol. 23, no. 18, pp. 2140-2151. 

 
Gibbs, FE, Barraclough, R, Platt-Higgins, A, Rudland, PS, Wilkinson, MC & Parry, EW 1995, 
'Immunocytochemical distribution of the calcium-binding protein p9Ka in normal rat tissues: variation 
in the cellular location in different tissues', J Histochem Cytochem, vol. 43, no. 2, pp. 169-180. 

 
Gilles, C, Polette, M, Zahm, JM, Tournier, JM, Volders, L, Foidart, JM & Birembaut, P 1999, 'Vimentin 
contributes to human mammary epithelial cell migration', J Cell Sci, vol. 112 ( Pt 24), pp. 4615-4625. 

 
Global, r, and national age-sex specific all-cause and cause-specific mortality for 240 causes of death, 
1990-2013: a systematic analysis for the Global Burden of Disease Study 2013', 2015 2013'2015, 
'Global, regional, and national age-sex specific all-cause and cause-specific mortality for 240 causes of 
death, 1990-2013: a systematic analysis for the Global Burden of Disease Study 2013', 2015', Lancet, 
vol. 385, pp. 117-171. 

 
Glynn, AA & Michaels, L 1960, 'Bronchial biopsy in chronic bronchitis and asthma', Istanbul Tip Fak 
Mecmuasi, vol. 15, pp. 142-153. 

 
Gohy, S, Detry, B, Bouzin, C, Fregimilika, C & Pilette, C 2013, 'Increased vimentin expression in human 
primary bronchial epithelium reconstituted in vitro from patients with chronic obstructive pulmonary 
disease', European Respiratory Journal, vol. 42, no. Suppl 57. 



 
 

244 
 

 
Gohy, ST, Hupin, C, Fregimilicka, C, Detry, BR, Bouzin, C, Gaide Chevronay, H, Lecocq, M, Weynand, B, 
Ladjemi, MZ, Pierreux, CE, Birembaut, P, Polette, M & Pilette, C 2015, 'Imprinting of the COPD airway 
epithelium for dedifferentiation and mesenchymal transition', Eur Respir J, vol. 45, no. 5, pp. 1258-
1272. 

 
GOLD 2015, 'Global Initiative for Chronic Obstructive Pulmonary Lung Disease. 2015', 
http://www.goldcopd.org. 

 
Gonzalez, DM & Medici, D 2014, 'Signaling mechanisms of the epithelial-mesenchymal transition', Sci 
Signal, vol. 7, no. 344, p. re8. 

 
Gosens, R, Baarsma, HA, Heijink, IH, Oenema, TA, Halayko, AJ, Meurs, H & Schmidt, M 2010, 'De novo 
synthesis of β-catenin via H-Ras and MEK regulates airway smooth muscle growth', The FASEB Journal, 
vol. 24, no. 3, pp. 757-768. 

 
Gosselink, JV, Hayashi, S, Elliott, WM, Xing, L, Chan, B, Yang, L, Wright, C, Sin, D, Pare, PD, Pierce, JA, 
Pierce, RA, Patterson, A, Cooper, J & Hogg, JC 2010, 'Differential expression of tissue repair genes in 
the pathogenesis of chronic obstructive pulmonary disease', Am J Respir Crit Care Med, vol. 181, no. 
12, pp. 1329-1335. 

 
Gotzmann, J, Mikula, M, Eger, A, Schulte-Hermann, R, Foisner, R, Beug, H & Mikulits, W 2004, 
'Molecular aspects of epithelial cell plasticity: implications for local tumor invasion and metastasis', 
Mutation Research/Reviews in Mutation Research, vol. 566, no. 1, pp. 9-20. 

 
Graff, JR, Herman, JG, Lapidus, RG, Chopra, H, Xu, R, Jarrard, DF, Isaacs, WB, Pitha, PM, Davidson, NE 
& Baylin, SB 1995, 'E-cadherin expression is silenced by DNA hypermethylation in human breast and 
prostate carcinomas', Cancer Res, vol. 55, no. 22, pp. 5195-5199. 

 
Grashoff, WF, Sont, JK, Sterk, PJ, Hiemstra, PS, de Boer, WI, Stolk, J, Han, J & van Krieken, JM 1997, 
'Chronic obstructive pulmonary disease: role of bronchiolar mast cells and macrophages', Am J Pathol, 
vol. 151, no. 6, pp. 1785-1790. 

 
Gravdal, K, Halvorsen, OJ, Haukaas, SA & Akslen, LA 2007, 'A switch from E-cadherin to N-cadherin 
expression indicates epithelial to mesenchymal transition and is of strong and independent 
importance for the progress of prostate cancer', Clin Cancer Res, vol. 13, no. 23, pp. 7003-7011. 

 
Gregory, PA, Bert, AG, Paterson, EL, Barry, SC, Tsykin, A, Farshid, G, Vadas, MA, Khew-Goodall, Y & 
Goodall, GJ 2008, 'The miR-200 family and miR-205 regulate epithelial to mesenchymal transition by 
targeting ZEB1 and SIP1', Nat Cell Biol, vol. 10, no. 5, pp. 593-601. 

 
Grigoriu, BD, Depontieu, F, Scherpereel, A, Gourcerol, D, Devos, P, Ouatas, T, Lafitte, JJ, Copin, MC, 
Tonnel, AB & Lassalle, P 2006, 'Endocan expression and relationship with survival in human non-small 
cell lung cancer', Clin Cancer Res, vol. 12, no. 15, pp. 4575-4582. 

 



 
 

245 
 

Grob, TJ, Hoenig, T, Clauditz, TS, Atanackovic, D, Koenig, AM, Vashist, YK, Klose, H, Simon, R, Pantel, K, 
Izbicki, JR, Bokemeyer, C, Sauter, G & Wilczak, W 2013, 'Frequent intratumoral heterogeneity of EGFR 
gene copy gain in non-small cell lung cancer', Lung Cancer, vol. 79, no. 3, pp. 221-227. 

 
Grotegut, S, von Schweinitz, D, Christofori, G & Lehembre, F 2006, 'Hepatocyte growth factor induces 
cell scattering through MAPK/Egr-1-mediated upregulation of Snail', Embo j, vol. 25, no. 15, pp. 3534-
3545. 

 
Grunert, S, Jechlinger, M & Beug, H 2003, 'Diverse cellular and molecular mechanisms contribute to 
epithelial plasticity and metastasis', Nat Rev Mol Cell Biol, vol. 4, no. 8, pp. 657-665. 

 
Guarino, M, Tosoni, A & Nebuloni, M 2009, 'Direct contribution of epithelium to organ fibrosis: 
epithelial-mesenchymal transition', Hum Pathol, vol. 40, no. 10, pp. 1365-1376. 

 
Guddo, F, Vignola, AM, Saetta, M, Baraldo, S, Siena, L, Balestro, E, Zuin, R, Papi, A, Maestrelli, P, Fabbri, 
LM, Bonsignore, G & Turato, G 2006, 'Upregulation of basic fibroblast growth factor in smokers with 
chronic bronchitis', Eur Respir J, vol. 27, no. 5, pp. 957-963. 

 
Guo, X & Wang, X-F 2009, 'Signaling cross-talk between TGF-β/BMP and other pathways', Cell Res, vol. 
19, no. 1, pp. 71-88. 

 
Gupta, GP & Massagué, J 2006, 'Cancer metastasis: building a framework', Cell, vol. 127, no. 4, pp. 
679-695. 

 
Hackett, TL, Warner, SM, Stefanowicz, D, Shaheen, F, Pechkovsky, DV, Murray, LA, Argentieri, R, Kicic, 
A, Stick, SM, Bai, TR & Knight, DA 2009, 'Induction of epithelial-mesenchymal transition in primary 
airway epithelial cells from patients with asthma by transforming growth factor-beta1', Am J Respir 
Crit Care Med, vol. 180, no. 2, pp. 122-133. 

 
Hallgren, O, Nihlberg, K, Dahlback, M, Bjermer, L, Eriksson, LT, Erjefalt, JS, Lofdahl, CG & Westergren-
Thorsson, G 2010, 'Altered fibroblast proteoglycan production in COPD', Respir Res, vol. 11, p. 55. 

 
Hanahan, D & Weinberg, RA 2011, 'Hallmarks of cancer: the next generation', Cell, vol. 144, no. 5, pp. 
646-674. 

 
Haraguchi, M, Shimura, S & Shirato, K 1999, 'Morphometric analysis of bronchial cartilage in chronic 
obstructive pulmonary disease and bronchial asthma', Am J Respir Crit Care Med, vol. 159, no. 3, pp. 
1005-1013. 

 
Hardaker, EL, Bacon, AM, Carlson, K, Roshak, AK, Foley, JJ, Schmidt, DB, Buckley, PT, Comegys, M, 
Panettieri, RA, Jr., Sarau, HM & Belmonte, KE 2004, 'Regulation of TNF-alpha- and IFN-gamma-induced 
CXCL10 expression: participation of the airway smooth muscle in the pulmonary inflammatory 
response in chronic obstructive pulmonary disease', Faseb j, vol. 18, no. 1, pp. 191-193. 

 



 
 

246 
 

Harju, T, Kinnula, VL, Paakko, P, Salmenkivi, K, Risteli, J & Kaarteenaho, R 2010, 'Variability in the 
precursor proteins of collagen I and III in different stages of COPD', Respir Res, vol. 11, p. 165. 

 
Hay, D 1999, 'Putative mediator role of endothelin-1 in asthma and other lung diseases', Clinical and 
experimental pharmacology and physiology, vol. 26, no. 2, pp. 168-171. 

 
Hay, ED 1982, 'Interaction of embryonic surface and cytoskeleton with extracellular matrix', Am J Anat, 
vol. 165, no. 1, pp. 1-12. 

 
Hay, ED 1995, 'An overview of epithelio-mesenchymal transformation', Acta Anat (Basel), vol. 154, no. 
1, pp. 8-20. 
 
Heijink, IH, de Bruin, HG, Dennebos, R, Jonker, MR, Noordhoek, JA, Brandsma, CA, van den Berge, M 
& Postma, DS 2016, 'Cigarette smoke-induced epithelial expression of WNT-5B: implications for 
COPD', Eur Respir J. 

 
Heijink, IH, Postma, DS, Noordhoek, JA, Broekema, M & Kapus, A 2010, 'House dust mite-promoted 
epithelial-to-mesenchymal transition in human bronchial epithelium', Am J Respir Cell Mol Biol, vol. 
42, no. 1, pp. 69-79. 

 
Hernandez, JL, Padilla, L, Dakhel, S, Coll, T, Hervas, R, Adan, J, Masa, M, Mitjans, F, Martinez, JM & 
Coma, S 2013, 'Therapeutic targeting of tumor growth and angiogenesis with a novel anti-S100A4 
monoclonal antibody', PLoS One, vol. 8, no. 9, p. e72480. 

 
Higashiyama, H, Yoshimoto, D, Kaise, T, Matsubara, S, Fujiwara, M, Kikkawa, H, Asano, S & Kinoshita, 
M 2007, 'Inhibition of activin receptor-like kinase 5 attenuates bleomycin-induced pulmonary fibrosis', 
Exp Mol Pathol, vol. 83, no. 1, pp. 39-46. 

 
Hiroshima, K, Iyoda, A, Shibuya, K, Hoshino, H, Haga, Y, Toyozaki, T, Shiba, M, Baba, M, Fujisawa, T & 
Ohwada, H 2002, 'Evidence of neoangiogenesis and an increase in the number of proliferating cells 
within the bronchial epithelium of smokers', Cancer, vol. 95, no. 7, pp. 1539-1545. 

 
Hirota, N & Martin, JG 2013, 'Mechanisms of airway remodeling', Chest, vol. 144, no. 3, pp. 1026-1032. 

 
Hirsch, FR, Varella-Garcia, M & Cappuzzo, F 2009, 'Predictive value of EGFR and HER2 overexpression 
in advanced non-small-cell lung cancer', Oncogene, vol. 28 Suppl 1, pp. S32-37. 

 
Hirst, SJ, Twort, CH & Lee, TH 2000, 'Differential effects of extracellular matrix proteins on human 
airway smooth muscle cell proliferation and phenotype', Am J Respir Cell Mol Biol, vol. 23, no. 3, pp. 
335-344. 

 
Hodge, S, Holmes, M, Banerjee, B, Musk, M, Kicic, A, Waterer, G, Reynolds, P, Hodge, G & Chambers, 
D 2009, 'Posttransplant bronchiolitis obliterans syndrome is associated with bronchial epithelial to 
mesenchymal transition', American Journal of Transplantation, vol. 9, no. 4, pp. 727-733. 



 
 

247 
 

 
Hogg, JC 2004, 'Pathophysiology of airflow limitation in chronic obstructive pulmonary disease', 
Lancet, vol. 364, no. 9435, pp. 709-721. 

 
Hogg, JC, Chu, F, Utokaparch, S, Woods, R, Elliott, WM, Buzatu, L, Cherniack, RM, Rogers, RM, Sciurba, 
FC, Coxson, HO & Pare, PD 2004, 'The nature of small-airway obstruction in chronic obstructive 
pulmonary disease', N Engl J Med, vol. 350, no. 26, pp. 2645-2653. 

 
Hogg, JC, Macklem, PT & Thurlbeck, WM 1968, 'Site and nature of airway obstruction in chronic 
obstructive lung disease', N Engl J Med, vol. 278, no. 25, pp. 1355-1360. 

 
Hogg, JC, McDonough, JE & Suzuki, M 2013, 'Small airway obstruction in COPD: new insights based on 
micro-CT imaging and MRI imaging', Chest, vol. 143, no. 5, pp. 1436-1443. 

 
Hogg, JC & Timens, W 2009, 'The pathology of chronic obstructive pulmonary disease', Annu Rev 
Pathol, vol. 4, pp. 435-459. 

 
Hogg, JC, Wright, JL, Wiggs, BR, Coxson, HO, Opazo Saez, A & Pare, PD 1994, 'Lung structure and 
function in cigarette smokers', Thorax, vol. 49, no. 5, pp. 473-478. 

 
Holgate, ST 2011, 'The sentinel role of the airway epithelium in asthma pathogenesis', Immunol Rev, 
vol. 242, no. 1, pp. 205-219. 

 
Hollins, F, Sutcliffe, A, Gomez, E, Berair, R, Russell, R, Szyndralewiez, C, Saunders, R & Brightling, C 
2016, 'Airway smooth muscle NOX4 is upregulated and modulates ROS generation in COPD', Respir 
Res, vol. 17, no. 1, p. 1. 

 
Holtzman, MJ, Tyner, JW, Kim, EY, Lo, MS, Patel, AC, Shornick, LP, Agapov, E & Zhang, Y 2005, 'Acute 
and chronic airway responses to viral infection: implications for asthma and chronic obstructive 
pulmonary disease', Proc Am Thorac Soc, vol. 2, no. 2, pp. 132-140. 

 
Horan, GS, Wood, S, Ona, V, Li, DJ, Lukashev, ME, Weinreb, PH, Simon, KJ, Hahm, K, Allaire, NE, Rinaldi, 
NJ, Goyal, J, Feghali-Bostwick, CA, Matteson, EL, O'Hara, C, Lafyatis, R, Davis, GS, Huang, X, Sheppard, 
D & Violette, SM 2008, 'Partial inhibition of integrin alpha(v)beta6 prevents pulmonary fibrosis 
without exacerbating inflammation', Am J Respir Crit Care Med, vol. 177, no. 1, pp. 56-65. 

 
Hoshino, R, Chatani, Y, Yamori, T, Tsuruo, T, Oka, H, Yoshida, O, Shimada, Y, Ari-i, S, Wada, H & 
Fujimoto, J 1999, 'Constitutive activation of the 41-/43-kDa mitogen-activated protein kinase signaling 
pathway in human tumors', Oncogene, vol. 18, no. 3, pp. 813-822. 

 
Hu, L, Lau, SH, Tzang, CH, Wen, JM, Wang, W, Xie, D, Huang, M, Wang, Y, Wu, MC, Huang, JF, Zeng, 
WF, Sham, JS, Yang, M & Guan, XY 2004, 'Association of Vimentin overexpression and hepatocellular 
carcinoma metastasis', Oncogene, vol. 23, no. 1, pp. 298-302. 

 



 
 

248 
 

Hu, X-F, Zhang, J-N & Li, S 2014, 'Notch Signaling In The Pathogenesis Of Pulmonary Emphysema And 
Pulmonary Fibrosis', in C34. INSIGHTS INTO COPD PATHOGENESIS FROM PRE-CLINICAL STUDIES, Am 
Thoracic Soc, pp. A4273-A4273. 

 
Huang, C, Ma, R, Xu, Y, Li, N, Li, Z, Yue, J, Li, H, Guo, Y & Qi, D 2015, 'Wnt2 promotes non-small cell 
lung cancer progression by activating WNT/β-catenin pathway', Am. J. Cancer Res, vol. 5, pp. 1032-
1046. 

 
Huang, M, Wang, YP, Zhu, LQ, Cai, Q, Li, HH & Yang, HF 2015, 'MAPK pathway mediates epithelial-
mesenchymal transition induced by paraquat in alveolar epithelial cells', Environ Toxicol. 

 
Huber, O, Korn, R, McLaughlin, J, Ohsugi, M, Herrmann, BG & Kemler, R 1996, 'Nuclear localization of 
β-catenin by interaction with transcription factor LEF-1', Mech Dev, vol. 59, no. 1, pp. 3-10. 

 
Hui, L, Zhang, S, Dong, X, Tian, D, Cui, Z & Qiu, X 2013, 'Prognostic significance of twist and N-cadherin 
expression in NSCLC', PLoS One, vol. 8, no. 4, p. e62171. 

 
Hung, JJ, Yang, MH, Hsu, HS, Hsu, WH, Liu, JS & Wu, KJ 2009, 'Prognostic significance of hypoxia-
inducible factor-1alpha, TWIST1 and Snail expression in resectable non-small cell lung cancer', Thorax, 
vol. 64, no. 12, pp. 1082-1089. 

 
Hutchison, A, Ambrose, S, Glover, J & Hetzel, D 2007, Atlas of avoidable hospitalisations in Australia: 
ambulatory care-sensitive conditions, Commonwealth of Australia. 

 
Hyatt, RE & Black, LF 1973, 'The flow-volume curve. A current perspective', Am Rev Respir Dis, vol. 
107, no. 2, pp. 191-199. 

 
Iizuka, M, Ogawa, T, Enomoto, M, Motoyama, H, Yoshizato, K, Ikeda, K & Kawada, N 2012, 'Induction 
of microRNA-214-5p in human and rodent liver fibrosis', Fibrogenesis Tissue Repair, vol. 5, no. 1, p. 1. 

 
Ikuta, T & Kawajiri, K 2006, 'Zinc finger transcription factor Slug is a novel target gene of aryl 
hydrocarbon receptor', Exp Cell Res, vol. 312, no. 18, pp. 3585-3594. 

 
Ingram, JL & Bonner, JC 2006, 'EGF and PDGF receptor tyrosine kinases as therapeutic targets for 
chronic lung diseases', Curr Mol Med, vol. 6, no. 4, pp. 409-421. 

 
Innes, AL, Woodruff, PG, Ferrando, RE, Donnelly, S, Dolganov, GM, Lazarus, SC & Fahy, JV 2006, 
'Epithelial mucin stores are increased in the large airways of smokers with airflow obstruction', Chest 
Journal, vol. 130, no. 4, pp. 1102-1108. 

 
Inoue, M, Hasegawa, I, Nakano, K, Yamaguchi, K & Kuribayashi, S 2009, 'Incidence of 
tracheobronchomalacia associated with pulmonary emphysema: detection with paired inspiratory-
expiratory multidetector computed tomography using a low-dose technique', Japanese journal of 
radiology, vol. 27, no. 8, pp. 303-308. 



 
 

249 
 

 
Inoue, T, Plieth, D, Venkov, CD, Xu, C & Neilson, EG 2005, 'Antibodies against macrophages that 
overlap in specificity with fibroblasts', Kidney Int, vol. 67, no. 6, pp. 2488-2493. 

 
Ip, YT & Gridley, T 2002, 'Cell movements during gastrulation: snail dependent and independent 
pathways', Curr Opin Genet Dev, vol. 12, no. 4, pp. 423-429. 

 
Italiano, A, Vandenbos, FB, Otto, J, Mouroux, J, Fontaine, D, Marcy, P-Y, Cardot, N, Thyss, A & 
Pedeutour, F 2006, 'Comparison of the epidermal growth factor receptor gene and protein in primary 
non-small-cell-lung cancer and metastatic sites: implications for treatment with EGFR-inhibitors', 
Annals of oncology, vol. 17, no. 6, pp. 981-985. 

 
Ito, K & Barnes, PJ 2009, 'COPD as a disease of accelerated lung aging', Chest, vol. 135, no. 1, pp. 173-
180. 

 
Ito, K, Ito, M, Elliott, WM, Cosio, B, Caramori, G, Kon, OM, Barczyk, A, Hayashi, S, Adcock, IM, Hogg, JC 
& Barnes, PJ 2005, 'Decreased histone deacetylase activity in chronic obstructive pulmonary disease', 
N Engl J Med, vol. 352, no. 19, pp. 1967-1976. 

 
Iwano, M, Plieth, D, Danoff, TM, Xue, C, Okada, H & Neilson, EG 2002, 'Evidence that fibroblasts derive 
from epithelium during tissue fibrosis', J Clin Invest, vol. 110, no. 3, pp. 341-350. 

 
Iwatsuki, M, Mimori, K, Yokobori, T, Ishi, H, Beppu, T, Nakamori, S, Baba, H & Mori, M 2010, 'Epithelial-
mesenchymal transition in cancer development and its clinical significance', Cancer Sci, vol. 101, no. 
2, pp. 293-299. 

 
Jackson, EL, Willis, N, Mercer, K, Bronson, RT, Crowley, D, Montoya, R, Jacks, T & Tuveson, DA 2001, 
'Analysis of lung tumor initiation and progression using conditional expression of oncogenic K-ras', 
Genes Dev, vol. 15, no. 24, pp. 3243-3248. 

 
James, A 1997, 'Relationship between airway wall thickness and airway hyperresponsiveness', Airway 
wall remodelling in asthma, vol. 1. 

 
Janda, E, Lehmann, K, Killisch, I, Jechlinger, M, Herzig, M, Downward, J, Beug, H & Grünert, S 2002, 
'Ras and TGFβ cooperatively regulate epithelial cell plasticity and metastasis dissection of ras signaling 
pathways', J Cell Biol, vol. 156, no. 2, pp. 299-314. 

 
Jechlinger, M, Grunert, S, Tamir, IH, Janda, E, Lüdemann, S, Waerner, T, Seither, P, Weith, A, Beug, H 
& Kraut, N 2003, 'Expression profiling of epithelial plasticity in tumor progression', Oncogene, vol. 22, 
no. 46, pp. 7155-7169. 

 
Jeffery, PK 2001, 'Remodeling in asthma and chronic obstructive lung disease', Am J Respir Crit Care 
Med, vol. 164, no. 10 Pt 2, pp. S28-38. 

 



 
 

250 
 

Jeffery, PK 2004, 'Remodeling and inflammation of bronchi in asthma and chronic obstructive 
pulmonary disease', Proceedings of the American Thoracic Society, vol. 1, no. 3, pp. 176-183. 

 
Jemal, A, Siegel, R, Xu, J & Ward, E 2010, 'Cancer statistics, 2010', CA Cancer J Clin, vol. 60, no. 5, pp. 
277-300. 

 
Jeremy George, P, Banerjee, AK, Read, CA, O'Sullivan, C, Falzon, M, Pezzella, F, Nicholson, AG, Shaw, 
P, Laurent, G & Rabbitts, PH 2007, 'Surveillance for the detection of early lung cancer in patients with 
bronchial dysplasia', Thorax, vol. 62, no. 1, pp. 43-50. 

 
Jermini, C, Weber, A & Grandjean, E 1976, '[Quantitative determination of various gas-phase 
components of the side-stream smoke of cigarettes in the room air as a contribution to the problem 
of passive-smoking (author's transl)]', Int Arch Occup Environ Health, vol. 36, no. 3, pp. 169-181. 

 
Ji, M, Zhang, Y, Shi, B & Hou, P 2011, 'Association of promoter methylation with histologic type and 
pleural indentation in non-small cell lung cancer (NSCLC)', Diagn Pathol, vol. 6, p. 48. 

 
Jiang, X, Tsitsiou, E, Herrick, SE & Lindsay, MA 2010, 'MicroRNAs and the regulation of fibrosis', FEBS 
journal, vol. 277, no. 9, pp. 2015-2021. 

 
Jiang, YG, Luo, Y, He, DL, Li, X, Zhang, LL, Peng, T, Li, MC & Lin, YH 2007, 'Role of Wnt/beta-catenin 
signaling pathway in epithelial-mesenchymal transition of human prostate cancer induced by hypoxia-
inducible factor-1alpha', Int J Urol, vol. 14, no. 11, pp. 1034-1039. 

 
Jin, H, Morohashi, S, Sato, F, Kudo, Y, Akasaka, H, Tsutsumi, S, Ogasawara, H, Miyamoto, K, Wajima, 
N, Kawasaki, H, Hakamada, K & Kijima, H 2010, 'Vimentin expression of esophageal squamous cell 
carcinoma and its aggressive potential for lymph node metastasis', Biomed Res, vol. 31, no. 2, pp. 105-
112. 

 
Jithoo, A 2006, 'Respiratory symptoms and chronic obstructive pulmonary disease: prevalence and 
risk factors in a predominantly low-income urban area of Cape Town, South Africa', University of Cape 
Town. 

 
Jo, M, Lester, RD, Montel, V, Eastman, B, Takimoto, S & Gonias, SL 2009, 'Reversibility of epithelial-
mesenchymal transition (EMT) induced in breast cancer cells by activation of urokinase receptor-
dependent cell signaling', J Biol Chem, vol. 284, no. 34, pp. 22825-22833. 

 
Johansson, KA & Grapin-Botton, A 2002, 'Development and diseases of the pancreas', Clin Genet, vol. 
62, no. 1, pp. 14-23. 

 
John, ALS & Abraham, SN 2013, 'Innate immunity and its regulation by mast cells', The Journal of 
Immunology, vol. 190, no. 9, pp. 4458-4463. 

 



 
 

251 
 

Johns, DP, Walters, JA & Walters, EH 2014, 'Diagnosis and early detection of COPD using spirometry', 
J Thorac Dis, vol. 6, no. 11, pp. 1557-1569. 

 
Johnson, RL, Rothman, AL, Xie, J, Goodrich, LV, Bare, JW, Bonifas, JM, Quinn, AG, Myers, RM, Cox, DR, 
Epstein, EH, Jr. & Scott, MP 1996, 'Human homolog of patched, a candidate gene for the basal cell 
nevus syndrome', Science, vol. 272, no. 5268, pp. 1668-1671. 

 
Jorda, M, Olmeda, D, Vinyals, A, Valero, E, Cubillo, E, Llorens, A, Cano, A & Fabra, A 2005, 'Upregulation 
of MMP-9 in MDCK epithelial cell line in response to expression of the Snail transcription factor', J Cell 
Sci, vol. 118, no. Pt 15, pp. 3371-3385. 

 
Junqueira, L, Carneiro, J & Kelley, R 2005, 'Adipose tissue', Basic Histology Text & Atlas (11th ed.), 
edited by Malley J, Lebowitz H, and Boyle PJ. New York: McGraw-Hill, pp. 123-127. 

 
Jurkin, J, Zupkovitz, G, Lagger, S, Grausenburger, R, Hagelkruys, A, Kenner, L & Seiser, C 2011, 'Distinct 
and redundant functions of histone deacetylases HDAC1 and HDAC2 in proliferation and 
tumorigenesis', Cell Cycle, vol. 10, no. 3, pp. 406-412. 

 
Kaku, Y, Imaoka, H, Morimatsu, Y, Komohara, Y, Ohnishi, K, Oda, H, Takenaka, S, Matsuoka, M, 
Kawayama, T & Takeya, M 2014, 'Overexpression of CD163, CD204 and CD206 on alveolar 
macrophages in the lungs of patients with severe chronic obstructive pulmonary disease', PLoS One, 
vol. 9, no. 1, p. e87400. 

 
Kalluri, R 2009, 'EMT: when epithelial cells decide to become mesenchymal-like cells', J Clin Invest, vol. 
119, no. 6, pp. 1417-1419. 

 
Kalluri, R & Neilson, EG 2003, 'Epithelial-mesenchymal transition and its implications for fibrosis', J Clin 
Invest, vol. 112, no. 12, pp. 1776-1784. 
 
Kalluri, R & Weinberg, RA 2009, 'The basics of epithelial-mesenchymal transition', J Clin Invest, vol. 
119, no. 6, pp. 1420-1428. 

 
Kalluri, R & Zeisberg, M 2006, 'Fibroblasts in cancer', Nature Reviews Cancer, vol. 6, no. 5, pp. 392-401. 

 
Kaminskas, E, Farrell, AT, Wang, YC, Sridhara, R & Pazdur, R 2005, 'FDA drug approval summary: 
azacitidine (5-azacytidine, Vidaza) for injectable suspension', Oncologist, vol. 10, no. 3, pp. 176-182. 

 
Kang, H, Min, BS, Lee, KY, Kim, NK, Kim, SN, Choi, J & Kim, H 2011, 'Loss of E-cadherin and MUC2 
expressions correlated with poor survival in patients with stages II and III colorectal carcinoma', Ann 
Surg Oncol, vol. 18, no. 3, pp. 711-719. 

 
Kang, Y & Massagué, J 2004, 'Epithelial-mesenchymal transitions: twist in development and 
metastasis', Cell, vol. 118, no. 3, pp. 277-279. 

 



 
 

252 
 

Karhadkar, SS, Bova, GS, Abdallah, N, Dhara, S, Gardner, D, Maitra, A, Isaacs, JT, Berman, DM & Beachy, 
PA 2004, 'Hedgehog signalling in prostate regeneration, neoplasia and metastasis', Nature, vol. 431, 
no. 7009, pp. 707-712. 

 
Karpova, AY, Abe, MK, Li, J, Liu, PT, Rhee, JM, Kuo, WL & Hershenson, MB 1997, 'MEK1 is required for 
PDGF-induced ERK activation and DNA synthesis in tracheal myocytes', American Journal of 
Physiology-Lung Cellular and Molecular Physiology, vol. 272, no. 3, pp. L558-L565. 

 
Katoh, Y & Katoh, M 2005, 'Comparative genomics on Sonic hedgehog orthologs', Oncol Rep, vol. 14, 
no. 4, pp. 1087-1090. 

 
Kayser, K, Richter, B, Stryciak, R & Gabius, HJ 1997, 'Parameters derived from integrated nuclear 
fluorescence, syntactic structure analysis, and vascularization in human lung carcinomas', Anal Cell 
Pathol, vol. 15, no. 2, pp. 73-83. 

 
Keith, RL, Miller, YE, Gemmill, RM, Drabkin, HA, Dempsey, EC, Kennedy, TC, Prindiville, S & Franklin, 
WA 2000, 'Angiogenic squamous dysplasia in bronchi of individuals at high risk for lung cancer', Clinical 
Cancer Research, vol. 6, no. 5, pp. 1616-1625. 

 
Kelly, TK, De Carvalho, DD & Jones, PA 2010, 'Epigenetic modifications as therapeutic targets', Nat 
Biotechnol, vol. 28, no. 10, pp. 1069-1078. 

 
Keranis, E, Makris, D, Rodopoulou, P, Martinou, H, Papamakarios, G, Daniil, Z, Zintzaras, E & 
Gourgoulianis, K 2010, 'Impact of dietary shift to higher-antioxidant foods in COPD: a randomised trial', 
European Respiratory Journal, vol. 36, no. 4, pp. 774-780. 

 
Kessler, R, Faller, M, Weitzenblum, E, Chaouat, A, Aykut, A, Ducolone, A, Ehrhart, M & Oswald-
Mammosser, M 2001, '"Natural history" of pulmonary hypertension in a series of 131 patients with 
chronic obstructive lung disease', Am J Respir Crit Care Med, vol. 164, no. 2, pp. 219-224. 

 
Kim, CF 2007, 'Paving the road for lung stem cell biology: bronchioalveolar stem cells and other 
putative distal lung stem cells', American Journal of Physiology - Lung Cellular and Molecular 
Physiology, vol. 293, no. 5, pp. L1092-L1098. 

 
Kim, CFB, Jackson, EL, Woolfenden, AE, Lawrence, S, Babar, I, Vogel, S, Crowley, D, Bronson, RT & Jacks, 
T 'Identification of Bronchioalveolar Stem Cells in Normal Lung and Lung Cancer', Cell, vol. 121, no. 6, 
pp. 823-835. 

 
Kim, K, Lu, Z & Hay, ED 2002, 'Direct evidence for a role of beta-catenin/LEF-1 signaling pathway in 
induction of EMT', Cell Biol Int, vol. 26, no. 5, pp. 463-476. 

 
Kim, KK, Kugler, MC, Wolters, PJ, Robillard, L, Galvez, MG, Brumwell, AN, Sheppard, D & Chapman, HA 
2006, 'Alveolar epithelial cell mesenchymal transition develops in vivo during pulmonary fibrosis and 
is regulated by the extracellular matrix', Proc Natl Acad Sci U S A, vol. 103, no. 35, pp. 13180-13185. 



 
 

253 
 

 
Kim, V & Criner, GJ 2013, 'Chronic bronchitis and chronic obstructive pulmonary disease', Am J Respir 
Crit Care Med, vol. 187, no. 3, pp. 228-237. 

 
Kim, V, Rogers, TJ & Criner, GJ 2008, 'New concepts in the pathobiology of chronic obstructive 
pulmonary disease', Proceedings of the American Thoracic Society, vol. 5, no. 4, pp. 478-485. 

 
Kim, WD, Eidelman, DH, Izquierdo, JL, Ghezzo, H, Saetta, MP & Cosio, MG 1991, 'Centrilobular and 
panlobular emphysema in smokers. Two distinct morphologic and functional entities', Am Rev Respir 
Dis, vol. 144, no. 6, pp. 1385-1390. 

 
Kim, Y-S, Yi, B-R, Kim, N-H & Choi, K-C 2014, 'Role of the epithelial–mesenchymal transition and its 
effects on embryonic stem cells', Experimental & molecular medicine, vol. 46, no. 8, p. e108. 

 
Klymkowsky, MW & Savagner, P 2009, 'Epithelial-mesenchymal transition: a cancer researcher's 
conceptual friend and foe', Am J Pathol, vol. 174, no. 5, pp. 1588-1593. 

 
Knight, DA & Holgate, ST 2003, 'The airway epithelium: structural and functional properties in health 
and disease', Respirology, vol. 8, no. 4, pp. 432-446. 

 
Knox, A, Stocks, J & Sutcliffe, A 2005, 'Angiogenesis and vascular endothelial growth factor in COPD', 
Thorax, vol. 60, no. 2, pp. 88-89. 

 
Koff, JL, Shao, MX, Ueki, IF & Nadel, JA 2008, 'Multiple TLRs activate EGFR via a signaling cascade to 
produce innate immune responses in airway epithelium', Am J Physiol Lung Cell Mol Physiol, vol. 294, 
no. 6, pp. L1068-1075. 

 
Koh, RY, Lim, CL, Uhal, BD, Abdullah, M, Vidyadaran, S, Ho, CC & Seow, HF 2015, 'Inhibition of 
transforming growth factor-beta via the activin receptor-like kinase-5 inhibitor attenuates pulmonary 
fibrosis', Mol Med Rep, vol. 11, no. 5, pp. 3808-3813. 

 
Kokkinos, MI, Wafai, R, Wong, MK, Newgreen, DF, Thompson, EW & Waltham, M 2007, 'Vimentin and 
epithelial-mesenchymal transition in human breast cancer--observations in vitro and in vivo', Cells 
Tissues Organs, vol. 185, no. 1-3, pp. 191-203. 

 
Konigshoff, M, Balsara, N, Pfaff, EM, Kramer, M, Chrobak, I, Seeger, W & Eickelberg, O 2008, 
'Functional Wnt signaling is increased in idiopathic pulmonary fibrosis', PLoS One, vol. 3, no. 5, p. 
e2142. 

 
Konigshoff, M & Eickelberg, O 2010, 'WNT signaling in lung disease: a failure or a regeneration signal?', 
Am J Respir Cell Mol Biol, vol. 42, no. 1, pp. 21-31. 

 
Konigshoff, M, Kramer, M, Balsara, N, Wilhelm, J, Amarie, OV, Jahn, A, Rose, F, Fink, L, Seeger, W, 
Schaefer, L, Gunther, A & Eickelberg, O 2009, 'WNT1-inducible signaling protein-1 mediates pulmonary 



 
 

254 
 

fibrosis in mice and is upregulated in humans with idiopathic pulmonary fibrosis', J Clin Invest, vol. 
119, no. 4, pp. 772-787. 

 
Konishi, J, Kawaguchi, KS, Vo, H, Haruki, N, Gonzalez, A, Carbone, DP & Dang, TP 2007, 'Gamma-
secretase inhibitor prevents Notch3 activation and reduces proliferation in human lung cancers', 
Cancer Res, vol. 67, no. 17, pp. 8051-8057. 

 
Korol, A, Pino, G, Dwivedi, D, Robertson, JV, Deschamps, PA & West-Mays, JA 2014, 'Matrix 
metalloproteinase-9-null mice are resistant to TGF-beta-induced anterior subcapsular cataract 
formation', Am J Pathol, vol. 184, no. 7, pp. 2001-2012. 

 
Korpal, M, Lee, ES, Hu, G & Kang, Y 2008, 'The miR-200 family inhibits epithelial-mesenchymal 
transition and cancer cell migration by direct targeting of E-cadherin transcriptional repressors ZEB1 
and ZEB2', J Biol Chem, vol. 283, no. 22, pp. 14910-14914. 

 
Kouzarides, T 2007, 'Chromatin modifications and their function', Cell, vol. 128, no. 4, pp. 693-705. 

 
Kramps, T, Peter, O, Brunner, E, Nellen, D, Froesch, B, Chatterjee, S, Murone, M, Züllig, S & Basler, K 
2002, 'Wnt/wingless signaling requires BCL9/legless-mediated recruitment of pygopus to the nuclear 
β-catenin-TCF complex', Cell, vol. 109, no. 1, pp. 47-60. 

 
Kranenburg, AR, de Boer, WI, Alagappan, VK, Sterk, PJ & Sharma, HS 2005, 'Enhanced bronchial 
expression of vascular endothelial growth factor and receptors (Flk-1 and Flt-1) in patients with 
chronic obstructive pulmonary disease', Thorax, vol. 60, no. 2, pp. 106-113. 

 
Kranenburg, AR, Willems-Widyastuti, A, Moori, WJ, Sterk, PJ, Alagappan, VK, de Boer, WI & Sharma, 
HS 2006, 'Enhanced bronchial expression of extracellular matrix proteins in chronic obstructive 
pulmonary disease', Am J Clin Pathol, vol. 126, no. 5, pp. 725-735. 

 
Krebs, M, Sakurai, R, Torday, JS & Rehan, VK 2010, 'Evidence for in vivo nicotine-induced alveolar 
interstitial fibroblast-to-myofibroblast transdifferentiation', Exp Lung Res, vol. 36, no. 7, pp. 390-398. 

 
Labbé, E, Letamendia, A & Attisano, L 2000, 'Association of Smads with lymphoid enhancer binding 
factor 1/T cell-specific factor mediates cooperative signaling by the transforming growth factor-β and 
Wnt pathways', Proceedings of the National Academy of Sciences, vol. 97, no. 15, pp. 8358-8363. 

 
Lacoste, JY, Bousquet, J, Chanez, P, Van Vyve, T, Simony-Lafontaine, J, Lequeu, N, Vic, P, Enander, I, 
Godard, P & Michel, FB 1993, 'Eosinophilic and neutrophilic inflammation in asthma, chronic 
bronchitis, and chronic obstructive pulmonary disease', J Allergy Clin Immunol, vol. 92, no. 4, pp. 537-
548. 

 
Lamouille, S, Connolly, E, Smyth, JW, Akhurst, RJ & Derynck, R 2012, 'TGF-beta-induced activation of 
mTOR complex 2 drives epithelial-mesenchymal transition and cell invasion', J Cell Sci, vol. 125, no. Pt 
5, pp. 1259-1273. 



 
 

255 
 

 
Lamouille, S, Xu, J & Derynck, R 2014, 'Molecular mechanisms of epithelial-mesenchymal transition', 
Nat Rev Mol Cell Biol, vol. 15, no. 3, pp. 178-196. 

 
Lange, P, Marott, JL, Vestbo, J, Ingebrigtsen, TS & Nordestgaard, BG 2014, 'Socioeconomic status and 
prognosis of COPD in Denmark', Copd, vol. 11, no. 4, pp. 431-437. 

 
Lapperre, TS, Sont, JK, van Schadewijk, A, Gosman, MM, Postma, DS, Bajema, IM, Timens, W, Mauad, 
T & Hiemstra, PS 2007, 'Smoking cessation and bronchial epithelial remodelling in COPD: a cross-
sectional study', Respir Res, vol. 8, p. 85. 

 
Larue, L & Bellacosa, A 2005, 'Epithelial-mesenchymal transition in development and cancer: role of 
phosphatidylinositol 3' kinase/AKT pathways', Oncogene, vol. 24, no. 50, pp. 7443-7454. 

 
Latronico, MV & Condorelli, G 2009, 'MicroRNAs and cardiac pathology', Nature Reviews Cardiology, 
vol. 6, no. 6, pp. 418-429. 

 
Lawrie, A, Spiekerkoetter, E, Martinez, EC, Ambartsumian, N, Sheward, WJ, MacLean, MR, Harmar, AJ, 
Schmidt, AM, Lukanidin, E & Rabinovitch, M 2005, 'Interdependent serotonin transporter and receptor 
pathways regulate S100A4/Mts1, a gene associated with pulmonary vascular disease', Circ Res, vol. 
97, no. 3, pp. 227-235. 

 
Le Hir, M, Hegyi, I, Cueni-Loffing, D, Loffing, J & Kaissling, B 2005, 'Characterization of renal interstitial 
fibroblast-specific protein 1/S100A4-positive cells in healthy and inflamed rodent kidneys', Histochem 
Cell Biol, vol. 123, no. 4-5, pp. 335-346. 

 
Lee, JM, Dedhar, S, Kalluri, R & Thompson, EW 2006, 'The epithelial-mesenchymal transition: new 
insights in signaling, development, and disease', J Cell Biol, vol. 172, no. 7, pp. 973-981. 

 
Lee, RC, Feinbaum, RL & Ambros, V 1993, 'The C. elegans heterochronic gene lin-4 encodes small RNAs 
with antisense complementarity to lin-14', Cell, vol. 75, no. 5, pp. 843-854. 

 
Lee, S-J, Choi, SY, Kim, W-J, Ji, M, Lee, T-G, Son, B-R, Yoon, SM, Sung, R, Lee, EJ & Youn, SJ 2013, 
'Combined aberrant expression of E-cadherin and S100A4, but not β-catenin is associated with 
disease-free survival and overall survival in colorectal cancer patients', Diagn Pathol, vol. 8, no. 1, p. 
1. 

 
Lee, TK, Poon, RT, Yuen, AP, Ling, MT, Kwok, WK, Wang, XH, Wong, YC, Guan, XY, Man, K, Chau, KL & 
Fan, ST 2006, 'Twist overexpression correlates with hepatocellular carcinoma metastasis through 
induction of epithelial-mesenchymal transition', Clin Cancer Res, vol. 12, no. 18, pp. 5369-5376. 

 
Leonardi, S, Coco, A, Del Giudice, MM, Marseglia, GL & La Rosa, M 2013, 'The airway epithelium 
dysfunction in the pathogenesis of asthma: The evidence'. 

 



 
 

256 
 

Leong, KG, Niessen, K, Kulic, I, Raouf, A, Eaves, C, Pollet, I & Karsan, A 2007, 'Jagged1-mediated Notch 
activation induces epithelial-to-mesenchymal transition through Slug-induced repression of E-
cadherin', The Journal of experimental medicine, vol. 204, no. 12, pp. 2935-2948. 

 
Lester, RD, Jo, M, Montel, V, Takimoto, S & Gonias, SL 2007, 'uPAR induces epithelial-mesenchymal 
transition in hypoxic breast cancer cells', J Cell Biol, vol. 178, no. 3, pp. 425-436. 

 
Li, J & Zhou, BP 2011, 'Activation of beta-catenin and Akt pathways by Twist are critical for the 
maintenance of EMT associated cancer stem cell-like characters', BMC Cancer, vol. 11, p. 49. 

 
Li, M, Zhang, B, Sun, B, Wang, X, Ban, X, Sun, T, Liu, Z & Zhao, X 2010, 'A novel function for vimentin: 
the potential biomarker for predicting melanoma hematogenous metastasis', J Exp Clin Cancer Res, 
vol. 29, p. 109. 

 
Li, X, Deng, W, Nail, CD, Bailey, SK, Kraus, MH, Ruppert, JM & Lobo-Ruppert, SM 2006, 'Snail induction 
is an early response to Gli1 that determines the efficiency of epithelial transformation', Oncogene, vol. 
25, no. 4, pp. 609-621. 

 
Liao, G, Wang, M, Ou, Y & Zhao, Y 2014, 'IGF-1-induced epithelial-mesenchymal transition in MCF-7 
cells is mediated by MUC1', Cell Signal, vol. 26, no. 10, pp. 2131-2137. 

 
Liau, G, Yamada, Y & de Crombrugghe, B 1985, 'Coordinate regulation of the levels of type III and type 
I collagen mRNA in most but not all mouse fibroblasts', J Biol Chem, vol. 260, no. 1, pp. 531-536. 

 
Liesker, JJ, Ten Hacken, NH, Zeinstra-Smith, M, Rutgers, SR, Postma, DS & Timens, W 2009, 'Reticular 
basement membrane in asthma and COPD: similar thickness, yet different composition', Int J Chron 
Obstruct Pulmon Dis, vol. 4, pp. 127-135. 

 
Lin, P, Chang, H, Ho, WL, Wu, M-H & Su, J-M 'Association of aryl hydrocarbon receptor and cytochrome 
P4501B1 expressions in human non-small cell lung cancers', Lung Cancer, vol. 42, no. 3, pp. 255-261. 

 
Lin, Y, Dong, C & Zhou, BP 2014, 'Epigenetic regulation of EMT: the Snail story', Curr Pharm Des, vol. 
20, no. 11, pp. 1698-1705. 

 
Liotta, LA 1986, 'Tumor invasion and metastases--role of the extracellular matrix: Rhoads Memorial 
Award lecture', Cancer Res, vol. 46, no. 1, pp. 1-7. 

 
Litingtung, Y, Lei, L, Westphal, H & Chiang, C 1998, 'Sonic hedgehog is essential to foregut 
development', Nat Genet, vol. 20, no. 1, pp. 58-61. 

 
Litmanovich, D, Boiselle, PM & Bankier, AA 2009, 'CT of pulmonary emphysema--current status, 
challenges, and future directions', Eur Radiol, vol. 19, no. 3, pp. 537-551. 

 



 
 

257 
 

Liu, F, Pouponnot, C & Massagué, J 1997, 'Dual role of the Smad4/DPC4 tumor suppressor in TGFβ-
inducible transcriptional complexes', Genes Dev, vol. 11, no. 23, pp. 3157-3167. 

 
Liu, F, Zhou, Y, Zhou, D, Kan, M, Niu, X, Zhang, Z, Zhang, D, Tao, L, He, L, Zhan, L & Liu, Y 2014, 'Whole 
DNA methylome profiling in lung cancer cells before and after epithelial-to-mesenchymal transition', 
Diagn Pathol, vol. 9, p. 66. 

 
Liu, S, Cui, J, Liao, G, Zhang, Y, Ye, K, Lu, T, Qi, J & Wan, G 2014, 'MiR-137 regulates epithelial-
mesenchymal transition in gastrointestinal stromal tumor', Tumour Biol, vol. 35, no. 9, pp. 9131-9138. 

 
Liu, S, Liao, G, Ding, J, Ye, K, Zhang, Y, Zeng, L & Chen, S 2014, 'Dysregulated expression of Snail and E-
cadherin correlates with gastrointestinal stromal tumor metastasis', Eur J Cancer Prev, vol. 23, no. 5, 
pp. 329-335. 

 
Liu, X & Feng, R 2010, 'Inhibition of epithelial to mesenchymal transition in metastatic breast 
carcinoma cells by c-Src suppression', Acta Biochim Biophys Sin (Shanghai), vol. 42, no. 7, pp. 496-501. 

 
Lo, HW, Hsu, SC, Xia, W, Cao, X, Shih, JY, Wei, Y, Abbruzzese, JL, Hortobagyi, GN & Hung, MC 2007, 
'Epidermal growth factor receptor cooperates with signal transducer and activator of transcription 3 
to induce epithelial-mesenchymal transition in cancer cells via up-regulation of TWIST gene 
expression', Cancer Res, vol. 67, no. 19, pp. 9066-9076. 

 
Lofdahl, M, Kaarteenaho, R, Lappi-Blanco, E, Tornling, G & Skold, MC 2011, 'Tenascin-C and alpha-
smooth muscle actin positive cells are increased in the large airways in patients with COPD', Respir 
Res, vol. 12, p. 48. 

 
Lomas, NJ, Watts, KL, Akram, KM, Forsyth, NR & Spiteri, MA 2012, 'Idiopathic pulmonary fibrosis: 
immunohistochemical analysis provides fresh insights into lung tissue remodelling with implications 
for novel prognostic markers', Int J Clin Exp Pathol, vol. 5, no. 1, pp. 58-71. 

 
Lombaerts, M, Van Wezel, T, Philippo, K, Dierssen, J, Zimmerman, R, Oosting, J, Van Eijk, R, Eilers, P, 
van De Water, B & Cornelisse, C 2006, 'E-cadherin transcriptional downregulation by promoter 
methylation but not mutation is related to epithelial-to-mesenchymal transition in breast cancer cell 
lines', Br J Cancer, vol. 94, no. 5, pp. 661-671. 

 
Lomborg, B 2013, 'Global problems, local solutions: Costs and benefits', Cambridge University Pres, p. 
143. 

 
Lopez, AD, Shibuya, K, Rao, C, Mathers, CD, Hansell, AL, Held, LS, Schmid, V & Buist, S 2006, 'Chronic 
obstructive pulmonary disease: current burden and future projections', Eur Respir J, vol. 27, no. 2, pp. 
397-412. 

 
Luttrell, LM & Lefkowitz, RJ 2002, 'The role of β-arrestins in the termination and transduction of G-
protein-coupled receptor signals', J Cell Sci, vol. 115, no. 3, pp. 455-465. 



 
 

258 
 

 
Lynch, TJ, Bell, DW, Sordella, R, Gurubhagavatula, S, Okimoto, RA, Brannigan, BW, Harris, PL, Haserlat, 
SM, Supko, JG, Haluska, FG, Louis, DN, Christiani, DC, Settleman, J & Haber, DA 2004, 'Activating 
mutations in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung 
cancer to gefitinib', N Engl J Med, vol. 350, no. 21, pp. 2129-2139. 

 
Macklem, PT & Mead, J 1967, 'Resistance of central and peripheral airways measured by a retrograde 
catheter', Journal of Applied Physiology, vol. 22, no. 3, pp. 395-401. 

 
MacNee, W 2005, 'Pathogenesis of chronic obstructive pulmonary disease', Proc Am Thorac Soc, vol. 
2, no. 4, pp. 258-266; discussion 290-251. 

 
Malkoski, SP, Haeger, SM, Cleaver, TG, Rodriguez, KJ, Li, H, Lu, SL, Feser, WJ, Baron, AE, Merrick, D, 
Lighthall, JG, Ijichi, H, Franklin, W & Wang, XJ 2012, 'Loss of transforming growth factor beta type II 
receptor increases aggressive tumor behavior and reduces survival in lung adenocarcinoma and 
squamous cell carcinoma', Clin Cancer Res, vol. 18, no. 8, pp. 2173-2183. 

 
Mallozzi, C, Di Stasi, AMM & Minetti, M 1999, 'Activation of src tyrosine kinases by peroxynitrite', FEBS 
Lett, vol. 456, no. 1, pp. 201-206. 

 
Mani, SA, Guo, W, Liao, MJ, Eaton, EN, Ayyanan, A, Zhou, AY, Brooks, M, Reinhard, F, Zhang, CC, 
Shipitsin, M, Campbell, LL, Polyak, K, Brisken, C, Yang, J & Weinberg, RA 2008, 'The epithelial-
mesenchymal transition generates cells with properties of stem cells', Cell, vol. 133, no. 4, pp. 704-
715. 

 
Mannino, DM & Buist, AS 2007, 'Global burden of COPD: risk factors, prevalence, and future trends', 
Lancet, vol. 370, no. 9589, pp. 765-773. 

 
Marigo, V, Roberts, DJ, Lee, SM, Tsukurov, O, Levi, T, Gastier, JM, Epstein, DJ, Gilbert, DJ, Copeland, 
NG, Seidman, CE & et al. 1995, 'Cloning, expression, and chromosomal location of SHH and IHH: two 
human homologues of the Drosophila segment polarity gene hedgehog', Genomics, vol. 28, no. 1, pp. 
44-51. 

 
Massague, J 2000, 'How cells read TGF-beta signals', Nat Rev Mol Cell Biol, vol. 1, no. 3, pp. 169-178. 

 
Mathias, RA & Simpson, RJ 2009, 'Towards understanding epithelial–mesenchymal transition: A 
proteomics perspective', Biochimica et Biophysica Acta (BBA)-Proteins and Proteomics, vol. 1794, no. 
9, pp. 1325-1331. 

 
McFadden, ER, Jr. & Linden, DA 1972, 'A reduction in maximum mid-expiratory flow rate. A 
spirographic manifestation of small airway disease', Am J Med, vol. 52, no. 6, pp. 725-737. 

 
McManus, MT 2003, 'MicroRNAs and cancer', in Semin Cancer Biol, vol. 13, pp. 253-258. 

 



 
 

259 
 

Medici, D, Hay, ED & Olsen, BR 2008, 'Snail and Slug promote epithelial-mesenchymal transition 
through beta-catenin-T-cell factor-4-dependent expression of transforming growth factor-beta3', Mol 
Biol Cell, vol. 19, no. 11, pp. 4875-4887. 

 
Mehdi, MZ, Pandey, NR, Pandey, SK & Srivastava, AK 2005, 'H2O2-induced phosphorylation of ERK1/2 
and PKB requires tyrosine kinase activity of insulin receptor and c-Src', Antioxid Redox Signal, vol. 7, 
no. 7-8, pp. 1014-1020. 

 
Mendez, MG, Kojima, S-I & Goldman, RD 2010, 'Vimentin induces changes in cell shape, motility, and 
adhesion during the epithelial to mesenchymal transition', The FASEB Journal, vol. 24, no. 6, pp. 1838-
1851. 

 
Mengxi, D, Qian, W, Nan, W, Xiaoguang, X & Shijun, L 2013, 'Effect of DNA methylation inhibitor on 
RASSF1A genes expression in non-small cell lung cancer cell line A549 and A549DDP', Cancer Cell Int, 
vol. 13, p. 91. 

 
Merrilees, MJ, Ching, PS, Beaumont, B, Hinek, A, Wight, TN & Black, PN 2008, 'Changes in elastin, 
elastin binding protein and versican in alveoli in chronic obstructive pulmonary disease', Respir Res, 
vol. 9, p. 41. 

 
Michaeloudes, C, Kirkham, P, Adcock, IM & Chung, KF 2015, 'Mitochondrial reactive oxygen species 
and glycolysis in airway smooth muscle cell proliferation in COPD', European Respiratory Journal, vol. 
46, no. suppl 59, p. OA488. 

 
Miele, L 2006, 'Notch signaling', Clin Cancer Res, vol. 12, no. 4, pp. 1074-1079. 

 
Miele, L, Miao, H & Nickoloff, BJ 2006, 'NOTCH signaling as a novel cancer therapeutic target', Curr 
Cancer Drug Targets, vol. 6, no. 4, pp. 313-323. 

 
Miele, L & Osborne, B 1999, 'Arbiter of differentiation and death: Notch signaling meets apoptosis', J 
Cell Physiol, vol. 181, no. 3, pp. 393-409. 

 
Milara, J, Peiro, T, Serrano, A & Cortijo, J 2013, 'Epithelial to mesenchymal transition is increased in 
patients with COPD and induced by cigarette smoke', Thorax, vol. 68, no. 5, pp. 410-420. 

 
Milara, J, Peiró, T, Serrano, A, Guijarro, R, Zaragozá, C, Tenor, H & Cortijo, J 2014, 'Roflumilast N-oxide 
inhibits bronchial epithelial to mesenchymal transition induced by cigarette smoke in smokers with 
COPD', Pulm Pharmacol Ther, vol. 28, no. 2, pp. 138-148. 
 
Milara, J, Serrano, A, Peiro, T, Artigues, E, Gavalda, A, Miralpeix, M, Morcillo, EJ & Cortijo, J 2013, 
'Aclidinium inhibits cigarette smoke-induced lung fibroblast-to-myofibroblast transition', Eur Respir J, 
vol. 41, no. 6, pp. 1264-1274. 

 



 
 

260 
 

Min, AL, Choi, JY, Woo, HY, Kim, JD, Kwon, JH, Bae, SH, Yoon, SK, Shin, SH, Chung, YJ & Jung, CK 2009, 
'High expression of Snail mRNA in blood from hepatocellular carcinoma patients with extra-hepatic 
metastasis', Clin Exp Metastasis, vol. 26, no. 7, pp. 759-767. 

 
Miravitlles, M, Marin, A, Monso, E, Vila, S, de la Roza, C, Hervas, R, Esquinas, C, Garcia, M, Millares, L, 
Morera, J & Torres, A 2010, 'Colour of sputum is a marker for bacterial colonisation in chronic 
obstructive pulmonary disease', Respir Res, vol. 11, p. 58. 

 
Miura, N, Yano, T, Shoji, F, Kawano, D, Takenaka, T, Ito, K, Morodomi, Y, Yoshino, I & Maehara, Y 2009, 
'Clinicopathological significance of Sip1-associated epithelial mesenchymal transition in non-small cell 
lung cancer progression', Anticancer Res, vol. 29, no. 10, pp. 4099-4106. 

 
Miyoshi, A, Kitajima, Y, Sumi, K, Sato, K, Hagiwara, A, Koga, Y & Miyazaki, K 2004, 'Snail and SIP1 
increase cancer invasion by upregulating MMP family in hepatocellular carcinoma cells', Br J Cancer, 
vol. 90, no. 6, pp. 1265-1273. 

 
Mizuno, S, Kurosawa, T, Matsumoto, K, Mizuno-Horikawa, Y, Okamoto, M & Nakamura, T 1998, 
'Hepatocyte growth factor prevents renal fibrosis and dysfunction in a mouse model of chronic renal 
disease', J Clin Invest, vol. 101, no. 9, pp. 1827-1834. 

 
Molina, JR, Yang, P, Cassivi, SD, Schild, SE & Adjei, AA 2008, 'Non-small cell lung cancer: epidemiology, 
risk factors, treatment, and survivorship', in Mayo Clinic Proceedings, vol. 83, pp. 584-594. 

 
Morali, OG, Delmas, V, Moore, R, Jeanney, C, Thiery, JP & Larue, L 2001, 'IGF-II induces rapid beta-
catenin relocation to the nucleus during epithelium to mesenchyme transition', Oncogene, vol. 20, no. 
36, pp. 4942-4950. 

 
Mori, M, Bergqvist, A, Walls, A, Sanden, C, Erjefalt, J & Jogdand, P 2015, 'Mapping Of Eosinophil And 
Basophils In COPD Lung Tissues', in B37. TELL ME WHY: COPD PATHOGENESIS, Am Thoracic Soc, pp. 
A2876-A2876. 

 
Morin, PJ 1999, 'β‐catenin signaling and cancer', Bioessays, vol. 21, no. 12, pp. 1021-1030. 

 
Morris, DG, Huang, X, Kaminski, N, Wang, Y, Shapiro, SD, Dolganov, G, Glick, A & Sheppard, D 2003, 
'Loss of integrin [alpha]v[beta]6-mediated TGF-[beta] activation causes Mmp12-dependent 
emphysema', Nature, vol. 422, no. 6928, pp. 169-173. 

 
Morrow, D, Cullen, JP, Liu, W, Guha, S, Sweeney, C, Birney, YA, Collins, N, Walls, D, Redmond, EM & 
Cahill, PA 2009, 'Sonic Hedgehog induces Notch target gene expression in vascular smooth muscle 
cells via VEGF-A', Arteriosclerosis, thrombosis, and vascular biology, vol. 29, no. 7, pp. 1112-1118. 

 
Nagarajan, D, Melo, T, Deng, Z, Almeida, C & Zhao, W 2012, 'ERK/GSK3β/Snail signaling mediates 
radiation-induced alveolar epithelial-to-mesenchymal transition', Free Radical Biology and Medicine, 
vol. 52, no. 6, pp. 983-992. 



 
 

261 
 

 
Nakajima, S, Doi, R, Toyoda, E, Tsuji, S, Wada, M, Koizumi, M, Tulachan, SS, Ito, D, Kami, K & Mori, T 
2004, 'N-cadherin expression and epithelial-mesenchymal transition in pancreatic carcinoma', Clinical 
Cancer Research, vol. 10, no. 12, pp. 4125-4133. 

 
Nakajima, Y, Yamagishi, T, Hokari, S & Nakamura, H 2000, 'Mechanisms involved in valvuloseptal 
endocardial cushion formation in early cardiogenesis: roles of transforming growth factor (TGF)-beta 
and bone morphogenetic protein (BMP)', Anat Rec, vol. 258, no. 2, pp. 119-127. 

 
Nakao, A, Afrakhte, M, Morn, A, Nakayama, T, Christian, JL, Heuchel, R, Itoh, S, Kawabata, M, Heldin, 
N-E & Heldin, C-H 1997, 'Identification of Smad7, a TGFβ-inducible antagonist of TGF-β signalling', 
Nature, vol. 389, no. 6651, pp. 631-635. 

 
Nakashima, T, Huang, C, Liu, D, Kameyama, K, Masuya, D, Kobayashi, S, Kinoshita, M & Yokomise, H 
2003, 'Neural-cadherin expression associated with angiogenesis in non-small-cell lung cancer 
patients', Br J Cancer, vol. 88, no. 11, pp. 1727-1733. 

 
Nathke, IS 1999, 'The adenomatous polyposis coli protein', Mol Pathol, vol. 52, no. 4, pp. 169-173. 

 
Navab, R, Strumpf, D, Bandarchi, B, Zhu, CQ, Pintilie, M, Ramnarine, VR, Ibrahimov, E, Radulovich, N, 
Leung, L, Barczyk, M, Panchal, D, To, C, Yun, JJ, Der, S, Shepherd, FA, Jurisica, I & Tsao, MS 2011, 
'Prognostic gene-expression signature of carcinoma-associated fibroblasts in non-small cell lung 
cancer', Proc Natl Acad Sci U S A, vol. 108, no. 17, pp. 7160-7165. 

 
Nawshad, A & Hay, ED 2003, 'TGFbeta3 signaling activates transcription of the LEF1 gene to induce 
epithelial mesenchymal transformation during mouse palate development', J Cell Biol, vol. 163, no. 6, 
pp. 1291-1301. 

 
Nawshad, A, LaGamba, D & Hay, ED 2004, 'Transforming growth factor beta (TGFbeta) signalling in 
palatal growth, apoptosis and epithelial mesenchymal transformation (EMT)', Arch Oral Biol, vol. 49, 
no. 9, pp. 675-689. 

 
Nawshad, A, Lagamba, D, Polad, A & Hay, ED 2005, 'Transforming growth factor-beta signaling during 
epithelial-mesenchymal transformation: implications for embryogenesis and tumor metastasis', Cells 
Tissues Organs, vol. 179, no. 1-2, pp. 11-23. 

 
Nawshad, A, Medici, D, Liu, CC & Hay, ED 2007, 'TGFbeta3 inhibits E-cadherin gene expression in palate 
medial-edge epithelial cells through a Smad2-Smad4-LEF1 transcription complex', J Cell Sci, vol. 120, 
no. Pt 9, pp. 1646-1653. 

 
Nichol, D & Stuhlmann, H 2012, 'EGFL7: a unique angiogenic signaling factor in vascular development 
and disease', Blood, vol. 119, no. 6, pp. 1345-1352. 

 
Niessen, K, Fu, Y, Chang, L, Hoodless, PA, McFadden, D & Karsan, A 2008, 'Slug is a direct Notch target 
required for initiation of cardiac cushion cellularization', J Cell Biol, vol. 182, no. 2, pp. 315-325. 



 
 

262 
 

 
Nieto, MA 2002, 'The snail superfamily of zinc-finger transcription factors', Nat Rev Mol Cell Biol, vol. 
3, no. 3, pp. 155-166. 

 
Nishijima, N, Seike, M, Soeno, C, Chiba, M, Miyanaga, A, Noro, R, Sugano, T, Matsumoto, M, Kubota, 
K & Gemma, A 2016, 'miR-200/ZEB axis regulates sensitivity to nintedanib in non-small cell lung cancer 
cells', Int J Oncol, vol. 48, no. 3, pp. 937-944. 

 
Nishioka, M, Venkatesan, N, Dessalle, K, Mogas, A, Kyoh, S, Lin, T-Y, Nair, P, Baglole, CJ, Eidelman, DH, 
Ludwig, MS & Hamid, Q 2015, 'Fibroblast-epithelial cell interactions drive epithelial-mesenchymal 
transition differently in cells from normal and COPD patients', Respir Res, vol. 16, no. 1, pp. 1-12. 

 
Nishioka, R, Itoh, S, Gui, T, Gai, Z, Oikawa, K, Kawai, M, Tani, M, Yamaue, H & Muragaki, Y 2010, 'SNAIL 
induces epithelial-to-mesenchymal transition in a human pancreatic cancer cell line (BxPC3) and 
promotes distant metastasis and invasiveness in vivo', Exp Mol Pathol, vol. 89, no. 2, pp. 149-157. 

 
Nishita, M, Hashimoto, MK, Ogata, S, Laurent, MN, Ueno, N, Shibuya, H & Cho, KW 2000, 'Interaction 
between Wnt and TGF-beta signalling pathways during formation of Spemann's organizer', Nature, 
vol. 403, no. 6771, pp. 781-785. 

 
Normanno, N, Bianco, C, De Luca, A, Maiello, MR & Salomon, DS 2003, 'Target-based agents against 
ErbB receptors and their ligands: a novel approach to cancer treatment', Endocr Relat Cancer, vol. 10, 
no. 1, pp. 1-21. 

 
Nunes, RO, Schmidt, M, Dueck, G, Baarsma, H, Halayko, AJ, Kerstjens, HA, Meurs, H & Gosens, R 2008, 
'GSK-3/β-catenin signaling axis in airway smooth muscle: role in mitogenic signaling', American Journal 
of Physiology-Lung Cellular and Molecular Physiology, vol. 294, no. 6, pp. L1110-L1118. 

 
Nusslein-Volhard, C & Wieschaus, E 1980, 'Mutations affecting segment number and polarity in 
Drosophila', Nature, vol. 287, no. 5785, pp. 795-801. 

 
O'Donnell, DE & Parker, CM 2006, 'COPD exacerbations . 3: Pathophysiology', Thorax, vol. 61, no. 4, 
pp. 354-361. 

 
O'Donnell, RA, Richter, A, Ward, J, Angco, G, Mehta, A, Rousseau, K, Swallow, DM, Holgate, ST, 
Djukanovic, R, Davies, DE & Wilson, SJ 2004, 'Expression of ErbB receptors and mucins in the airways 
of long term current smokers', Thorax, vol. 59, no. 12, pp. 1032-1040. 

 
O'Shaughnessy, TC, Ansari, TW, Barnes, NC & Jeffery, PK 1997, 'Inflammation in bronchial biopsies of 
subjects with chronic bronchitis: inverse relationship of CD8+ T lymphocytes with FEV1', Am J Respir 
Crit Care Med, vol. 155, no. 3, pp. 852-857. 

 
Okada, H, Ban, S, Nagao, S, Takahashi, H, Suzuki, H & Neilson, EG 2000, 'Progressive renal fibrosis in 
murine polycystic kidney disease: an immunohistochemical observation', Kidney Int, vol. 58, no. 2, pp. 
587-597. 



 
 

263 
 

 
Okada, H, Danoff, TM, Kalluri, R & Neilson, EG 1997, 'Early role of Fsp1 in epithelial-mesenchymal 
transformation', Am J Physiol, vol. 273, no. 4 Pt 2, pp. F563-574. 

 
Olmeda, D, Jorda, M, Peinado, H, Fabra, A & Cano, A 2007, 'Snail silencing effectively suppresses 
tumour growth and invasiveness', Oncogene, vol. 26, no. 13, pp. 1862-1874. 

 
Ono, Y, Torii, K, Fritsche, E, Shintani, Y, Nishida, E, Nakamura, M, Shirakata, Y, Haarmann-Stemmann, 
T, Abel, J & Krutmann, J 2013, 'Role of the aryl hydrocarbon receptor in tobacco smoke extract–
induced matrix metalloproteinase-1 expression', Experimental dermatology, vol. 22, no. 5, pp. 349-
353. 

 
Otto, C, Csanadi, A, Fisch, P, Werner, M & Kayser, G 2012, 'Molecular modeling and description of a 
newly characterized activating mutation of the EGFR gene in non-small cell lung cancer', Diagn Pathol, 
vol. 7, p. 146. 

 
Paez, JG, Janne, PA, Lee, JC, Tracy, S, Greulich, H, Gabriel, S, Herman, P, Kaye, FJ, Lindeman, N, Boggon, 
TJ, Naoki, K, Sasaki, H, Fujii, Y, Eck, MJ, Sellers, WR, Johnson, BE & Meyerson, M 2004, 'EGFR mutations 
in lung cancer: correlation with clinical response to gefitinib therapy', Science, vol. 304, no. 5676, pp. 
1497-1500. 

 
Pain, M, Bermudez, O, Lacoste, P, Royer, PJ, Botturi, K, Tissot, A, Brouard, S, Eickelberg, O & Magnan, 
A 2014, 'Tissue remodelling in chronic bronchial diseases: from the epithelial to mesenchymal 
phenotype', Eur Respir Rev, vol. 23, no. 131, pp. 118-130. 

 
Pandey, AK, Agarwal, P, Kaur, K & Datta, M 2009, 'MicroRNAs in diabetes: tiny players in big disease', 
Cellular Physiology and Biochemistry, vol. 23, no. 4-6, pp. 221-232. 

 
Pang, M & Zhuang, S 2010, 'Histone deacetylase: a potential therapeutic target for fibrotic disorders', 
J Pharmacol Exp Ther, vol. 335, no. 2, pp. 266-272. 

 
Pao, W, Wang, TY, Riely, GJ, Miller, VA, Pan, Q, Ladanyi, M, Zakowski, MF, Heelan, RT, Kris, MG & 
Varmus, HE 2005, 'KRAS mutations and primary resistance of lung adenocarcinomas to gefitinib or 
erlotinib', PLoS Med, vol. 2, no. 1, p. e17. 

 
Park, KS, Martelotto, LG, Peifer, M, Sos, ML, Karnezis, AN, Mahjoub, MR, Bernard, K, Conklin, JF, 
Szczepny, A, Yuan, J, Guo, R, Ospina, B, Falzon, J, Bennett, S, Brown, TJ, Markovic, A, Devereux, WL, 
Ocasio, CA, Chen, JK, Stearns, T, Thomas, RK, Dorsch, M, Buonamici, S, Watkins, DN, Peacock, CD & 
Sage, J 2011, 'A crucial requirement for Hedgehog signaling in small cell lung cancer', Nat Med, vol. 
17, no. 11, pp. 1504-1508. 

 
Patel, V & Noureddine, L 2012, 'MicroRNAs and fibrosis', Current opinion in nephrology and 
hypertension, vol. 21, no. 4, p. 410. 

 



 
 

264 
 

Peinado, H, Ballestar, E, Esteller, M & Cano, A 2004, 'Snail mediates E-cadherin repression by the 
recruitment of the Sin3A/histone deacetylase 1 (HDAC1)/HDAC2 complex', Mol Cell Biol, vol. 24, no. 
1, pp. 306-319. 

 
Peinado, H, Olmeda, D & Cano, A 2007, 'Snail, Zeb and bHLH factors in tumour progression: an alliance 
against the epithelial phenotype?', Nat Rev Cancer, vol. 7, no. 6, pp. 415-428. 

 
Peinado, H, Portillo, F & Cano, A 2004, 'Transcriptional regulation of cadherins during development 
and carcinogenesis', Int J Dev Biol, vol. 48, no. 5-6, pp. 365-375. 

 
Pejaver, V, Hsu, WL, Xin, F, Dunker, AK, Uversky, VN & Radivojac, P 2014, 'The structural and functional 
signatures of proteins that undergo multiple events of post-translational modification', Protein Sci, 
vol. 23, no. 8, pp. 1077-1093. 

 
Pena, VS, Miravitlles, M, Gabriel, R, Jimenez-Ruiz, CA, Villasante, C, Masa, JF, Viejo, JL & Fernández-
Fau, L 2000, 'Geographic variations in prevalence and underdiagnosis of COPD: results of the IBERPOC 
multicentre epidemiological study', Chest Journal, vol. 118, no. 4, pp. 981-989. 

 
Pepicelli, CV, Lewis, PM & McMahon, AP 1998, 'Sonic hedgehog regulates branching morphogenesis 
in the mammalian lung', Curr Biol, vol. 8, no. 19, pp. 1083-1086. 

 
Perez-Soler, R 2004, 'The role of erlotinib (Tarceva, OSI 774) in the treatment of non-small cell lung 
cancer', Clin Cancer Res, vol. 10, no. 12 Pt 2, pp. 4238s-4240s. 

 
Perlson, E, Michaelevski, I, Kowalsman, N, Ben-Yaakov, K, Shaked, M, Seger, R, Eisenstein, M & 
Fainzilber, M 2006, 'Vimentin binding to phosphorylated Erk sterically hinders enzymatic 
dephosphorylation of the kinase', Journal of molecular biology, vol. 364, no. 5, pp. 938-944. 

 
Perrais, M, Pigny, P, Copin, MC, Aubert, JP & Van Seuningen, I 2002, 'Induction of MUC2 and MUC5AC 
mucins by factors of the epidermal growth factor (EGF) family is mediated by EGF 
receptor/Ras/Raf/extracellular signal-regulated kinase cascade and Sp1', J Biol Chem, vol. 277, no. 35, 
pp. 32258-32267. 

 
Perret, JL, Dharmage, SC, Matheson, MC, Johns, DP, Gurrin, LC, Burgess, JA, Marrone, J, Markos, J, 
Morrison, S & Feather, I 2013, 'The interplay between the effects of lifetime asthma, smoking, and 
atopy on fixed airflow obstruction in middle age', Am J Respir Crit Care Med, vol. 187, no. 1, pp. 42-48. 

 
Perret, JL, Walters, H, Johns, D, Gurrin, L, Burgess, J, Lowe, A, Thompson, B, Markos, J, Morrison, S, 
Thomas, P, McDonald, C, Wood-Baker, R, Hopper, J, Svanes, C, Giles, G, Abramson, M, Matheson, M 
& Dharmage, S 2016, 'Mother's smoking and complex lung function of offspring in middle age: A cohort 
study from childhood', Respirology, vol. 21, no. 5, pp. 911-919. 

 
Pesci, A, Balbi, B, Majori, M, Cacciani, G, Bertacco, S, Alciato, P & Donner, CF 1998, 'Inflammatory cells 
and mediators in bronchial lavage of patients with chronic obstructive pulmonary disease', Eur Respir 
J, vol. 12, no. 2, pp. 380-386. 



 
 

265 
 

 
Pesci, A, Majori, M, Cuomo, A, Borciani, N, Bertacco, S, Cacciani, G & Gabrielli, M 1998, 'Neutrophils 
infiltrating bronchial epithelium in chronic obstructive pulmonary disease', Respir Med, vol. 92, no. 6, 
pp. 863-870. 

 
Peters, EJ, Morice, R, Benner, SE, Lippman, S, Lukeman, J, Lee, JS, Ro, JY & Hong, WK 1993, 'Squamous 
metaplasia of the bronchial mucosa and its relationship to smoking', Chest, vol. 103, no. 5, pp. 1429-
1432. 

 
Pfeifer, GP, Denissenko, MF, Olivier, M, Tretyakova, N, Hecht, SS & Hainaut, P 2002, 'Tobacco smoke 
carcinogens, DNA damage and p53 mutations in smoking-associated cancers', Oncogene, vol. 21, no. 
48, pp. 7435-7451. 

 
Phua, DC, Humbert, PO & Hunziker, W 2009, 'Vimentin regulates scribble activity by protecting it from 
proteasomal degradation', Mol Biol Cell, vol. 20, no. 12, pp. 2841-2855. 

 
Pillai, S, Trevino, J, Rawal, B, Singh, S, Kovacs, M, Li, X, Schell, M, Haura, E, Bepler, G & Chellappan, S 
2015, 'beta-arrestin-1 mediates nicotine-induced metastasis through E2F1 target genes that modulate 
epithelial-mesenchymal transition', Cancer Res, vol. 75, no. 6, pp. 1009-1020. 

 
Pirker, R, Pereira, JR, von Pawel, J, Krzakowski, M, Ramlau, R, Park, K, de Marinis, F, Eberhardt, WE, 
Paz-Ares, L, Storkel, S, Schumacher, KM, von Heydebreck, A, Celik, I & O'Byrne, KJ 2012, 'EGFR 
expression as a predictor of survival for first-line chemotherapy plus cetuximab in patients with 
advanced non-small-cell lung cancer: analysis of data from the phase 3 FLEX study', Lancet Oncol, vol. 
13, no. 1, pp. 33-42. 

 
Pizzichini, E, Pizzichini, MM, Gibson, P, Parameswaran, K, Gleich, GJ, Berman, L, Dolovich, J & 
Hargreave, FE 1998, 'Sputum eosinophilia predicts benefit from prednisone in smokers with chronic 
obstructive bronchitis', Am J Respir Crit Care Med, vol. 158, no. 5 Pt 1, pp. 1511-1517. 

 
Podowski, M, Calvi, C, Metzger, S, Misono, K, Poonyagariyagorn, H, Lopez-Mercado, A, Ku, T, Lauer, T, 
McGrath-Morrow, S, Berger, A, Cheadle, C, Tuder, R, Dietz, HC, Mitzner, W, Wise, R & Neptune, E 
2012, 'Angiotensin receptor blockade attenuates cigarette smoke-induced lung injury and rescues 
lung architecture in mice', J Clin Invest, vol. 122, no. 1, pp. 229-240. 

 
Polo, JM & Hochedlinger, K 2010, 'When fibroblasts MET iPSCs', Cell Stem Cell, vol. 7, no. 1, pp. 5-6. 

 
Polosukhin, VV, Lawson, WE, Milstone, AP, Egunova, SM, Kulipanov, AG, Tchuvakin, SG, Massion, PP 
& Blackwell, TS 2007, 'Association of progressive structural changes in the bronchial epithelium with 
subepithelial fibrous remodeling: A potential role for hypoxia', Virchows Archiv, vol. 451, no. 4, pp. 
793-803. 

 
Pongracz, JE & Stockley, RA 2006, 'Wnt signalling in lung development and diseases', Respir Res, vol. 
7, p. 15. 

 



 
 

266 
 

Popper, HH 2016, 'Progression and metastasis of lung cancer', Cancer and Metastasis Reviews, vol. 35, 
no. 1, pp. 75-91. 

 
Postma, DS, Reddel, HK, ten Hacken, NH & van den Berge, M 2014, 'Asthma and chronic obstructive 
pulmonary disease: similarities and differences', Clinics in chest medicine, vol. 35, no. 1, pp. 143-156. 

 
Postma, DS & Timens, W 2006, 'Remodeling in Asthma and Chronic Obstructive Pulmonary Disease', 
Proc Am Thorac Soc, vol. 3, no. 5, pp. 434-439. 

 
Potente, M, Gerhardt, H & Carmeliet, P 2011, 'Basic and therapeutic aspects of angiogenesis', Cell, vol. 
146, no. 6, pp. 873-887. 

 
Pottier, N, Maurin, T, Chevalier, B, Puissegur, MP, Lebrigand, K, Robbe-Sermesant, K, Bertero, T, Lino 
Cardenas, CL, Courcot, E, Rios, G, Fourre, S, Lo-Guidice, JM, Marcet, B, Cardinaud, B, Barbry, P & Mari, 
B 2009, 'Identification of keratinocyte growth factor as a target of microRNA-155 in lung fibroblasts: 
implication in epithelial-mesenchymal interactions', PLoS One, vol. 4, no. 8, p. e6718. 

 
Pozharskaya, V, Torres-Gonzalez, E, Rojas, M, Gal, A, Amin, M, Dollard, S, Roman, J, Stecenko, AA & 
Mora, AL 2009, 'Twist: a regulator of epithelial-mesenchymal transition in lung fibrosis', PLoS One, vol. 
4, no. 10, p. e7559. 

 
Prescott, E, Bjerg, AM, Andersen, PK, Lange, P & Vestbo, J 1997, 'Gender difference in smoking effects 
on lung function and risk of hospitalization for COPD: results from a Danish longitudinal population 
study', Eur Respir J, vol. 10, no. 4, pp. 822-827. 

 
Prudkin, L, Liu, DD, Ozburn, NC, Sun, M, Behrens, C, Tang, X, Brown, KC, Bekele, BN, Moran, C & 
Wistuba, II 2009, 'Epithelial-to-mesenchymal transition in the development and progression of 
adenocarcinoma and squamous cell carcinoma of the lung', Mod Pathol, vol. 22, no. 5, pp. 668-678. 

 
Puxeddu, I, Ribatti, D, Crivellato, E & Levi-Schaffer, F 2005, 'Mast cells and eosinophils: a novel link 
between inflammation and angiogenesis in allergic diseases', Journal of Allergy and Clinical 
Immunology, vol. 116, no. 3, pp. 531-536. 

 
Quanjer, PH, Weiner, DJ, Pretto, JJ, Brazzale, DJ & Boros, PW 2014, 'Measurement of FEF25-75% and 
FEF75% does not contribute to clinical decision making', Eur Respir J, vol. 43, no. 4, pp. 1051-1058. 

 
Radisky, DC 2005, 'Epithelial-mesenchymal transition', J Cell Sci, vol. 118, no. Pt 19, pp. 4325-4326. 

 
Rahmani, M, Read, JT, Carthy, JM, McDonald, PC, Wong, BW, Esfandiarei, M, Si, X, Luo, Z, Luo, H & 
Rennie, PS 2005, 'Regulation of the versican promoter by the β-catenin-T-cell factor complex in 
vascular smooth muscle cells', Journal of Biological Chemistry, vol. 280, no. 13, pp. 13019-13028. 

 
Ramaswamy, S, Ross, KN, Lander, ES & Golub, TR 2003, 'A molecular signature of metastasis in primary 
solid tumors', Nat Genet, vol. 33, no. 1, pp. 49-54. 



 
 

267 
 

 
Ramos, C, Montano, M, Garcia-Alvarez, J, Ruiz, V, Uhal, BD, Selman, M & Pardo, A 2001, 'Fibroblasts 
from idiopathic pulmonary fibrosis and normal lungs differ in growth rate, apoptosis, and tissue 
inhibitor of metalloproteinases expression', Am J Respir Cell Mol Biol, vol. 24, no. 5, pp. 591-598. 

 
Rehan, VK, Wang, Y, Sugano, S, Romero, S, Chen, X, Santos, J, Khazanchi, A & Torday, JS 2005, 
'Mechanism of nicotine-induced pulmonary fibroblast transdifferentiation', American Journal of 
Physiology - Lung Cellular and Molecular Physiology, vol. 289, no. 4, pp. L667-L676. 

 
Reid, DW, Wen, Y, Johns, DP, Williams, TJ, Ward, C & Walters, EH 2008, 'Bronchodilator reversibility, 
airway eosinophilia and anti-inflammatory effects of inhaled fluticasone in COPD are not related', 
Respirology, vol. 13, no. 6, pp. 799-809. 

 
Reid, L 1954, 'Pathology of chronic bronchitis', The Lancet, vol. 263, no. 6806, pp. 275-278. 

 
Reinhart, BJ, Slack, FJ, Basson, M, Pasquinelli, AE, Bettinger, JC, Rougvie, AE, Horvitz, HR & Ruvkun, G 
2000, 'The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans', 
Nature, vol. 403, no. 6772, pp. 901-906. 

 
Remacle, JE, Kraft, H, Lerchner, W, Wuytens, G, Collart, C, Verschueren, K, Smith, JC & Huylebroeck, D 
1999, 'New mode of DNA binding of multi‐zinc finger transcription factors: δEF1 family members bind 
with two hands to two target sites', Embo j, vol. 18, no. 18, pp. 5073-5084. 

 
Rezaei, M, Friedrich, K, Wielockx, B, Kuzmanov, A, Kettelhake, A, Labelle, M, Schnittler, H, Baretton, G 
& Breier, G 2012, 'Interplay between neural-cadherin and vascular endothelial-cadherin in breast 
cancer progression', Breast Cancer Research, vol. 14, no. 6, p. 1. 

 
Rho, JH, Roehrl, MH & Wang, JY 2009, 'Glycoproteomic analysis of human lung adenocarcinomas using 
glycoarrays and tandem mass spectrometry: differential expression and glycosylation patterns of 
vimentin and fetuin A isoforms', Protein J, vol. 28, no. 3-4, pp. 148-160. 

 
Rigden, HM, Alias, A, Havelock, T, O'Donnell, R, Djukanovic, R, Davies, DE & Wilson, SJ 2016, 'Squamous 
Metaplasia Is Increased in the Bronchial Epithelium of Smokers with Chronic Obstructive Pulmonary 
Disease', PLoS One, vol. 11, no. 5, p. e0156009. 

 
Rikimaru, T, Taketomi, A, Yamashita, Y, Shirabe, K, Hamatsu, T, Shimada, M & Maehara, Y 2007, 
'Clinical significance of histone deacetylase 1 expression in patients with hepatocellular carcinoma', 
Oncology, vol. 72, no. 1-2, pp. 69-74. 

 
Ripka, S, Konig, A, Buchholz, M, Wagner, M, Sipos, B, Kloppel, G, Downward, J, Gress, T & Michl, P 
2007, 'WNT5A--target of CUTL1 and potent modulator of tumor cell migration and invasion in 
pancreatic cancer', Carcinogenesis, vol. 28, no. 6, pp. 1178-1187. 

 
Roberts, AB, de Caestecker, MP & Lechleider, RJ 2000, 'Signaling from TGF-β Receptors', in Signaling 
Networks and Cell Cycle Control, Springer, pp. 39-51. 



 
 

268 
 

 
Rogel, MR, Soni, PN, Troken, JR, Sitikov, A, Trejo, HE & Ridge, KM 2011, 'Vimentin is sufficient and 
required for wound repair and remodeling in alveolar epithelial cells', The FASEB Journal. 

 
Rogers, D 2000, 'Mucus pathophysiology in COPD: differences to asthma, and pharmacotherapy', 
Monaldi archives for chest disease= Archivio Monaldi per le malattie del torace/Fondazione clinica del 
lavoro, IRCCS [and] Istituto di clinica tisiologica e malattie apparato respiratorio, UniversitÃ di Napoli, 
Secondo ateneo, vol. 55, no. 4, pp. 324-332. 

 
Rutgers, SR, Timens, W, Kaufmann, HF, van der Mark, TW, Koeter, GH & Postma, DS 2000, 'Comparison 
of induced sputum with bronchial wash, bronchoalveolar lavage and bronchial biopsies in COPD', Eur 
Respir J, vol. 15, no. 1, pp. 109-115. 

 
Ryan, DM, Vincent, TL, Salit, J, Walters, MS, Agosto-Perez, F, Shaykhiev, R, Strulovici-Barel, Y, Downey, 
RJ, Buro-Auriemma, LJ, Staudt, MR, Hackett, NR, Mezey, JG & Crystal, RG 2014, 'Smoking Dysregulates 
the Human Airway Basal Cell Transcriptome at COPD Risk Locus 19q13.2', PLoS One, vol. 9, no. 2. 

 
Saetta, M, Di Stefano, A, Maestrelli, P, Ferraresso, A, Drigo, R, Potena, A, Ciaccia, A & Fabbri, LM 1993, 
'Activated T-lymphocytes and macrophages in bronchial mucosa of subjects with chronic bronchitis', 
Am Rev Respir Dis, vol. 147, no. 2, pp. 301-306. 

 
Saetta, M, Di Stefano, A, Turato, G, Facchini, FM, Corbino, L, Mapp, CE, Maestrelli, P, Ciaccia, A & 
Fabbri, LM 1998, 'CD8+ T-lymphocytes in peripheral airways of smokers with chronic obstructive 
pulmonary disease', Am J Respir Crit Care Med, vol. 157, no. 3 Pt 1, pp. 822-826. 

 
Saetta, M, Turato, G, Baraldo, S, Zanin, A, Braccioni, F, Mapp, CE, Maestrelli, P, Cavallesco, G, Papi, A 
& Fabbri, LM 2000, 'Goblet cell hyperplasia and epithelial inflammation in peripheral airways of 
smokers with both symptoms of chronic bronchitis and chronic airflow limitation', Am J Respir Crit 
Care Med, vol. 161, no. 3 Pt 1, pp. 1016-1021. 

 
Saha, S, Doe, C, Mistry, V, Siddiqui, S, Parker, D, Sleeman, M, Cohen, ES & Brightling, CE 2009, 
'Granulocyte-macrophage colony-stimulating factor expression in induced sputum and bronchial 
mucosa in asthma and COPD', Thorax, vol. 64, no. 8, pp. 671-676. 

 
Sahlgren, C, Gustafsson, MV, Jin, S, Poellinger, L & Lendahl, U 2008, 'Notch signaling mediates hypoxia-
induced tumor cell migration and invasion', Proc Natl Acad Sci USA, vol. 105, no. 17, pp. 6392-6397. 

 
Sakurai, H, Maeshima, A, Watanabe, S, Suzuki, K, Tsuchiya, R, Maeshima, AM, Matsuno, Y & Asamura, 
H 2004, 'Grade of stromal invasion in small adenocarcinoma of the lung: histopathological minimal 
invasion and prognosis', Am J Surg Pathol, vol. 28, no. 2, pp. 198-206. 

 
Sakurai, R, Cerny, LM, Torday, JS & Rehan, VK 2011, 'Mechanism for nicotine-induced up-regulation of 
Wnt signaling in human alveolar interstitial fibroblasts', Exp Lung Res, vol. 37, no. 3, pp. 144-154. 

 
 



 
 

269 
 

Saleem, M, Kweon, MH, Johnson, JJ, Adhami, VM, Elcheva, I, Khan, N, Bin Hafeez, B, Bhat, KM, Sarfaraz, 
S, Reagan-Shaw, S, Spiegelman, VS, Setaluri, V & Mukhtar, H 2006, 'S100A4 accelerates tumorigenesis 
and invasion of human prostate cancer through the transcriptional regulation of matrix 
metalloproteinase 9', Proc Natl Acad Sci U S A, vol. 103, no. 40, pp. 14825-14830. 

 
Santamaria-Kisiel, L, Rintala-Dempsey, AC & Shaw, GS 2006, 'Calcium-dependent and -independent 
interactions of the S100 protein family', Biochem J, vol. 396, no. 2, pp. 201-214. 

 
Santulli, G, Basilicata, MF, De Simone, M, Del Giudice, C, Anastasio, A, Sorriento, D, Saviano, M, Del 
Gatto, A, Trimarco, B, Pedone, C, Zaccaro, L & Iaccarino, G 2011, 'Evaluation of the anti-angiogenic 
properties of the new selective alphaVbeta3 integrin antagonist RGDechiHCit', J Transl Med, vol. 9, p. 
7. 

 
Sarkar, FH, Li, Y, Wang, Z & Kong, D 2010, 'The role of nutraceuticals in the regulation of Wnt and 
Hedgehog signaling in cancer', Cancer Metastasis Rev, vol. 29, no. 3, pp. 383-394. 

 
Sarkar, S, Horn, G, Moulton, K, Oza, A, Byler, S, Kokolus, S & Longacre, M 2013, 'Cancer development, 
progression, and therapy: an epigenetic overview', Int J Mol Sci, vol. 14, no. 10, pp. 21087-21113. 

 
Sarrazin, S, Maurage, C, Delmas, D, Lassalle, P & Delehedde, M 2010, 'Endocan as a biomarker of 
endothelial dysfunction in cancer', J Cancer Sci Ther, vol. 2, no. 2, pp. 047-052. 

 
Sato, R, Semba, T, Saya, H & Arima, Y 2016, 'Stem Cells and Epithelial-Mesenchymal Transition (EMT) 
in Cancer: Biological Implications and Therapeutic Targets', STEM CELLS. 

 
Schiller, M, Javelaud, D & Mauviel, A 2004, 'TGF-beta-induced SMAD signaling and gene regulation: 
consequences for extracellular matrix remodeling and wound healing', J Dermatol Sci, vol. 35, no. 2, 
pp. 83-92. 

 
Schlessinger, J 2002, 'Ligand-induced, receptor-mediated dimerization and activation of EGF receptor', 
Cell, vol. 110, no. 6, pp. 669-672. 

 
Schmidt-Hansen, B, Ornas, D, Grigorian, M, Klingelhofer, J, Tulchinsky, E, Lukanidin, E & 
Ambartsumian, N 2004, 'Extracellular S100A4(mts1) stimulates invasive growth of mouse endothelial 
cells and modulates MMP-13 matrix metalloproteinase activity', Oncogene, vol. 23, no. 32, pp. 5487-
5495. 

 
Schneider, M, Hansen, JL & Sheikh, SP 2008, 'S100A4: a common mediator of epithelial-mesenchymal 
transition, fibrosis and regeneration in diseases?', J Mol Med (Berl), vol. 86, no. 5, pp. 507-522. 

 
Scotton, CJ & Chambers, RC 2007, 'Molecular targets in pulmonary fibrosis*: The myofibroblast in 
focus', CHEST Journal, vol. 132, no. 4, pp. 1311-1321. 

 



 
 

270 
 

Sen, M, Lauterbach, K, El-Gabalawy, H, Firestein, GS, Corr, M & Carson, DA 2000, 'Expression and 
function of wingless and frizzled homologs in rheumatoid arthritis', Proc Natl Acad Sci U S A, vol. 97, 
no. 6, pp. 2791-2796. 

 
Senger, DR, Galli, SJ, Dvorak, AM, Perruzzi, CA, Harvey, VS & Dvorak, HF 1983, 'Tumor cells secrete a 
vascular permeability factor that promotes accumulation of ascites fluid', Science, vol. 219, no. 4587, 
pp. 983-985. 

 
Serrano-Gomez, SJ, Maziveyi, M & Alahari, SK 2016, 'Regulation of epithelial-mesenchymal transition 
through epigenetic and post-translational modifications', Mol Cancer, vol. 15, no. 1, p. 1. 

 
Shahar, E, Folsom, AR, Melnick, SL, Tockman, MS, Comstock, GW, Gennaro, V, Higgins, MW, Sorlie, PD, 
Ko, WJ & Szklo, M 1994, 'Dietary n-3 polyunsaturated fatty acids and smoking-related chronic 
obstructive pulmonary disease. Atherosclerosis Risk in Communities Study Investigators', N Engl J 
Med, vol. 331, no. 4, pp. 228-233. 

 
Shao, MX, Nakanaga, T & Nadel, JA 2004, 'Cigarette smoke induces MUC5AC mucin overproduction 
via tumor necrosis factor-alpha-converting enzyme in human airway epithelial (NCI-H292) cells', Am J 
Physiol Lung Cell Mol Physiol, vol. 287, no. 2, pp. L420-427. 

 
Shapiro, S, Snider, G & Rennard, S 2005, 'Obstructive diseases', Nadel JA, Murray JF. Textbook of 
Respiratory Medicine, vol. 4, pp. 1115-1153. 

 
Shapiro, SD & Ingenito, EP 2005, 'The pathogenesis of chronic obstructive pulmonary disease: 
advances in the past 100 years', Am J Respir Cell Mol Biol, vol. 32, no. 5, pp. 367-372. 

 
Shaykhiev, R & Crystal, RG 2013, 'Innate immunity and chronic obstructive pulmonary disease: a mini-
review', Gerontology, vol. 59, no. 6, pp. 481-489. 

 
Shaykhiev, R, Zuo, WL, Chao, I, Fukui, T, Witover, B, Brekman, A & Crystal, RG 2013, 'EGF shifts human 
airway basal cell fate toward a smoking-associated airway epithelial phenotype', Proc Natl Acad Sci U 
S A, vol. 110, no. 29, pp. 12102-12107. 

 
Shi, Y, Wu, H, Zhang, M, Ding, L, Meng, F & Fan, X 2013, 'Expression of the epithelial-mesenchymal 
transition-related proteins and their clinical significance in lung adenocarcinoma', Diagn Pathol, vol. 
8, p. 89. 

 
Shimazui, T, Kojima, T, Onozawa, M, Suzuki, M, Asano, T & Akaza, H 2006, 'Expression profile of N-
cadherin differs from other classical cadherins as a prognostic marker in renal cell carcinoma', Oncol 
Rep, vol. 15, no. 5, pp. 1181-1184. 

 
Shin, SY, Rath, O, Zebisch, A, Choo, SM, Kolch, W & Cho, KH 2010, 'Functional roles of multiple 
feedback loops in extracellular signal-regulated kinase and Wnt signaling pathways that regulate 
epithelial-mesenchymal transition', Cancer Res, vol. 70, no. 17, pp. 6715-6724. 



 
 

271 
 

 
Shirakihara, T, Saitoh, M & Miyazono, K 2007, 'Differential regulation of epithelial and mesenchymal 
markers by deltaEF1 proteins in epithelial mesenchymal transition induced by TGF-beta', Mol Biol Cell, 
vol. 18, no. 9, pp. 3533-3544. 

 
Shook, D & Keller, R 2003, 'Mechanisms, mechanics and function of epithelial-mesenchymal 
transitions in early development', Mech Dev, vol. 120, no. 11, pp. 1351-1383. 

 
Siegel, R, Naishadham, D & Jemal, A 2013, 'Cancer statistics, 2013', CA Cancer J Clin, vol. 63, no. 1, pp. 
11-30. 

 
Singh, D, Kolsum, U, Brightling, CE, Locantore, N, Agusti, A & Tal-Singer, R 2014, 'Eosinophilic 
inflammation in COPD: prevalence and clinical characteristics', Eur Respir J, vol. 44, no. 6, pp. 1697-
1700. 

 
Smith, BN & Bhowmick, NA 2016, 'Role of EMT in metastasis and therapy resistance', J Clin Med, vol. 
5, no. 2, p. 17. 

 
Smolonska, J, Wijmenga, C, Postma, DS & Boezen, HM 2009, 'Meta-analyses on suspected chronic 
obstructive pulmonary disease genes: a summary of 20 years' research', Am J Respir Crit Care Med, 
vol. 180, no. 7, pp. 618-631. 

 
Snider, GL, Kleinerman, J, Thurlbeck, WM & Bengali, ZH 1985, 'The Definition of Emphysema: Report 
of a National Heart, Lung, and Blood Institute, Division of Lung Diseases Workshop 1', American Review 
of Respiratory Disease, vol. 132, no. 1, pp. 182-185. 

 
Sohal, S, Eapen, MS, Tan, D, Muller, HK & Walters 2015, 'Is central airway inflammation really a feature 
of mild-moderate chronic obstructive pulmonary disease (COPD)?', no. American Thoracic Society, 
New York, 2015; A2870. [American Thoracic Society International Conference Abstracts]. DOI 
doi:10.1164/ajrccm-conference.2015.191.1_MeetingAbstracts.A2870. 

 
Sohal, SS, Reid, D, Soltani, A, Ward, C, Weston, S, Muller, HK, Wood-Baker, R & Walters, EH 2010, 
'Reticular basement membrane fragmentation and potential epithelial mesenchymal transition is 
exaggerated in the airways of smokers with chronic obstructive pulmonary disease', Respirology, vol. 
15, no. 6, pp. 930-938. 
 
Sohal, SS, Reid, D, Soltani, A, Ward, C, Weston, S, Muller, HK, Wood-Baker, R & Walters, EH 2011, 
'Evaluation of epithelial mesenchymal transition in patients with chronic obstructive pulmonary 
disease', Respir Res, vol. 12, p. 130. 

 
Sohal, SS, Reid, D, Soltani, A, Weston, S, Muller, HK, Wood-Baker, R & Walters, EH 2013, 'Changes in 
Airway Histone Deacetylase2 in Smokers and COPD with Inhaled Corticosteroids: A Randomized 
Controlled Trial', PLoS One, vol. 8, no. 5, p. e64833. 

 
Sohal, SS, Soltani, A, Reid, D, Ward, C, Wills, KE, Muller, HK & Walters, EH 2014, 'A randomized 
controlled trial of inhaled corticosteroids (ICS) on markers of epithelial-mesenchymal transition (EMT) 



 
 

272 
 

in large airway samples in COPD: an exploratory proof of concept study', Int J Chron Obstruct Pulmon 
Dis, vol. 9, pp. 533-542. 

 
Sohal, SS & Walters, EH 2013, 'Epithelial mesenchymal transition (EMT) in small airways of COPD 
patients', Thorax, vol. 68, no. 8, pp. 783-784. 

 
Soltani, A, Ewe, YP, Lim, ZS, Sohal, SS, Reid, D, Weston, S, Wood-Baker, R & Walters, EH 2012, 'Mast 
cells in COPD airways: relationship to bronchodilator responsiveness and angiogenesis', Eur Respir J, 
vol. 39, no. 6, pp. 1361-1367. 

 
Soltani, A, Muller, HK, Sohal, SS, Reid, DW, Weston, S, Wood-Baker, R & Walters, EH 2012, 'Distinctive 
characteristics of bronchial reticular basement membrane and vessel remodelling in chronic 
obstructive pulmonary disease (COPD) and in asthma: they are not the same disease', Histopathology, 
vol. 60, no. 6, pp. 964-970. 

 
Soltani, A, Reid, DW, Sohal, SS, Wood-Baker, R, Weston, S, Muller, HK & Walters, EH 2010, 'Basement 
membrane and vascular remodelling in smokers and chronic obstructive pulmonary disease: a cross-
sectional study', Respir Res, vol. 11, p. 105. 

 
Soltani, A, Sohal, SS, Reid, D, Weston, S, Wood-Baker, R & Walters, EH 2012, 'Vessel-associated 
transforming growth factor-beta1 (TGF-β1) is increased in the bronchial reticular basement 
membrane in COPD and normal smokers', PLoS One, vol. 7, no. 6, p. e39736. 

 
Soltani, A, Wood-Baker, R, Sohal, SS, Muller, HK, Reid, D & Walters, EH 2012, 'Reticular basement 
membrane vessels are increased in COPD bronchial mucosa by both factor VIII and collagen IV 
immunostaining and are hyperpermeable', Journal of allergy, vol. 2012. 

 
Soria, JC, Mok, TS, Cappuzzo, F & Janne, PA 2012, 'EGFR-mutated oncogene-addicted non-small cell 
lung cancer: current trends and future prospects', Cancer Treat Rev, vol. 38, no. 5, pp. 416-430. 

 
Springer, J, Scholz, FR, Peiser, C, Groneberg, DA & Fischer, A 2004, 'SMAD-signaling in chronic 
obstructive pulmonary disease: transcriptional down-regulation of inhibitory SMAD 6 and 7 by 
cigarette smoke', Biol Chem, vol. 385, no. 7, pp. 649-653. 

 
Sridurongrit, S, Larsson, J, Schwartz, R, Ruiz-Lozano, P & Kaartinen, V 2008, 'Signaling via the Tgf-beta 
type I receptor Alk5 in heart development', Dev Biol, vol. 322, no. 1, pp. 208-218. 

 
Stadler, SC & Allis, CD 2012, 'Linking epithelial-to-mesenchymal-transition and epigenetic 
modifications', Semin Cancer Biol, vol. 22, no. 5-6, pp. 404-410. 

 
Stahlman, MT, Orth, DN & Gray, ME 1989, 'Immunocytochemical localization of epidermal growth 
factor in the developing human respiratory system and in acute and chronic lung disease in the 
neonate', Lab Invest, vol. 60, no. 4, pp. 539-547. 

 



 
 

273 
 

Stecca, B & Ruiz, IAA 2010, 'Context-dependent regulation of the GLI code in cancer by HEDGEHOG 
and non-HEDGEHOG signals', J Mol Cell Biol, vol. 2, no. 2, pp. 84-95. 

 
Stefani, G & Slack, FJ 2008, 'Small non-coding RNAs in animal development', Nature reviews Molecular 
cell biology, vol. 9, no. 3, pp. 219-230. 

 
Stein, U, Arlt, F, Walther, W, Smith, J, Waldman, T, Harris, ED, Mertins, SD, Heizmann, CW, Allard, D, 
Birchmeier, W, Schlag, PM & Shoemaker, RH 2006, 'The metastasis-associated gene S100A4 is a novel 
target of beta-catenin/T-cell factor signaling in colon cancer', Gastroenterology, vol. 131, no. 5, pp. 
1486-1500. 

 
Stewart, GA, Hoyne, GF, Ahmad, SA, Jarman, E, Wallace, WA, Harrison, DJ, Haslett, C, Lamb, JR & 
Howie, SE 2003, 'Expression of the developmental Sonic hedgehog (Shh) signalling pathway is up-
regulated in chronic lung fibrosis and the Shh receptor patched 1 is present in circulating T 
lymphocytes', J Pathol, vol. 199, no. 4, pp. 488-495. 

 
Stewart, RL, Carpenter, BL, West, DS, Knifley, T, Liu, L, Wang, C, Weiss, HL, Gal, TS, Durbin, EB, Arnold, 
SM, O'Connor, KL & Chen, M 2016, 'S100A4 drives non-small cell lung cancer invasion, associates with 
poor prognosis, and is effectively targeted by the FDA-approved anti-helminthic agent niclosamide', 
Oncotarget. 

 
Stoller, JK & Aboussouan, LS 2005, 'Alpha1-antitrypsin deficiency', Lancet, vol. 365, no. 9478, pp. 2225-
2236. 

 
Strandjord, TP, Clark, JG, Guralnick, DE & Madtes, DK 1995, 'Immunolocalization of transforming 
growth factor-alpha, epidermal growth factor (EGF), and EGF-receptor in normal and injured 
developing human lung', Pediatr Res, vol. 38, no. 6, pp. 851-856. 

 
Strutz, F, Okada, H, Lo, CW, Danoff, T, Carone, RL, Tomaszewski, JE & Neilson, EG 1995, 'Identification 
and characterization of a fibroblast marker: FSP1', J Cell Biol, vol. 130, no. 2, pp. 393-405. 

 
Strutz, F, Zeisberg, M, Ziyadeh, FN, Yang, CQ, Kalluri, R, Muller, GA & Neilson, EG 2002, 'Role of basic 
fibroblast growth factor-2 in epithelial-mesenchymal transformation', Kidney Int, vol. 61, no. 5, pp. 
1714-1728. 

 
Su, Y 2014, 'Airway smooth muscle malfunction in COPD', in Calcium Signaling In Airway Smooth 
Muscle Cells, Springer, pp. 441-457. 

 
Subramaniam, D, Thombre, R, Dhar, A & Anant, S 2014, 'DNA methyltransferases: a novel target for 
prevention and therapy', Front Oncol, vol. 4, p. 80. 

 
Sun, S, Ning, X, Zhang, Y, Lu, Y, Nie, Y, Han, S, Liu, L, Du, R, Xia, L & He, L 2009, 'Hypoxia-inducible 
factor-1α induces Twist expression in tubular epithelial cells subjected to hypoxia, leading to 
epithelial-to-mesenchymal transition', Kidney Int, vol. 75, no. 12, pp. 1278-1287. 



 
 

274 
 

 
Suzuki, M, Shigematsu, H, Nakajima, T, Kubo, R, Motohashi, S, Sekine, Y, Shibuya, K, Iizasa, T, 
Hiroshima, K, Nakatani, Y, Gazdar, AF & Fujisawa, T 2007, 'Synchronous alterations of Wnt and 
epidermal growth factor receptor signaling pathways through aberrant methylation and mutation in 
non small cell lung cancer', Clin Cancer Res, vol. 13, no. 20, pp. 6087-6092. 

 
Taipale, J & Beachy, PA 2001, 'The Hedgehog and Wnt signalling pathways in cancer', Nature, vol. 411, 
no. 6835, pp. 349-354. 

 
Taipale, J, Chen, JK, Cooper, MK, Wang, B, Mann, RK, Milenkovic, L, Scott, MP & Beachy, PA 2000, 
'Effects of oncogenic mutations in Smoothened and Patched can be reversed by cyclopamine', Nature, 
vol. 406, no. 6799, pp. 1005-1009. 

 
Takamizawa, J, Konishi, H, Yanagisawa, K, Tomida, S, Osada, H, Endoh, H, Harano, T, Yatabe, Y, Nagino, 
M & Nimura, Y 2004, 'Reduced expression of the let-7 microRNAs in human lung cancers in association 
with shortened postoperative survival', Cancer Res, vol. 64, no. 11, pp. 3753-3756. 

 
Takeyama, K, Jung, B, Shim, JJ, Burgel, PR, Dao-Pick, T, Ueki, IF, Protin, U, Kroschel, P & Nadel, JA 2001, 
'Activation of epidermal growth factor receptors is responsible for mucin synthesis induced by 
cigarette smoke', Am J Physiol Lung Cell Mol Physiol, vol. 280, no. 1, pp. L165-172. 

 
Takizawa, H, Tanaka, M, Takami, K, Ohtoshi, T, Ito, K, Satoh, M, Okada, Y, Yamasawa, F, Nakahara, K & 
Umeda, A 2001, 'Increased expression of transforming growth factor-beta1 in small airway epithelium 
from tobacco smokers and patients with chronic obstructive pulmonary disease (COPD)', Am J Respir 
Crit Care Med, vol. 163, no. 6, pp. 1476-1483. 

 
Tam, WL & Weinberg, RA 2013, 'The epigenetics of epithelial-mesenchymal plasticity in cancer', Nat 
Med, vol. 19, no. 11, pp. 1438-1449. 

 
Tamura, G, Yin, J, Wang, S, Fleisher, AS, Zou, T, Abraham, JM, Kong, D, Smolinski, KN, Wilson, KT, James, 
SP, Silverberg, SG, Nishizuka, S, Terashima, M, Motoyama, T & Meltzer, SJ 2000, 'E-Cadherin gene 
promoter hypermethylation in primary human gastric carcinomas', J Natl Cancer Inst, vol. 92, no. 7, 
pp. 569-573. 

 
Tandon, M & Campbell, AH 1969, 'Bronchial cartilage in chronic bronchitis', Thorax, vol. 24, no. 5, pp. 
607-612. 

 
Tang, X, Liu, D, Shishodia, S, Ozburn, N, Behrens, C, Lee, JJ, Hong, WK, Aggarwal, BB & Wistuba, II 2006, 
'Nuclear factor-κB (nf-κB) is frequently expressed in lung cancer and preneoplastic lesions', Cancer, 
vol. 107, no. 11, pp. 2637-2646. 

 
Tanimizu, N & Miyajima, A 2007, 'Molecular mechanism of liver development and regeneration', Int 
Rev Cytol, vol. 259, pp. 1-48. 

 



 
 

275 
 

Tarabykina, S, Griffiths, TR, Tulchinsky, E, Mellon, JK, Bronstein, IB & Kriajevska, M 2007, 'Metastasis-
associated protein S100A4: spotlight on its role in cell migration', Curr Cancer Drug Targets, vol. 7, no. 
3, pp. 217-228. 

 
Tate, CR, Rhodes, LV, Segar, HC, Driver, JL, Pounder, FN, Burow, ME & Collins-Burow, BM 2012, 
'Targeting triple-negative breast cancer cells with the histone deacetylase inhibitor panobinostat', 
Breast Cancer Res, vol. 14, no. 3, p. R79. 

 
Tatler, AL & Jenkins, G 2012, 'TGF-beta activation and lung fibrosis', Proc Am Thorac Soc, vol. 9, no. 3, 
pp. 130-136. 

 
Thiery, JP 2002, 'Epithelial-mesenchymal transitions in tumour progression', Nat Rev Cancer, vol. 2, 
no. 6, pp. 442-454. 

 
Thiery, JP, Acloque, H, Huang, RY & Nieto, MA 2009, 'Epithelial-mesenchymal transitions in 
development and disease', Cell, vol. 139, no. 5, pp. 871-890. 

 
Thiery, JP & Sleeman, JP 2006, 'Complex networks orchestrate epithelial-mesenchymal transitions', 
Nat Rev Mol Cell Biol, vol. 7, no. 2, pp. 131-142. 

 
Thorley, AJ & Tetley, TD 2007, 'Pulmonary epithelium, cigarette smoke, and chronic obstructive 
pulmonary disease', International journal of chronic obstructive pulmonary disease, vol. 2, no. 4, p. 
409. 

 
Thuault, S, Valcourt, U, Petersen, M, Manfioletti, G, Heldin, CH & Moustakas, A 2006, 'Transforming 
growth factor-beta employs HMGA2 to elicit epithelial-mesenchymal transition', J Cell Biol, vol. 174, 
no. 2, pp. 175-183. 

 
Thum, T, Gross, C, Fiedler, J, Fischer, T, Kissler, S, Bussen, M, Galuppo, P, Just, S, Rottbauer, W & Frantz, 
S 2008, 'MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in 
fibroblasts', Nature, vol. 456, no. 7224, pp. 980-984. 

 
Thurlbeck, WM & Churg, A 1995, Pathology of the lung, Thieme. 

 
Timmerman, LA, Grego-Bessa, J, Raya, A, Bertran, E, Perez-Pomares, JM, Diez, J, Aranda, S, Palomo, S, 
McCormick, F, Izpisua-Belmonte, JC & de la Pompa, JL 2004, 'Notch promotes epithelial-mesenchymal 
transition during cardiac development and oncogenic transformation', Genes Dev, vol. 18, no. 1, pp. 
99-115. 

 
Tischler, V, Pfeifer, M, Hausladen, S, Schirmer, U, Bonde, AK, Kristiansen, G, Sos, ML, Weder, W, Moch, 
H, Altevogt, P & Soltermann, A 2011, 'L1CAM protein expression is associated with poor prognosis in 
non-small cell lung cancer', Mol Cancer, vol. 10, p. 127. 

 



 
 

276 
 

Townsley, FM, Cliffe, A & Bienz, M 2004, 'Pygopus and Legless target Armadillo/β-catenin to the 
nucleus to enable its transcriptional co-activator function', Nat Cell Biol, vol. 6, no. 7, pp. 626-633. 

 
Tran, NL, Nagle, RB, Cress, AE & Heimark, RL 1999, 'N-cadherin expression in human prostate 
carcinoma cell lines: an epithelial-mesenchymal transformation mediating adhesion with stromal 
cells', Am J Pathol, vol. 155, no. 3, pp. 787-798. 

 
Travis, WD & Harris, C 2004, Pathology and genetics of tumours of the lung, pleura, thymus and heart, 
Feance: IARC Press, 2004. 

 
Tsai, JH & Yang, J 2013, 'Epithelial-mesenchymal plasticity in carcinoma metastasis', Genes Dev, vol. 
27, no. 20, pp. 2192-2206. 

 
Tsoumakidou, M, Koutsopoulos, AV, Tzanakis, N, Dambaki, K, Tzortzaki, E, Zakynthinos, S, Jeffery, PK 
& Siafakas, NM 2009, 'Decreased small airway and alveolar CD83+ dendritic cells in COPD', Chest, vol. 
136, no. 3, pp. 726-733. 

 
Udagawa, H, Ishii, G, Morise, M, Umemura, S, Matsumoto, S, Yoh, K, Niho, S, Ohmatsu, H, Tsuboi, M 
& Goto, K 2015, 'Comparison of the expression levels of molecular markers among the peripheral area 
and central area of primary tumor and metastatic lymph node tumor in patients with squamous cell 
carcinoma of the lung', J Cancer Res Clin Oncol, vol. 141, no. 8, pp. 1417-1425. 

 
Upton, MP, Hirohashi, S, Tome, Y, Miyazawa, N, Suemasu, K & Shimosato, Y 1986, 'Expression of 
vimentin in surgically resected adenocarcinomas and large cell carcinomas of lung', Am J Surg Pathol, 
vol. 10, no. 8, pp. 560-567. 

 
Uruga, H, Kishi, K, Fujii, T, Beika, Y, Enomoto, T, Takaya, H, Miyamoto, A, Morokawa, N, Kurosaki, A & 
Yoshimura, K 2010, 'Efficacy of gefitinib for elderly patients with advanced non-small cell lung cancer 
harboring epidermal growth factor receptor gene mutations: a retrospective analysis', Intern Med, vol. 
49, no. 2, pp. 103-107. 

 
Utokaparch, S, Sze, MA, Gosselink, JV, McDonough, JE, Elliott, WM, Hogg, JC & Hegele, RG 2014, 
'Respiratory viral detection and small airway inflammation in lung tissue of patients with stable, mild 
COPD', Copd, vol. 11, no. 2, pp. 197-203. 

 
Vachier, I, Vignola, AM, Chiappara, G, Bruno, A, Meziane, H, Godard, P, Bousquet, J & Chanez, P 2004, 
'Inflammatory features of nasal mucosa in smokers with and without COPD', Thorax, vol. 59, no. 4, pp. 
303-307. 

 
Valavanidis, A, Vlachogianni, T & Fiotakis, K 2009, 'Tobacco smoke: involvement of reactive oxygen 
species and stable free radicals in mechanisms of oxidative damage, carcinogenesis and synergistic 
effects with other respirable particles', Int J Environ Res Public Health, vol. 6, no. 2, pp. 445-462. 

 



 
 

277 
 

Vallely, KM, Rustandi, RR, Ellis, KC, Varlamova, O, Bresnick, AR & Weber, DJ 2002, 'Solution structure 
of human Mts1 (S100A4) as determined by NMR spectroscopy', Biochemistry, vol. 41, no. 42, pp. 
12670-12680. 

 
Van de Putte, T, Maruhashi, M, Francis, A, Nelles, L, Kondoh, H, Huylebroeck, D & Higashi, Y 2003, 
'Mice lacking ZFHX1B, the gene that codes for Smad-interacting protein-1, reveal a role for multiple 
neural crest cell defects in the etiology of Hirschsprung disease-mental retardation syndrome', Am J 
Hum Genet, vol. 72, no. 2, pp. 465-470. 

 
van den Heuvel, M & Ingham, PW 1996, 'smoothened encodes a receptor-like serpentine protein 
required for hedgehog signalling', Nature, vol. 382, no. 6591, pp. 547-551. 

 
Van Straaten, J, Coers, W, Noordhoek, JA, Huitema, S, Flipsen, J, Kauffman, H, Timens, W & Postma, 
DS 1999, 'Proteoglycan changes in the extracellular matrix of lung tissue from patients with pulmonary 
emphysema', Modern pathology: an official journal of the United States and Canadian Academy of 
Pathology, Inc, vol. 12, no. 7, pp. 697-705. 

 
Vandewalle, C, Comijn, J, De Craene, B, Vermassen, P, Bruyneel, E, Andersen, H, Tulchinsky, E, Van 
Roy, F & Berx, G 2005, 'SIP1/ZEB2 induces EMT by repressing genes of different epithelial cell-cell 
junctions', Nucleic Acids Res, vol. 33, no. 20, pp. 6566-6578. 

 
Varnat, F, Duquet, A, Malerba, M, Zbinden, M, Mas, C, Gervaz, P & i Altaba, AR 2009, 'Human colon 
cancer epithelial cells harbour active HEDGEHOG-GLI signalling that is essential for tumour growth, 
recurrence, metastasis and stem cell survival and expansion', EMBO molecular medicine, vol. 1, no. 6-
7, pp. 338-351. 

 
Varraso, R, Fung, TT, Barr, RG, Hu, FB, Willett, W & Camargo, CA 2007, 'Prospective study of dietary 
patterns and chronic obstructive pulmonary disease among US women', The American Journal of 
Clinical Nutrition, vol. 86, no. 2, pp. 488-495. 

 
Vassallo, R, Walters, PR, Lamont, J, Kottom, TJ, Yi, ES & Limper, AH 2010, 'Cigarette smoke promotes 
dendritic cell accumulation in COPD; a Lung Tissue Research Consortium study', Respir Res, vol. 11, p. 
45. 

 
Venkov, CD, Link, AJ, Jennings, JL, Plieth, D, Inoue, T, Nagai, K, Xu, C, Dimitrova, YN, Rauscher, FJ & 
Neilson, EG 2007, 'A proximal activator of transcription in epithelial-mesenchymal transition', J Clin 
Invest, vol. 117, no. 2, pp. 482-491. 

 
Verra, F, Escudier, E, Lebargy, F, Bernaudin, JF, De Cremoux, H & Bignon, J 1995, 'Ciliary abnormalities 
in bronchial epithelium of smokers, ex-smokers, and nonsmokers', Am J Respir Crit Care Med, vol. 151, 
no. 3 Pt 1, pp. 630-634. 

 
Viegi, G, Scognamiglio, A, Baldacci, S, Pistelli, F & Carrozzi, L 2001, 'Epidemiology of chronic obstructive 
pulmonary disease (COPD)', Respiration, vol. 68, no. 1, pp. 4-19. 

 



 
 

278 
 

Vignais, M-L & Fafet, P 2005, 'TGFβ-Dependent Epithelial-Mesenchymal Transition', in Rise and Fall of 
Epithelial Phenotype, Springer, pp. 236-244. 

 
Vignola, AM, Chanez, P, Chiappara, G, Merendino, A, Pace, E, Rizzo, A, la Rocca, AM, Bellia, V, 
Bonsignore, G & Bousquet, J 1997, 'Transforming growth factor-beta expression in mucosal biopsies 
in asthma and chronic bronchitis', Am J Respir Crit Care Med, vol. 156, no. 2 Pt 1, pp. 591-599. 

 
Vincent, T, Neve, EP, Johnson, JR, Kukalev, A, Rojo, F, Albanell, J, Pietras, K, Virtanen, I, Philipson, L, 
Leopold, PL, Crystal, RG, de Herreros, AG, Moustakas, A, Pettersson, RF & Fuxe, J 2009, 'A SNAIL1-
SMAD3/4 transcriptional repressor complex promotes TGF-beta mediated epithelial-mesenchymal 
transition', Nat Cell Biol, vol. 11, no. 8, pp. 943-950. 

 
Vlahovic, G, Russell, ML, Mercer, RR & Crapo, JD 1999, 'Cellular and connective tissue changes in 
alveolar septal walls in emphysema', Am J Respir Crit Care Med, vol. 160, no. 6, pp. 2086-2092. 

 
Voelkel, NF, Douglas, IS & Nicolls, M 2007, 'Angiogenesis in chronic lung disease', Chest Journal, vol. 
131, no. 3, pp. 874-879. 

 
Voldborg, BR, Damstrup, L, Spang-Thomsen, M & Poulsen, HS 1997, 'Epidermal growth factor receptor 
(EGFR) and EGFR mutations, function and possible role in clinical trials', Ann Oncol, vol. 8, no. 12, pp. 
1197-1206. 

 
Volk, T & Geiger, B 1984, 'A 135-kd membrane protein of intercellular adherens junctions', Embo j, vol. 
3, no. 10, p. 2249. 

 
Vonk, J, Jongepier, H, Panhuysen, C, Schouten, J, Bleecker, E & Postma, D 2003, 'Risk factors associated 
with the presence of irreversible airflow limitation and reduced transfer coefficient in patients with 
asthma after 26 years of follow up', Thorax, vol. 58, no. 4, pp. 322-327. 

 
Vu, T, Jin, L & Datta, PK 2016, 'Effect of Cigarette Smoking on Epithelial to Mesenchymal Transition 
(EMT) in Lung Cancer', J Clin Med, vol. 5, no. 4, p. 44. 

 
Vuoriluoto, K, Haugen, H, Kiviluoto, S, Mpindi, J, Nevo, J, Gjerdrum, C, Tiron, C, Lorens, J & Ivaska, J 
2011, 'Vimentin regulates EMT induction by Slug and oncogenic H-Ras and migration by governing Axl 
expression in breast cancer', Oncogene, vol. 30, no. 12, pp. 1436-1448. 

 
Walser, T, Cui, X, Yanagawa, J, Lee, JM, Heinrich, E, Lee, G, Sharma, S & Dubinett, SM 2008, 'Smoking 
and lung cancer: the role of inflammation', Proceedings of the American Thoracic Society, vol. 5, no. 8, 
pp. 811-815. 

 
Walsh, CT, Garneau-Tsodikova, S & Gatto, GJ 2005, 'Protein posttranslational modifications: the 
chemistry of proteome diversifications', Angewandte Chemie International Edition, vol. 44, no. 45, pp. 
7342-7372. 

 



 
 

279 
 

Walters, EH, Reid, D, Soltani, A & Ward, C 2008, 'Angiogenesis: a potentially critical part of remodelling 
in chronic airway diseases?', Pharmacol Ther, vol. 118, no. 1, pp. 128-137. 

Walters, EH, Soltani, A, Reid, DW & Ward, C 2008, 'Vascular remodelling in asthma', Curr Opin Allergy 
Clin Immunol, vol. 8, no. 1, pp. 39-43. 
 
Walters, JA, Hansen, EC, Walters, EH & Wood-Baker, R 2008, 'Under-diagnosis of chronic obstructive 
pulmonary disease: a qualitative study in primary care', Respir Med, vol. 102, no. 5, pp. 738-743. 

 
Wang, K, Pan, L, Che, X, Cui, D & Li, C 2010, 'Sonic Hedgehog/GLI(1) signaling pathway inhibition 
restricts cell migration and invasion in human gliomas', Neurol Res, vol. 32, no. 9, pp. 975-980. 

 
Wang, Q, Wang, Y, Zhang, Y, Zhang, Y & Xiao, W 2013, 'The role of uPAR in epithelial-mesenchymal 
transition in small airway epithelium of patients with chronic obstructive pulmonary disease', Respir 
Res, vol. 14, p. 67. 

 
Wang, Q, Wang, Y, Zhang, Y, Zhang, Y & Xiao, W 2015, 'Involvement of urokinase in cigarette smoke 
extract-induced epithelial-mesenchymal transition in human small airway epithelial cells', Lab Invest, 
vol. 95, no. 5, pp. 469-479. 

 
Wang, RD, Wright, JL & Churg, A 2005, 'Transforming growth factor-beta1 drives airway remodeling in 
cigarette smoke-exposed tracheal explants', Am J Respir Cell Mol Biol, vol. 33, no. 4, pp. 387-393. 

 
Wang, X, Zhang, J, Fan, M, Zhou, Q, Deng, H, Aisharif, MJ & Chen, X 2009, 'The expression of E-cadherin 
at the invasive tumor front of oral squamous cell carcinoma: immunohistochemical and RT-PCR 
analysis with clinicopathological correlation', Oral Surgery, Oral Medicine, Oral Pathology, Oral 
Radiology, and Endodontology, vol. 107, no. 4, pp. 547-554. 

 
Wang, Y, Shen, Y, Li, K, Zhang, P, Wang, G, Gao, L & Bai, C 2009, 'Role of matrix metalloproteinase-9 in 
lipopolysaccharide-induced mucin production in human airway epithelial cells', Arch Biochem Biophys, 
vol. 486, no. 2, pp. 111-118. 

 
Wang, Y, Shi, J, Chai, K, Ying, X & P Zhou, B 2013, 'The role of Snail in EMT and tumorigenesis', Curr 
Cancer Drug Targets, vol. 13, no. 9, pp. 963-972. 

 
Wang, YC, He, F, Feng, F, Liu, XW, Dong, GY, Qin, HY, Hu, XB, Zheng, MH, Liang, L, Feng, L, Liang, YM & 
Han, H 2010, 'Notch signaling determines the M1 versus M2 polarization of macrophages in antitumor 
immune responses', Cancer Res, vol. 70, no. 12, pp. 4840-4849. 

 
Wang, Z, Banerjee, S, Li, Y, Rahman, KW, Zhang, Y & Sarkar, FH 2006, 'Down-regulation of Notch-1 
inhibits invasion by inactivation of nuclear factor-κB, vascular endothelial growth factor, and matrix 
metalloproteinase-9 in pancreatic cancer cells', Cancer Res, vol. 66, no. 5, pp. 2778-2784. 

 
Wang, Z, Li, Y, Kong, D, Banerjee, S, Ahmad, A, Azmi, AS, Ali, S, Abbruzzese, JL, Gallick, GE & Sarkar, FH 
2009, 'Acquisition of epithelial-mesenchymal transition phenotype of gemcitabine-resistant 



 
 

280 
 

pancreatic cancer cells is linked with activation of the notch signaling pathway', Cancer Res, vol. 69, 
no. 6, pp. 2400-2407. 

 
Ward, C, Forrest, IA, Murphy, DM, Johnson, GE, Robertson, H, Cawston, TE, Fisher, AJ, Dark, JH, Lordan, 
JL, Kirby, JA & Corris, PA 2005, 'Phenotype of airway epithelial cells suggests epithelial to mesenchymal 
cell transition in clinically stable lung transplant recipients', Thorax, vol. 60, no. 10, pp. 865-871. 

 
Ward, C, Pais, M, Bish, R, Reid, D, Feltis, B, Johns, D & Walters, E 2002, 'Airway inflammation, basement 
membrane thickening and bronchial hyperresponsiveness in asthma', Thorax, vol. 57, no. 4, pp. 309-
316. 

 
Watanabe, Y, Yokose, T, Sakuma, Y, Hasegawa, C, Saito, H, Yamada, K, Ito, H, Tsuboi, M, Nakayama, H 
& Kameda, Y 2011, 'Alveolar space filling ratio as a favorable prognostic factor in small peripheral 
squamous cell carcinoma of the lung', Lung Cancer, vol. 73, no. 2, pp. 217-221. 

 
Watkins, DN, Berman, DM, Burkholder, SG, Wang, B, Beachy, PA & Baylin, SB 2003, 'Hedgehog 
signalling within airway epithelial progenitors and in small-cell lung cancer', Nature, vol. 422, no. 6929, 
pp. 313-317. 

 
Wei, J, Xu, G, Wu, M, Zhang, Y, Li, Q, Liu, P, Zhu, T, Song, A, Zhao, L, Han, Z, Chen, G, Wang, S, Meng, 
L, Zhou, J, Lu, Y, Wang, S & Ma, D 2008, 'Overexpression of vimentin contributes to prostate cancer 
invasion and metastasis via src regulation', Anticancer Res, vol. 28, no. 1a, pp. 327-334. 

 
Wei, P-L, Kuo, L-J, Huang, M-T, Ting, W-C, Ho, Y-S, Wang, W, An, J & Chang, Y-J 2011, 'Nicotine 
Enhances Colon Cancer Cell Migration by Induction of Fibronectin', Annals of Surgical Oncology, vol. 
18, no. 6, pp. 1782-1790. 

 
Wheelock, MJ, Shintani, Y, Maeda, M, Fukumoto, Y & Johnson, KR 2008, 'Cadherin switching', J Cell 
Sci, vol. 121, no. Pt 6, pp. 727-735. 

 
Whipple, RA, Matrone, MA, Cho, EH, Balzer, EM, Vitolo, MI, Yoon, JR, Ioffe, OB, Tuttle, KC, Yang, J & 
Martin, SS 2010, 'Epithelial-to-mesenchymal transition promotes tubulin detyrosination and 
microtentacles that enhance endothelial engagement', Cancer Res, vol. 70, no. 20, pp. 8127-8137. 

 
Wiegman, CH, Michaeloudes, C, Haji, G, Narang, P, Clarke, CJ, Russell, KE, Bao, W, Pavlidis, S, Barnes, 
PJ & Kanerva, J 2015, 'Oxidative stress–induced mitochondrial dysfunction drives inflammation and 
airway smooth muscle remodeling in patients with chronic obstructive pulmonary disease', Journal of 
Allergy and Clinical Immunology, vol. 136, no. 3, pp. 769-780. 

 
Williams, BA, Sugimura, H, Endo, C, Nichols, FC, Cassivi, SD, Allen, MS, Pairolero, PC, Deschamps, C & 
Yang, P 2006, 'Predicting postrecurrence survival among completely resected nonsmall-cell lung 
cancer patients', The Annals of thoracic surgery, vol. 81, no. 3, pp. 1021-1027. 

 
Willis, BC & Borok, Z 2007, 'TGF-beta-induced EMT: mechanisms and implications for fibrotic lung 
disease', Am J Physiol Lung Cell Mol Physiol, vol. 293, no. 3, pp. L525-534. 



 
 

281 
 

 
Wistuba, II 2007, 'Genetics of preneoplasia: lessons from lung cancer', Curr Mol Med, vol. 7, no. 1, pp. 
3-14. 

 
Wistuba, II, Behrens, C, Milchgrub, S, Bryant, D, Hung, J, Minna, JD & Gazdar, AF 1999, 'Sequential 
molecular abnormalities are involved in the multistage development of squamous cell lung 
carcinoma', Oncogene, vol. 18, no. 3, pp. 643-650. 

 
Wood, AM & Stockley, RA 2006, 'The genetics of chronic obstructive pulmonary disease', Respir Res, 
vol. 7, no. 1, p. 1. 

 
Woodruff, PG 2011, 'Novel outcomes and end points: biomarkers in chronic obstructive pulmonary 
disease clinical trials', Proc Am Thorac Soc, vol. 8, no. 4, pp. 350-355. 

 
Wu, SQ, Lv, YE, Lin, BH, Luo, LM, Lv, SL, Bi, AH & Jia, YS 2013, 'Silencing of periostin inhibits nicotine-
mediated tumor cell growth and epithelial-mesenchymal transition in lung cancer cells', Mol Med Rep, 
vol. 7, no. 3, pp. 875-880. 

 
Wu, ZQ, Li, XY, Hu, CY, Ford, M, Kleer, CG & Weiss, SJ 2012, 'Canonical Wnt signaling regulates Slug 
activity and links epithelial-mesenchymal transition with epigenetic Breast Cancer 1, Early Onset 
(BRCA1) repression', Proc Natl Acad Sci U S A, vol. 109, no. 41, pp. 16654-16659. 

 
Wushou, A, Hou, J, Zhao, YJ & Shao, ZM 2014, 'Twist-1 up-regulation in carcinoma correlates to poor 
survival', Int J Mol Sci, vol. 15, no. 12, pp. 21621-21630. 

 
Xu, J, Lamouille, S & Derynck, R 2009, 'TGF-beta-induced epithelial to mesenchymal transition', Cell 
Res, vol. 19, no. 2, pp. 156-172. 

 

Xiong, S, Pan, X, Xu, L, Yang, Z, Guo, R, Gu, Y, Li, R, Wang, Q, Xiao, F, Du, L, Zhou, P & Zhu, M 2015, 
'Regulatory T Cells Promote beta-Catenin--Mediated Epithelium-to-Mesenchyme Transition During 
Radiation-Induced Pulmonary Fibrosis', Int J Radiat Oncol Biol Phys, vol. 93, no. 2, pp. 425-435. 

 
Xu, X, Su, B, Xie, C, Wei, S, Zhou, Y, Liu, H, Dai, W, Cheng, P, Wang, F & Xu, X 2014, 'Sonic hedgehog-
Gli1 signaling pathway regulates the epithelial mesenchymal transition (EMT) by mediating a new 
target gene, S100A4, in pancreatic cancer cells', PLoS One, vol. 9, no. 7, p. e96441. 

 
Yamauchi, M, Yoshino, I, Yamaguchi, R, Shimamura, T, Nagasaki, M, Imoto, S, Niida, A, Koizumi, F, 
Kohno, T & Yokota, J 2011, 'N-cadherin expression is a potential survival mechanism of gefitinib-
resistant lung cancer cells', Am J Cancer Res, vol. 1, no. 7, pp. 823-833. 

 
Yammani, RR, Carlson, CS, Bresnick, AR & Loeser, RF 2006, 'Increase in production of matrix 
metalloproteinase 13 by human articular chondrocytes due to stimulation with S100A4: Role of the 
receptor for advanced glycation end products', Arthritis Rheum, vol. 54, no. 9, pp. 2901-2911. 

 



 
 

282 
 

Yan, W & Shao, R 2006, 'Transduction of a mesenchyme-specific gene periostin into 293T cells induces 
cell invasive activity through epithelial-mesenchymal transformation', J Biol Chem, vol. 281, no. 28, 
pp. 19700-19708. 

 
Yan, X, Liu, Z & Chen, Y 2009, 'Regulation of TGF-beta signaling by Smad7', Acta Biochim Biophys Sin 
(Shanghai), vol. 41, no. 4, pp. 263-272. 

 
Yanai, M, Sekizawa, K, Ohrui, T, Sasaki, H & Takishima, T 1992, 'Site of airway obstruction in pulmonary 
disease: direct measurement of intrabronchial pressure', J Appl Physiol (1985), vol. 72, no. 3, pp. 1016-
1023. 

 
Yang, F, Sun, L, Li, Q, Han, X, Lei, L, Zhang, H & Shang, Y 2012, 'SET8 promotes epithelial-mesenchymal 
transition and confers TWIST dual transcriptional activities', Embo j, vol. 31, no. 1, pp. 110-123. 

 
Yang, H, Wang, L, Zhao, J, Chen, Y, Lei, Z, Liu, X, Xia, W, Guo, L & Zhang, HT 2015, 'TGF-beta-activated 
SMAD3/4 complex transcriptionally upregulates N-cadherin expression in non-small cell lung cancer', 
Lung Cancer, vol. 87, no. 3, pp. 249-257. 

 
Yang, IA, Relan, V, Wright, CM, Davidson, MR, Sriram, KB, Savarimuthu Francis, SM, Clarke, BE, Duhig, 
EE, Bowman, RV & Fong, KM 2011, 'Common pathogenic mechanisms and pathways in the 
development of COPD and lung cancer', Expert Opin Ther Targets, vol. 15, no. 4, pp. 439-456. 

 
Yang, J, Mani, SA, Donaher, JL, Ramaswamy, S, Itzykson, RA, Come, C, Savagner, P, Gitelman, I, 
Richardson, A & Weinberg, RA 2004, 'Twist, a master regulator of morphogenesis, plays an essential 
role in tumor metastasis', Cell, vol. 117, no. 7, pp. 927-939. 

 
Yang, J & Weinberg, RA 2008, 'Epithelial-mesenchymal transition: at the crossroads of development 
and tumor metastasis', Dev Cell, vol. 14, no. 6, pp. 818-829. 

 
Yang, K, Song, Y, Tang, YB, Xu, ZP, Zhou, W, Hou, LN, Zhu, L, Yu, ZH, Chen, HZ & Cui, YY 2014, 'mAChRs 
activation induces epithelial-mesenchymal transition on lung epithelial cells', BMC Pulm Med, vol. 14, 
p. 53. 

 
Yang, L, Xie, G, Fan, Q & Xie, J 2010, 'Activation of the hedgehog-signaling pathway in human cancer 
and the clinical implications', Oncogene, vol. 29, no. 4, pp. 469-481. 

 
Yang, MH, Hsu, DS, Wang, HW, Wang, HJ, Lan, HY, Yang, WH, Huang, CH, Kao, SY, Tzeng, CH, Tai, SK, 
Chang, SY, Lee, OK & Wu, KJ 2010, 'Bmi1 is essential in Twist1-induced epithelial-mesenchymal 
transition', Nat Cell Biol, vol. 12, no. 10, pp. 982-992. 

 
Yang, MH, Wu, MZ, Chiou, SH, Chen, PM, Chang, SY, Liu, CJ, Teng, SC & Wu, KJ 2008, 'Direct regulation 
of TWIST by HIF-1alpha promotes metastasis', Nat Cell Biol, vol. 10, no. 3, pp. 295-305. 

 



 
 

283 
 

Yang, S, Banerjee, S, de Freitas, A, Sanders, YY, Ding, Q, Matalon, S, Thannickal, VJ, Abraham, E & Liu, 
G 2012, 'Participation of miR-200 in pulmonary fibrosis', Am J Pathol, vol. 180, no. 2, pp. 484-493. 

 
Yang, Y, Ahn, YH, Gibbons, DL, Zang, Y, Lin, W, Thilaganathan, N, Alvarez, CA, Moreira, DC, Creighton, 
CJ, Gregory, PA, Goodall, GJ & Kurie, JM 2011, 'The Notch ligand Jagged2 promotes lung 
adenocarcinoma metastasis through a miR-200-dependent pathway in mice', J Clin Invest, vol. 121, 
no. 4, pp. 1373-1385. 

 
Yang, Y, Fujita, J, Bandoh, S, Ohtsuki, Y, Yamadori, I, Yoshinouchi, T & Ishida, T 2002, 'Detection of 
antivimentin antibody in sera of patients with idiopathic pulmonary fibrosis and non-specific 
interstitial pneumonia', Clin Exp Immunol, vol. 128, no. 1, pp. 169-174. 

 
Yarden, Y & Sliwkowski, MX 2001, 'Untangling the ErbB signalling network', Nat Rev Mol Cell Biol, vol. 
2, no. 2, pp. 127-137. 

 
Yilmaz, M, Christofori, G & Lehembre, F 2007, 'Distinct mechanisms of tumor invasion and metastasis', 
Trends in molecular medicine, vol. 13, no. 12, pp. 535-541. 

 
Yook, JI, Li, XY, Ota, I, Hu, C, Kim, HS, Kim, NH, Cha, SY, Ryu, JK, Choi, YJ, Kim, J, Fearon, ER & Weiss, SJ 
2006, 'A Wnt-Axin2-GSK3beta cascade regulates Snail1 activity in breast cancer cells', Nat Cell Biol, 
vol. 8, no. 12, pp. 1398-1406. 

 
Yoshino, I, Kometani, T, Shoji, F, Osoegawa, A, Ohba, T, Kouso, H, Takenaka, T, Yohena, T & Maehara, 
Y 2007, 'Induction of epithelial-mesenchymal transition-related genes by benzo[a]pyrene in lung 
cancer cells', Cancer, vol. 110, no. 2, pp. 369-374. 

 
Yoshiura, K, Kanai, Y, Ochiai, A, Shimoyama, Y, Sugimura, T & Hirohashi, S 1995, 'Silencing of the E-
cadherin invasion-suppressor gene by CpG methylation in human carcinomas', Proc Natl Acad Sci U S 
A, vol. 92, no. 16, pp. 7416-7419. 

 
You, L, He, B, Xu, Z, Uematsu, K, Mazieres, J, Mikami, I, Reguart, N, Moody, TW, Kitajewski, J, 
McCormick, F & Jablons, DM 2004, 'Inhibition of Wnt-2-mediated signaling induces programmed cell 
death in non-small-cell lung cancer cells', Oncogene, vol. 23, no. 36, pp. 6170-6174. 

 
Young, R, Hopkins, R & Eaton, T 2009, 'Pharmacological actions of statins: potential utility in COPD', 
European Respiratory Review, vol. 18, no. 114, pp. 222-232. 

 
Yu, JR, Tai, Y, Jin, Y, Hammell, MC, Wilkinson, JE, Roe, JS, Vakoc, CR & Van Aelst, L 2015, 'TGF-
beta/Smad signaling through DOCK4 facilitates lung adenocarcinoma metastasis', Genes Dev, vol. 29, 
no. 3, pp. 250-261. 

 

Yuan, X, Wu, H, Han, N, Xu, H, Chu, Q, Yu, S, Chen, Y & Wu, K 2014, 'Notch signaling and EMT in non-
small cell lung cancer: biological significance and therapeutic application', J Hematol Oncol, vol. 7, p. 
87. 



 
 

284 
 

 
Yuan, Z, Goetz, JA, Singh, S, Ogden, SK, Petty, WJ, Black, CC, Memoli, VA, Dmitrovsky, E & Robbins, DJ 
2006, 'Frequent requirement of hedgehog signaling in non-small cell lung carcinoma', Oncogene, vol. 
26, no. 7, pp. 1046-1055. 
 
Zandvoort, A, Postma, DS, Jonker, MR, Noordhoek, JA, Vos, JT & Timens, W 2008, 'Smad gene 
expression in pulmonary fibroblasts: indications for defective ECM repair in COPD', Respir Res, vol. 9, 
p. 83. 

 
Zandvoort, A, Postma, DS, Jonker, MR, Noordhoek, JA, Vos, JT, van der Geld, YM & Timens, W 2006, 
'Altered expression of the Smad signalling pathway: implications for COPD pathogenesis', Eur Respir J, 
vol. 28, no. 3, pp. 533-541. 

 
Zanini, A, Chetta, A, Saetta, M, Baraldo, S, Castagnetti, C, Nicolini, G, Neri, M & Olivieri, D 2009, 
'Bronchial vascular remodelling in patients with COPD and its relationship with inhaled steroid 
treatment', Thorax, vol. 64, no. 12, pp. 1019-1024. 

 
Zavadil, J, Bitzer, M, Liang, D, Yang, Y-C, Massimi, A, Kneitz, S, Piek, E & Böttinger, EP 2001, 'Genetic 
programs of epithelial cell plasticity directed by transforming growth factor-β', Proceedings of the 
National Academy of Sciences, vol. 98, no. 12, pp. 6686-6691. 

 
Zavadil, J & Bottinger, EP 2005, 'TGF-beta and epithelial-to-mesenchymal transitions', Oncogene, vol. 
24, no. 37, pp. 5764-5774. 

 
Zavadil, J, Cermak, L, Soto-Nieves, N & Bottinger, EP 2004, 'Integration of TGF-beta/Smad and 
Jagged1/Notch signalling in epithelial-to-mesenchymal transition', Embo j, vol. 23, no. 5, pp. 1155-
1165. 

 
Zeisberg, EM, Tarnavski, O, Zeisberg, M, Dorfman, AL, McMullen, JR, Gustafsson, E, Chandraker, A, 
Yuan, X, Pu, WT, Roberts, AB, Neilson, EG, Sayegh, MH, Izumo, S & Kalluri, R 2007, 'Endothelial-to-
mesenchymal transition contributes to cardiac fibrosis', Nat Med, vol. 13, no. 8, pp. 952-961. 

 
Zeisberg, M, Hanai, J, Sugimoto, H, Mammoto, T, Charytan, D, Strutz, F & Kalluri, R 2003, 'BMP-7 
counteracts TGF-beta1-induced epithelial-to-mesenchymal transition and reverses chronic renal 
injury', Nat Med, vol. 9, no. 7, pp. 964-968. 

 
Zeisberg, M & Neilson, EG 2009, 'Biomarkers for epithelial-mesenchymal transitions', J Clin Invest, vol. 
119, no. 6, pp. 1429-1437. 

 
Zeisberg, M, Yang, C, Martino, M, Duncan, MB, Rieder, F, Tanjore, H & Kalluri, R 2007, 'Fibroblasts 
derive from hepatocytes in liver fibrosis via epithelial to mesenchymal transition', J Biol Chem, vol. 
282, no. 32, pp. 23337-23347. 

 
Zeng, J, Zhan, P, Wu, G, Yang, W, Liang, W, Lv, T & Song, Y 2015, 'Prognostic value of Twist in lung 
cancer: systematic review and meta-analysis', Transl Lung Cancer Res, vol. 4, no. 3, pp. 236-241. 



 
 

285 
 

 
Zhang, C, Ding, XP, Zhao, QN, Yang, XJ, An, SM, Wang, H, Xu, L, Zhu, L & Chen, HZ 2016, 'Role of a7-
nicotinic acetylcholine receptor in nicotine-induced invasion and epithelial-to-mesenchymal transition 
in human non-small cell lung cancer cells', Oncotarget. 

 
Zhang, H, Liu, H, Borok, Z, Davies, KJ, Ursini, F & Forman, HJ 2012, 'Cigarette smoke extract stimulates 
epithelial-mesenchymal transition through Src activation', Free Radic Biol Med, vol. 52, no. 8, pp. 1437-
1442. 

 
Zhang, JX, Mai, SJ, Huang, XX, Wang, FW, Liao, YJ, Lin, MC, Kung, HF, Zeng, YX & Xie, D 2014, 'MiR-29c 
mediates epithelial-to-mesenchymal transition in human colorectal carcinoma metastasis via PTP4A 
and GNA13 regulation of beta-catenin signaling', Ann Oncol, vol. 25, no. 11, pp. 2196-2204. 

 
Zhang, M, Zhang, Z, Pan, HY, Wang, DX, Deng, ZT & Ye, XL 2009, 'TGF-beta1 induces human bronchial 
epithelial cell-to-mesenchymal transition in vitro', Lung, vol. 187, no. 3, pp. 187-194. 

 
Zhang, X, Liu, G, Kang, Y, Dong, Z, Qian, Q & Ma, X 2013, 'N-cadherin expression is associated with 
acquisition of EMT phenotype and with enhanced invasion in erlotinib-resistant lung cancer cell lines', 
PLoS One, vol. 8, no. 3, p. e57692. 

 
Zhou, W, Ibe, BO & Raj, JU 2007, 'Platelet-activating factor induces ovine fetal pulmonary venous 
smooth muscle cell proliferation: role of epidermal growth factor receptor transactivation', Am J 
Physiol Heart Circ Physiol, vol. 292, no. 6, pp. H2773-2781. 

 
Zhu, X, Zhong, J, Zhao, Z, Sheng, J, Wang, J, Liu, J, Cui, K, Chang, J, Zhao, H & Wong, S 2015, 'Epithelial 
derived CTGF promotes breast tumor progression via inducing EMT and collagen I fibers deposition', 
Oncotarget, vol. 6, no. 28, p. 25320. 

 
Zhuo, H, Jiang, K, Dong, L, Zhu, Y, Lü, L, Lü, Y, Zhang, Y, Zhang, H, Ye, Y & Wang, S 2013, 'Overexpression 
of N-cadherin is correlated with metastasis and worse survival in colorectal cancer patients', Chinese 
Science Bulletin, vol. 58, no. 28-29, pp. 3529-3534. 

 
Zou, W, Zou, Y, Zhao, Z, Li, B & Ran, P 2013, 'Nicotine-induced epithelial-mesenchymal transition via 
Wnt/β-catenin signaling in human airway epithelial cells', American Journal of Physiology - Lung 
Cellular and Molecular Physiology, vol. 304, no. 4, pp. L199-L209. 

 

 

 


	Statement regarding published work contained in thesis
	“The publishers of the papers comprising chapter 4, chapter 5, chapter 6 and chapter 7 hold the copyright for the respective content, and access to the material should be sought from the respective journals. The remaining non published content of the ...
	“The research associated with this thesis abides by the international and Australian codes on human and animal experimentation, the guidelines by the Australian Government’s Office of the Gene Technology Regulator, The Tasmania Health and Medical Huma...
	Publications
	Chapter 1
	1. Introduction
	Chapter 2
	2.  Chronic Obstructive Pulmonary Disease (COPD) and Epithelial mesenchymal transition: Literature Review
	2.1 Anatomy
	2.2 Definition of COPD
	2.3 Classical pathology of COPD
	2.4 Classification (Physiological – Spirometric)
	2.5 Natural history of COPD
	2.6 Social and economic impact
	2.6.1 Global burden
	2.6.2 National burden (Australia)

	2.7 Host factors for COPD
	2.7.1 Asthma
	2.7.2 Genetic Factors
	2.7.3 Age
	2.7.4 Gender
	2.7.5 Nutrition
	2.7.6 Socioeconomic status (SES)

	2.8 Airway inflammation in COPD
	2.9 Airway Remodeling in COPD
	2.9.1 Epithelium
	2.9.2 Reticular basement membrane (Rbm)
	2.9.3 Airway smooth muscle
	2.9.4 Submucosal glands and mucus hypersecretion
	2.9.5 Extracellular Matrix (ECM)
	2.9.6 Cartilage
	2.9.7 Airway vascularity and Angiogenesis

	2.10 Airway remodelling and lung function
	2.11 Epithelial mesenchymal transition (EMT)
	2.11.1 EMT classification
	2.11.2 Aetiology and Mechanism of EMT
	2.11.3  EMT Signalling Pathways
	2.11.3.A TGF-β (1) signalling pathway(s)
	2.11.3.A.i Smad-dependent TGF-β1 pathway
	2.11.3.A.ii Smad-independent TGF-β1 pathway
	2.11.3.A.iii TGF-β1 as a therapeutic target

	2.11.3.B Wnt-β catenin signalling pathway
	2.11.3.C Hedgehog Pathway
	2.11.3.D uPAR pathway
	2.11.3.E Notch signalling pathway

	2.11.4 Transcriptional regulation of EMT
	2.11.4.A  Snail Family
	2.11.4.B E47 and Twist
	2.11.4.C ZEB TF Family

	2.11.5  Cell and Tissue Markers of EMT
	2.11.5.A S100A4 (FSP-1)
	2.11.5.B Vimentin
	2.11.5.C N-cadherin
	2.11.5.D EGFR: Epithelial activation marker

	2.11.6 Epigenetic regulation of EMT
	2.11.6.A DNA methylation
	2.11.6.B Histone modifications
	2.11.6.B.i Methylation
	2.11.6.B.ii Acetylation

	2.11.6.C Post translational modifications during EMT

	2.11.7 EMT and smoking
	2.11.7.A Nicotine
	2.11.7.B Polycyclic Aromatic Hydrocarbons (PAH)
	2.11.7.C Reactive Oxygen Species (ROS)
	2.11.7.D Nicotine-derived nitrosamine ketone (NNK)

	2.11.8 EMT and Angiogenesis
	2.11.9 EMT in COPD
	2.11.10 EMT in Lung Cancer

	2.12 Concluding remarks for literature review and questions for the present thesis
	2.12.1 Hypothesis


	Chapter 3
	3. Materials and Methods
	3.1 Introduction
	3.2 Subject recruitment
	3.2.1 Ethics statements
	3.2.2 Endo-bronchial biopsies from large airways
	3.2.3 Exclusion criteria
	3.2.4 Inclusion criteria for phenotypes

	3.3 Bronchoscopy
	3.4 Resected lung tissue non-tumorous large and small airways, and also lung cancers
	3.5 Processing of biopsies and resected tissue
	3.5.1 General procedure for hematoxylin and eosin (H&E) stain
	3.5.2 General procedure for EGFR staining
	3.5.3 General procedure for S100A4 and Vimentin staining
	3.5.4 General procedure for N-cadherin and Type-IV collagen staining.
	3.5.5 General procedure for TGFβ1, pSmad2/3 and pSmad7 staining
	3.5.6 General procedure for β-catenin, Snail1 and Twist staining

	3.6 Sections quantification
	3.6.1 Quantification of EGFR, S100A4, Vimentin and Type-IV collagen expression
	3.6.2 Quantification of TGFβ1, pSmad2/3 and pSmad7 expression
	3.6.3 Quantification of β-catenin, Snail1 and Twist expression

	3.7 Statistical analysis

	Chapter 4
	4. Epithelial mesenchymal transition (EMT) in smokers: large versus small airways; and relation to airflow obstruction
	4.1  Introduction
	4.2  Overview of materials and methods
	4.3 Results
	4.3.1 EGFR expression in Epithelium
	4.3.2 Fragmentation in the reticular basement membrane (Rbm)
	4.3.3 S100A4 and vimentin positive cells in the basal epithelium
	4.3.4 S100A4 and vimentin positive cells in the Rbm
	4.3.5 Blood vessels in the Rbm
	4.3.6 Regression Data

	4.4 Discussion

	Chapter 5
	5. Transforming growth factor (TGF)-β1 and the Smad pathway in airway EMT.
	5.1 Introduction
	5.2  Overview of materials and methods
	5.3  Results
	5.3.1 TGF(1 expression
	5.3.1.A Basal epithelium
	5.3.1.B Rbm
	5.3.1.C LP

	5.3.2 pSmad 2/3 expression
	5.3.2.A Basal epithelium
	5.3.2.B Rbm
	5.3.2.C LP

	5.3.3 pSmad 7 expression
	5.3.3.A Basal epithelium
	5.3.3.B Rbm
	5.3.3.C LP

	5.3.4 pSmad 2/3:7 ratios
	5.3.5 Regression analyses

	5.4 Discussion

	Chapter 6
	6. β-catenin, Twist and Snail: Transcriptional regulation of EMT in smokers and COPD, and relation to airflow obstruction
	6.1  Introduction
	6.2 Overview of materials and methods
	6.3 Results
	6.3.1 Basal epithelial cells
	6.3.1.A β-catenin
	6.3.1.B Snail1
	6.3.1.C Twist

	6.3.2 Rbm cells
	6.3.2.A β-catenin
	6.3.2.B Snail1
	6.3.2.C Twist

	6.3.3 LP cells
	6.3.3.A β-catenin
	6.3.3.B Snail1
	6.3.3.C Twist

	6.3.4 Regression Analyses

	6.4 Discussion

	Chapter 7
	7. Epithelial mesenchymal transition (EMT) and non-small cell lung cancer (NSCLC): A mutual association with airway disease
	7.1 Introduction
	7.2 Over view of materials and methods
	7.3 Results
	7.3.1 EMT biomarker expression in NSCLC
	7.3.2 Regression Analyses
	7.3.2.A Adenocarcinoma
	7.3.2.B Squamous cell carcinoma


	7.4 Discussion

	Chapter 8
	8. Summary and Conclusions
	8.1 Overview of results

	References:

