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ABSTRACT 
FACULTY OF MEDICINE, HEALTH AND BIOLOGICAL SCIENCES 

DIVISION OF INFECTION, INFLAMMATION AND REPAIR 
Doctor of Philosophy 

THE INFLUENCE OF EPIDERMAL GROWTH FACTOR RECEPTOR LIGANDS ON CD44 AND 
ERM PROTEINS IN BRONCHIAL EPITHELIAL CELLS 

By Caroline Jane Bell 

The bronchial epithelium of asthmatic airways exhibits structural modifications including loss of 
columnar cells, which compromises the barrier function of the airway epithelium. Greater 
understanding of the regulators and molecules involved in epithelial repair might provide new targets 
for therapeutic intervention. Epidermal growth factor (EGF) and its receptor (EGFR) have pleiotropic 
effects on cells and likely orchestrate, at least in part, repair processes through changes in cell motility, 
adhesion and proliferation. More specifically, EGF enhances repair of scrape wounded bronchial 
epithelial cells in an in vitro system. Bronchial biopsies from asthmatics show increased staining for 
the EGFR and the cell adhesion molecule, CD44 on basal cells within areas of epithelial damage 
implicating a role for these proteins in damage/repair processes. Initial experiments examined the 
hypothesis that increased EGFR signalling could cause an upregulation of CD44 and regulate cell 
adhesion. In the bronchial epithelial cell lines, NCI-H292 and 16HBE 14o-, measurement of CD44 
expression by flow cytometry and Western blotting showed that EGF and HB-EGF had no influence 
on the expression of surface or total CD44 levels, respectively. This observation suggests that, in this 
system, EGF through its divergent signalling pathways, may regulate other processes required for 
epithelial repair such as migration. ERM proteins (ezrin, radixin and moesin), can link the actin 
cytoskeleton with the plasma membrane via cell adhesion molecules such as CD44 and can be 
activated by EGF. A role for ERM proteins in cell adhesion, migration and cellular morphology has 
been shown in other systems, therefore changes in their regulation by EGF might be important during 
bronchial epithelial repair processes and was examined here. 

Ezrin and moesin were detected in bronchial epithelial cell cultures where under basal conditions 
they had a cytoplasmic distribution as well as at plasma membrane regions co-localised with CD44. 
Following treatment with InM EGF (15 minutes), enhanced cytoskeletal association along with 
redistribution of ezrin and moesin to membrane projections resembling lamellipodia and microvilli-
like structures was observed and cells appeared to adopt a more migratory phenotype. This EGF 
stimulated redistribution of ezrin and moesin did not appear to be as a result of activation by 
phosphorylation on tyrosine residues as determined by immunoprecipitation using anti-
phosphotyrosine antibodies followed by Western blotting. 

Previously published data showing enhanced repair with EGF were confirmed here in primary 
bronchial epithelial cells as well as the 16HBE 14o- cell line. As EGF stimulated enhanced migration 
might act in part by modulation of ERM proteins the distribution of ERM proteins and CD44 during 
repair was observed using double immunofluorescent staining. However at the earlier time points (0-3 
hours) cells did not appear to be migrating and ERM proteins were not seen in lamellipodia structures 
as observed previously. Instead, CD44 and ERM proteins were co-localised in microvilli-like 
extensions might reflect enhanced adhesion processes following damage. A study of the later phase of 
repair might confirm an involvement of ERM proteins in migratory processes during repair. In 
addition to the effects of EGF, the mast cell stabiliser, sodium cromoglycate was shown here to 
enhance repair of damaged 16HBE 14o- cell monolayers (P<0.03 and <0.02 at 3 and 9 hours 
respectively) and this was shown to act through an EGFR dependent mechanism as IjiM tyrphostin 
AG1478 blocked this effect and EGF receptors phosphorylated on tyrosine residues were detected in 
anti-phosphotyrosine immunoprecipitates of 16HBE 14o- cells treated with sodium cromoglycate. 

In conclusion these data have shown that, ezrin and moesin are associated with the actin cytoskeleton 
and co-localised with CD44 and can be modulated by EGF in bronchial epithelial cells. However a 
role for ERM proteins during repair could not be established. EGF stimulated enhancement of 
bronchial epithelial repair could be attributed to, in part, by the modulation of ERM proteins allowing 
modifications to cell shape, motility and spreading enabling restitution of the damaged bronchial 
epithelium in asthma. 
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1 CHAPTER ONE 

INTRODUCTION 

1.1 Overview 

Asthma is a chronic, respiratory disease with a complex aetiology involving 

inflammation, tissue damage, restitution and remodelling processes. The bronchial 

epithelium of asthmatics exhibits loss of columnar cells and likely undergoes frequent 

damage/repair cycles during exacerbations of the disease, leading to altered or 

remodelled airways. Bronchial epithelial repair is a complex process involving 

modifications to cell adhesion, motility, morphology and proliferation by the co-

ordinated control of cytoskeletal proteins, cell adhesion molecules, growth factors and 

extracellular matrix proteins. The detailed role of these proteins in bronchial epithelial 

repair is not yet fully understood, however elucidation of the control and functions 

could enable greater understanding of repair and the potential for novel therapeutic 

interventions. 

1.2 Asthma and the bronchial epithelium 

Asthma is a chronic disease of the airways characterised by clinical symptoms of 

wheeze, cough and breathlessness. Physiologically, the disease comprises abnormal 

bronchial smooth muscle contraction in response to non-specific stimuli which is 

termed bronchial hyper-responsiveness and is accompanied by variable airflow 

obstruction. In addition to the atypical broncho-constriction of asthmatic airways it is 

well established that an inflammatory component involving lymphocytes, eosinophils, 

mast cells and macrophages contributes to the pathology of the disease. These 

inflammatory cells are increased in the airways of asthmatic subjects (airway wall and 

fluids) and through the release of an array of proinflammatory mediators including IL-

3, IL-4, IL-5, IL-6, IL-9, IL-13 and GM-CSF (reviewed in (154)) contribute to the 

abnormal pathophysiological features of asthma. In addition to the inflammation, these 

features include oedema, epithelial damage and permanent modifications of the airway 

wall termed remodelling (reviewed in (20)). This remodelling is characterised by 

thickening of the airway wall as a result of sub-epithelial fibrosis and smooth muscle 



hyperplasia along with increased collagen (types m and V) deposition, goblet cell 

hyperplasia (109), increased sub-mucosal glands and increased vascularity (162). 

1.2.1 The structure and function of the bronchial epithelium 

1.2.1.1 Structure 

The bronchial epithelium has a stratified structure with ciliated and goblet columnar 

epithelial cells attached to a basal epithelial cell layer, which is in turn bound to the 

basement membrane and the submucosa (see figure 1.1) (151). In the bronchi, the 

majority of the columnar cells are of the ciliated type and their motile cilia function to 

remove mucus, irritants, bacteria, viruses and other foreign particulates up and out of 

the respiratory tract by the mucociliary escalator. Goblet cells are a type of secretory 

cell which secrete mucins into the airways and make up a small proportion (15-25%) of 

the population of columnar cells of the bronchial epithelium. The sub-basement 

membrane layers are made up of lamina propria, muscularis mucosa and submucosa 

(145). 

The integrity of the epithelium is essential for its barrier function and adjacent cells are 

held together and bound to the underlying extracellular matrix by cell adhesion 

molecules and junctional complexes to form a continuous, cohesive, impermeable 

epithelium (reviewed in (102)). Several junctional adhesion structures exist in the 

bronchial epithelium and the desmosomes, hemidesmosomes and adherens junctions 

contribute most to adhesion. The desmosomes (macula adherens) are button-like 

symmetrical points of contact whose structure can include proteins from the following 

three families, desmosomal cadherins (desmogleins, desmocollins), the armadillo 

protein family (plakoglobin, plakophilins 1-3) and the plakins (desmoplakin, plectin). 

These protein structures bind and connect the keratin-intermediate filaments from two 

adjacent cells and as junctions are responsible for the attachment of columnar cells to 

each other and to the basal cells (reviewed in (47)). Hemidesmosomes are asymmetric 

points of contact between the basal cells and the underlying basement membrane. The 

adherens junctions (intermediate junctions, zonula adherens-ZA) comprise a belt of 

adherens junctions around individual columnar cells. Adherens junctions are 

specialised regions made up of cadherins which function as cell adhesion molecules to 
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Figure 1.1. Structure of the bronchial epithelium 
Schematic representation of the bronchial epithelium 
showing the main epithelial cell types and junctional complexes. 
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connect the actin filaments from one cell to the next via crosslinking proteins including 

catenins and vinculin (reviewed in (104)). Finally, tight junctions (zonula occludens-

ZO), comprise transmembrane proteins, occludin and claudins, which link the 

cytoplasmic, ZO-1 proteins in the cytoplasm of neighbouring cells which in turn can 

interact with actin. These junctions divide the cell into apical and basolateral regions 

and serve as permeability barriers (reviewed in (100), (135)). 

The structure provided by junctional complexes made up of the tight junctions, 

adherens junctions and desmosomes is important for the function of the epithelium in 

the respiratory tract where it exists to provide a barrier between the external and 

internal environments. 

1.2.1.2 Function of the bronchial epithelium 

Bronchial epithelial cells provide a barrier function as they form a continuous physical 

barrier against potentially harmful environmental agents such as allergens, pollutants 

and infectious agents including bacteria and viruses. In addition specific functions are 

provided by goblet cells which produce mucus that traps foreign inhaled particles and 

ciliated epithelial cells are able to exclude irritants and mucus from the airway by 

means of the mucociliary escalator. 

1.2.2 The bronchial epithelium in asthma 

1.2.2.1 Phenotype 

In asthma damage to the bronchial epithelium characterised by epithelial cell shedding 

is frequently seen (see figure 1.2A). Bronchial biopsies from asthmatics consistently 

show damaged areas (75) where there appears to be selective loss of columnar cells 

(103) to leave an exposed basal cell layer. Furthermore clusters of columnar epithelial 

cells (known as Creola bodies), but not basal cells, are found in the sputum (103) and 

bronchial alveolar lavage fluid (BAL) (12) of asthmatic patients suggesting areas of 

damage seen in biopsies are not artefactual damage as a result of the biopsy procedure. 
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Figure 1.2. The bronchial epithelium in asthma. 
Shows schematically the damage/repair phenotype of asthmatic bronchial 
epithelium. Picture A represents the damage seen where columnar cells are 
shed to leave a basal cell layer. The surrounding columnar cells differentiate 
and spread to cover the wound (B) and these cells or the basal cells then 
proliferate and differentiate to form an intact epithelium (C). 



As well as the presence of damage to the asthmatic epithelium, other alterations have 

also been observed. The cell adhesion molecule, CD44, is increased in asthmatic and 

damaged epithelium in bronchial biopsies (73) and ICAM-1 (intercellular adhesion 

molecule-1) expression is higher on asthmatics epithelial cells than those from normal 

subjects (152). Growth factor receptors and their ligands have also been studied; the 

epidermal growth factor receptor (EGFR) is increased in the bronchial epithelium of 

mild and severe asthmatics (115), (5). The growth factors, epidermal growth factor 

(EGF) (5) and transforming growth factor-beta (TGF-P) (153) also have increased 

expression in the bronchial epithelium of asthmatics. 

1.2.2.2 Consequences of damage to the bronchial epithelium 

Loss of columnar cells from the bronchial epithelium has several consequences. The 

loss of the physical barrier allows entry of potentially harmful environmental agents, 

such as allergens, bacteria and viruses into the underlying mucosa. In addition, the 

increased inflammatory mediators present in the airway are also able to impact on the 

underlying cells of the airway wall. In clinical terms, there is also a correlation 

between epithelial damage and airway hyperresponsiveness (12), (66) and this might be 

as a result of increased exposure of nerves and increased permeability of the sub-

mucosa to broncho-constricting mediators. 

1.2.2.3 Epithelial repair 

Bronchial epithelial repair is likely to comprise several stages or mechanisms but as yet 

these processes have not been fully characterised. In vivo studies have described how 

columnar cells surrounding the area of damage de-differentiate and spread to cover the 

area. These cells then proliferate and differentiate into ciliated and goblet columnar 

cells to reform a stratified bronchial epithelium (see figure 1.2 B and C) (38). This 

process likely involves complex changes in cell morphology, migration, adhesion, 

proliferation and phenotype which probably require the involvement and regulation of 

cell adhesion molecules, growth factors and cytoskeletal proteins. These will be 

discussed in turn below. 



1,3 Cell adhesion molecules 

As well as the cell-cell and cell-substrate adhesion provided by junctional complexes, 

non-junctional cell adhesion molecules such as integrins, ICAM-1 (intercellular 

adhesion molecule-1) and CD44 are also present within the bronchial epithelium and 

involved in both intercellular and cell-extracellular matrix adhesion (123). 

1.3.1 CD44 

CD44 is a cell surface glycoprotein that is expressed on many cell types and has many 

isoforms; the standard or haematopoietic form (CD44s or CD44H) is expressed as a 

protein of 80-95 kDa and has been detected on most cell types and has been 

characterised on haematopoietic cells, fibroblasts, keratinocytes and epithelial cells. 

The diversity of this protein arises as a result of alternative splicing of variant exons 

and post-translational glycosylation to generate variant isoforms which have been 

detected on many cell types but are largely restricted to cells of epithelial origin and 

these forms are expressed in a range of molecular weights from 110-300 kDa (90). 

During the process of the characterisation of CD44, the molecules H-CAM, GP90^®™\ 

Pgp-1, ECMR III, lymphocyte homing receptor and Hermes antigen were assumed to 

be distinct molecules. Subsequently these multi-functional molecules were discovered 

to consist of the same standard CD44 protein and hence in the literature CD44 may be 

referred to as one of these synonyms. 

I.3.1.1 CD44 gene structure 

CD44 is encoded by a single gene (figure 1.3), located on the short arm of chromosome 

II , and comprises 20 exons (126). Expression of the diverse isoforms of CD44 is 

enabled by post-transcriptional alternative splicing of 12 of these exons termed variant 

(v) exons. Further variation arises as a result of post-translational glycosylation at 

selected sites on the CD44 molecule. At two regions of the CD44 mRNA molecule 

exons can be alternatively spliced during mRNA processing. The first of these variable 

regions is in the membrane proximal extracellular domain between amino acids 202 

and 203 where 10 exons may be alternatively spliced. The standard form contains none 
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Alternatively spliced exons 
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v l v2 v3 v4 v5 v6 v7 v8 v9 vlO 

Figure 1.3. Schematic diagram of CD44 gene organisation. 
Exons 1-5 and 15-19 ( [ ] ) are standard exons expressed in all CD44 proteins and exons 6a-14 (or vl-vlO) (| |) are 
alternatively spliced exons which when expressed give rise to variant CD44 isoforms. Exons 18 and 19 ( Q ) of the 
cytoplasmic tail can also be alternatively spliced. Exon 6a or vl is not expressed in humans. 



of these exons and is almost ubiquitously expressed. Other forms contain various 

combinations of the 10 alternatively spliced exons for example CD44E is the epithelial 

form which is predominantly expressed on cells of epithelial origin and contains the 

additional variant exons v8, v9 and vlO. The cytoplasmic tail or domain is also subject 

to variation and is described as either long or short depending upon which of exons 18 

or 19, respectively, is spliced out (19). 

1.3.1.2 CD44 protein structure 

The core of the standard CD44 protein comprises 341 amino acids and can be sub-

divided into 3 domains, a 248 amino acid extracellular domain, a 21 amino acid 

transmembrane domain and a 72 amino acid cytoplasmic tail (134). As described 

above (section 1.3.1.1) alternative splicing inserts additional amino acid sequences into 

the membrane proximal extracellular domain. 

In addition to alternative splicing of variant exons, post-translational modifications give 

rise to further diversity of the protein. The addition of glycosaminoglycans (GAG), 

such as heparan sulphate, heparin, chondroitin sulphate, dermatan sulphate and keratan 

sulphate, as well as N- and 0-linked glycans by glycosylation generates CD44 

molecules of a much higher molecular mass than that expected by deduction based on 

the amino acid sequence of CD44 (25). 

GAG modification of CD44 has only been demonstrated on CD44 proteins containing 

the alternatively spliced exon v3 (CD44v3) which encodes a serine-glycine-serine-

glycine consensus motif for GAG addition (63). Modification of CD44 with GAG 

enables binding of CD44 to heparin binding growth factors. For example the CD44v3 

isoform modified with heparan sulphate (also termed a heparan sulphate proteoglycan -

HSPG) has been found to interact with heparin binding epidermal growth factor (HB-

EGF) and basic fibroblast growth factor (bPGF) (14). 

1.3.1.3 Function 

The heterogeneous structure of the CD44 molecule probably provides for a wider range 

of functions than would otherwise be expected of a single molecule. Originally CD44 



was termed the lymphocyte homing receptor but it is now thought to be involved in a 

much wider range of functions which include extracellular matrix binding, ligand 

binding, cell migration and cell adhesion (83). 

CD44 has been studied to determine its ligand binding sites which enable it to carry out 

its array of functions. The extracellular domain has binding sites for the extracellular 

matrix components, hyaluronic acid (HA) (7), fibronectin, laminin (64), (65) and 

collagen types I and VI (157) enabling it to function as a cell-substrate adhesion 

molecule. Binding sites have also been characterised on the cytoplasmic domain of 

CD44 for the cytoskeletal binding proteins ankyrin (87) and the ERM family (ezrin, 

radixin, moesin) protein, ezrin (79) which might be involved in cell migration and 

morphology. 

1.3.1.4 CD44 in asthma and bronchial epithelial repair 

Changes in the expression of CD44 isoforms in the airway epithelium of asthmatics 

have been documented. The epithelial cells of asthmatic bronchial biopsies show 

increased expression of CD44 proteins when compared to non-asthmatic subjects, as 

shown by a two-fold increase in expression on the basal cell membranes of asthmatics. 

In areas of damaged epithelium, changes in the pattern of expression are also seen with 

higher CD44 expression in areas of damage in both normal and asthmatic epithelium. 

This suggests a role for CD44 after damage has taken place rather than during the 

inflammatory process characteristic of asthma (73). In addition, in an in vitro study of 

bronchial epithelial repair CD44 expression was increased at the wound edge 12-48 

hours following damage further implying a role for this cell adhesion molecule in 

epithelial repair (80). 

1.4 

Growth factors are extracellular signalling molecules that bind to cell surface receptors 

on a variety of cell types to stimulate cell proliferation. In addition growth factors are 

able to influence cell migration, survival, differentiation and function. 



1.4.1 Epidermal Growth Factor 

Epidermal growth factor (EGF) has multiple effects on epithelial, mesenchymal and 

stromal cells and regulates proliferation, apoptosis, cell motility, differentiation and 

dedifferentiation. It exerts these effects through its binding and activation of some 

members of the EGF receptor family, which have intrinsic tyrosine kinase activity. 

EGF belongs to a family of ligands that includes heparin-binding EGF (HB-EGF), 

transforming growth factor-alpha (TGFa), amphiregulin (AR), betacellulin (BTC) and 

epiregulin. These ligands characteristically bind to the EGF receptor (EGFR), the 

prototype member of the c-erbB family and activate one or more of the members of the 

EGFR family by dimerisation. The EGF receptor family is made up of 4 members, 

EGFR (c-erbBl/HERl (Human Epidermal growth factor Receptor), c-erbB2/HER2/ 

pl85/neu, c-erbB3/HER3 and c-erbB4/HER4 (reviewed in (158)). Table 1.1 

summarises the receptor specificity of the ligands for individual members of the EGF 

receptor family. In bronchial epithelial cell cultures the EGFR, c-erbB2 and c-erbB3 

but not c-erbB4 are expressed (116). 

The EGFR is tyrosine kinase linked which upon binding of ligand undergoes 

dimerisation to form a homodimer (with the same type of receptor) or a heterodimer 

with a different member of the EGF receptor family (see table 1.1). The receptors then 

cross-phosphorylate each other on tyrosine residues and these phosphorylated tyrosines 

act as docking sites for intracellular signalling molecules which are in turn 

phosphorylated on tyrosine and trigger downstream signalling pathways (158). 

Ligands for the EGFR are synthesised as membrane-bound pre-cursor molecules then 

proteolytic ally cleaved by metalloproteinases to allow for activity at receptors (35). 

For example, HB-EGF is expressed on the cell surface as a membrane bound form 

where it can act as a juxtacrine growth factor. This transmembrane precursor molecule 

is proteolytically cleaved to release soluble, mature HB-EGF which can act as a 

paracrine or autocrine growth factor. In an in vitro assay matrix metalloproteinase-3 

(MMP-3 or stromelysin-1) was able to cleave membrane bound HB-EGF at a specific 

juxtamembrane site (Glul51 and Asn 152) (137) and ADAM 10 (a disintegrin and 



Table 1.1. EGF receptor subtypes, their ligands and heterodimers formed. 

EGF receptor 
family member 

Ligands Heterodimers 
formed 

Other information 

EGFRl (c-erbBl) EGF, TGF-a, HB-
EGF, amphiregulin 

c-erbB2 
c-erbB3 
c-erbB4 

c-erbB2 - c-erbB3 
c-erbB4 

No known ligand 

c-erbB3 Heregulin c-erbB4 
c-erbB4 HB-EGF 

Betacellulin 
Neuregulin 

c-erbB 1 
c-erbB2 
c-erbB3 

Lacks intrinsic tyrosine 
kinase activity. 
Not expressed by 
bronchial epithelial 
cells. 



metalloproteinase) has also been implicated in membrane-bound growth factor 

processing (82). 

1.4.2 Heparm-bmding Epidermal Growth Factor 

Heparin-binding epidermal growth factor (HB-EGF) was initially identified as a 

heparin-binding protein, which had mitogenic properties and was present in the 

conditioned medium of macrophage-like cells (54). Further characterisation of the 

structure of HB-EGF revealed an EGF-like domain and a hydrophilic region which 

might constitute a heparin-binding domain (55). The heparin-binding region was 

subsequently found to be a 21 amino acid sequence within this hydrophilic region 

(146). In addition to the EGFR, HB-EGF binds to and activates the c-erbB4 another 

member of the EGF receptor family (see section 1.4.1). 

HB-EGF is able to bind to cell surface heparan sulphate proteoglycans (HSPGs), such 

as CD44v3 (see section 1.3.1.2), through its heparin-binding domain (14). Binding of 

this growth factor to the cell surface may have important implications as, unlike other 

EGF family growth factors, binding of the EGF-like domain of HB-EGF to the EGFR 

is not sufficient for optimal activity; and tyrosine phosphorylation of the EGF receptor 

by HB-EGF is enhanced in the presence of heparin (9) and optimal stimulation of 

smooth muscle cell migration by HB-EGF is dependent upon the interaction of HB-

EGF with cell surface HSPG (53). 

Other growth factors have also been shown to bind HSPGs. Fibroblast growth factors 

(FGF) a and P are also known to bind to HSPG and this appears to stabilise the 

interaction of FGF with its receptor (FGFR) (24), protect the growth factor from 

degradation and also establish a cell surface bound reservoir of FGF. Hepatocyte 

growth factor/scatter factor (HGF/SF) binds the heparan sulphate chains of CD44v3 

and this interaction increases tyrosine phosphorylation of the HGF/SF receptor c-met 

above that seen in the absence of heparan sulphate (150). 

Similarly, HB-EGF binding to a HSPG such as heparan sulphate modified CD44v3 

may serve several functions, the HSPG may modulate growth factor function and 

provide a mechanism for growth factor recruitment at the cell surface to establish a 



growth factor pool and gradient within a tissue or prevent degradation of the growth 

factor. 

1.4.3 Growth factors in asthma and bronchial epithelial repair 

Several lines of evidence suggest that the EGFR and its ligands could play a role in 

asthma. Bronchial biopsies obtained from asthmatic subjects show intense EGFR 

staining on basal cells within areas of epithelial damage (115) but a role for the receptor 

has not been identified. The enhanced staining in areas of damage suggest a role for 

the EGFR in the damage or repair of the bronchial epithelium. Additionally another 

study showed enhanced EGF immunoreactivity in submucosal cells of asthmatics and 

in areas of damaged epithelium (153). In skin wounds, HB-EGF, is found in the fluid 

bathing the wound (93), (99) and in scrape wounded intestinal epithelial cell cultures 

HB-EGF gene expression is increased (37), further indication of an involvement of the 

EGFR and its ligands in wounding and repair. EGF and HB-EGF have been shown to 

enhance migration of numerous cell types including keratinocytes (61), fibroblasts 

(159), endothelium (78), mesothelial (39), smooth muscle cell (53), corneal epithelium 

(167), intestinal epithelium (141) and lung epithelial cells (71), (84), (118). In vivo 

studies have confirmed a role for EGF in epithelial repair following smoke damage to 

sheep trachea (11) and after allergen challenge in guinea pig trachea (38). On a more 

cellular level EGF, stimulates changes in cell morphology (13) and the actin 

cytoskeleton (112) functions likely to be involved in repair. 

Other growth factors have been implicated in repair of the epithelium. Keratinocyte 

growth factor (KGF/FGF7) stimulates epithelial cells to proliferate, migrate and 

differentiate and its expression is also markedly increased after injury to mouse skin 

(161). Transforming growth factor-beta (TGF|3) immunoreactivity is increased in the 

epithelium and submucosa of asthmatic bronchial biopsies when compared to normal 

subjects (153) as well as in the bronchoalveolar lavage (BAL) fluid of asthmatics (120). 

TGFpi treatment of tracheal epithelial cells stimulated cell spreading which was 

accompanied by reduced cell-cell and cell-substrate adhesion, actin reorganisation and 

increased migration suggesting that TGF^l, by stimulating migration, may be 

important in epithelial repair (17), (60). 
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1.5 The actin cytoskeleton 

The actin cytoskeleton along with microtubules and intermediate filaments provides a 

dynamic structural framework within cells. Formation of actin filaments, or fibrous (F) 

actin, involves elongation at the (+) end of the polar filament with unbound globular 

(G) actin, to form long rod-like structures and disassembly of these structures involves 

removal of actin at the (-) end of the filament. Filaments go onto form parallel bundles, 

stress fibres or mesh-like structures and in epithelial cells support adherens junctions 

and are found in lamellipodia, microvilli and microspike projections of the plasma 

membrane (2). 

1.5.1 Involvement of actin in cell morphology, migration and repair 

Actin filament re-organisation probably implements changes in cell morphology and 

motility essential for the initial step in bronchial epithelial repair which is proposed to 

be migration of columnar cells surrounding the wound to cover the basal cell layer. It 

has been shown by the use of inhibitors of elongation of actin microfilaments (e.g. 

cytochalasin) that actin microfilaments are necessary for migratory movement of cells 

(164). 

The involvement of actin filaments in wound healing is well documented. Actin 

filaments are arranged in cable-like structures at the leading edge of circular wounds in 

corneal epithelial (34) and embryonic skin wounds (95), implicating a contractile 

'purse string' mechanism of cell movement at the leading edge to co-ordinate repair of 

circular wounds. Alternatively, in adult wounds and other in vitro wound systems (78) 

the formation of flat extensions of the plasma membrane, termed lamellipodia, is seen 

at the leading edge of cells to allow directional migration of cells. Actin filament 

polymerisation along with recruitment of actin-binding proteins drives the formation of 

these structures preceding the onset of migration (reviewed in (133)). 

1.5.2 Regulation of actin 

The modulation of actin microfilaments in orchestrating cell motility, proliferation and 

differentiation is not fully understood. However, it is has been shown that actin has _ i 
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several binding sites for actin-associated proteins of which at least 25 have been 

identified. These binding sites include sites for other microfilaments, G-actin, 

microtubules and myosin. It has been observed that bundles of microfilaments 

terminate at the plasma membrane but don't themselves bind to proteins of the 

membrane. There are several proteins that form an intermediate linkage between actin 

filaments and transmembrane proteins (such as CD44, ICAM) and these include a-

actinin, vinculin, talin and ERM proteins. These linker proteins are able to influence 

assembly, disassembly, form and function of actin. Intracellular signals may also 

impinge on these actin-binding proteins and act as regulators. 

1.6 ERM proteins 

The ERM protein family comprises three homologous proteins - ezrin, radixin and 

moesin and are proposed to act as membrane-cytoskeletal linker proteins. These 

proteins are part of a larger family of proteins, the band 4.1 superfamily that includes 

the erythrocyte membrane-cytoskeleton linker protein band 4.1, merlin (schwannomin) 

and talin (6). ERM proteins have a molecular mass of around 70kDa (ezrin 69.4kDa, 

radixin 68.5kDa and moesin 67.8kDa) and human ERM proteins share 75-80% 

homology with each other. Their protein structure is made up of three domains, a 

membrane-protein binding amino-terminal globular domain, an a-helical structure and 

an actin-binding carboxy-terminal domain (figure 1.4). 

ERM proteins are expressed in fibroblasts, epithelial cells and other cells where they 

are predominantly found in actin-rich membrane/cell surface structures such as 

microvilli (22) and cell-cell adhesion sites (138). 

As discussed in section 1.5 modulation of the actin cytoskeleton is not fully understood. 

Signal transduction events that regulate actin cytoskeleton dynamics might in part act 

through membrane-cytoskeletal linker proteins such as ERM proteins to modulate cell 

morphology, migration and adhesion. These diverse functions suggests that ERM 

proteins are highly regulated and so far they have been shown to be phosphorylated on 

tyrosine or threonine by growth factor receptors, Rho, protein kinase C and following 

treatment with sodium cromoglycate (an anti-allergic drug). 

12 



Tyrosine 
Phosphorylation site 
Tyr 145 (all ERMs) 

Tyrosine 
Phosphorylation site 
Tyr 353 (ezrin only) 

Threonine 
Phosphorylation site 
Thr 567 (ezrin) 
Thr 564 (radixin) 
Tbr 558 (moesin) 

1 296 

Amino-terminal N-ERM association domain 
(N-ERMAD) 

468 

a-helical domain 

561 
552 

584 
575 

V 

C-ERM association domain 
(C-ERMAD) 

Carboxy-terminal 

Binding sites for: C-ERMAD, 
CD44, CD43, ICAM-1,-2-3, EBP-50, 

Binding site for 
N-ERMAD 

F-actin 
binding domain 

Figure 1.4. ERM protein structure. 
Figure indicates functional binding domains and known threonine (Thr) and tyrosine (Tyr) 
phosphorylation sites. Ezrin and moesin share 74% sequence homology with identical 
sequences found predominantly in the N-ERM and C-ERM association domains. Ezrin and 
moesin comprise 577 and 586 amino acids respectively. 



1.6.1 ERM binding proteins 

ERM proteins are concentrated in actin-containing cell surface structures such as 

microvilli (22), suggesting they might interact with the proteins within these structures. 

This lead to the proposition that ERM proteins serve as membrane-cytoskeletal linker 

proteins by Gould et al, (45), who demonstrated that ezrin is found in an insoluble form 

in the A431, human vulval epidermoid carcinoma, cell line as if it was associated with 

the cytoskeleton. Studies looking at the co-localisation of ezrin in monkey kidney 

cells, confirmed its localisation beneath the plasma membrane and in actin containing 

cell surface structures and also showed that the protein is present in the detergent-

insoluble fraction, further evidence that it interacts with the detergent-insoluble actin 

cytoskeleton (3). Additionally this group used truncated amino- and carboxy- terminal 

domains of ezrin to show that the amino- terminal domain is able to interact with the 

membrane and the carboxy- terminal domain with the cytoskeleton. 

Once it had been established that one of the members of the ERM protein family, ezrin, 

had the ability to bind plasma membrane proteins and the actin cytoskeleton the search 

for plasma membrane binding partners of ERM proteins began. In baby hamster 

kidney cells immunoprecipitation with anti-CD44 monoclonal antibodies showed that 

all members of the ERM protein family are able to interact with the cell adhesion 

molecule CD44, additionally CD44 was co-localised with ERM proteins in these cells 

by immunofluorescence microscopy (148). This observation was confirmed in the 

mouse enamel organ where ezrin and radixin were co-localised with CD44 in microvilli 

(105), in active T lymphocytes where CD44 and moesin are co-immunoprecipitated 

(163) and in sections of cutaneous melanocytic tumours showing co-localisation of 

moesin and CD44 expression (62). ERM proteins have also been shown to interact 

with other transmembrane cell adhesion molecules such as CD43 (163), ICAM-1 (52), 

(127), ICAM-2 (52), (163), ICAM-3 (4), (127) and syndecaii-2 (46). 

The specific interaction of CD43, CD44 and ICAM-2 with the amino-terminal domain 

of ERM proteins has been examined in greater detail (163). In summary, it was shown 

that a positively charged (basic) 20-30 amino acid cluster in the cytoplasmic domain of 

these cell adhesion molecules is essential for binding to ERM proteins; addition of this 

domain to E-cadherin, a cell adhesion molecule that does not normally bind ERM 
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proteins, enabled co-localisation of this chimeric protein with ERM proteins at 

microvilli whereas a control chimeric protein without the positively charged domain 

had a diffuse cell surface distribution. This implies that it is the charged amino acid 

cluster rather than the specific cell adhesion molecule that is essential for ERM protein 

binding. Legg and Isacke, (79), went on to examine the putative ezrin binding site in 

CD44 and found that two clusters of basic amino acids in the membrane proximal 

region of the cytoplasmic domain of CD44 are required for binding. 

In addition to the ability of the amino-terminal domain of E R M proteins to interact with 

the plasma membrane via a direct interaction with cell adhesion molecules, their 

amino-terminal domain has been shown to bind ERM-binding phosphoprotein 50 

(EBP50) (119). EBP50 is a 50kD protein that is widely distributed in tissues, including 

the lung, and is particularly enriched in those containing polarised epithelia. Its protein 

structure contains two PDZ (PSD-95/DlgA/ZO-l-like) domains and these domains 

appear to mediate associations with the plasma membrane and be involved in the 

formation of multiprotein complexes beneath the plasma membrane. Therefore EBP50 

could be a type of adapter protein linking ERM proteins to proteins other than cell 

adhesion molecules within the plasma membrane. For example in the lung EBP50 is 

localised to the apical surface of a human airway epithelial cell line (Calu-3) and 

associates with the cystic fibrosis transmembrane conductance regulator (CFTR) in in 

vitro binding assays (130). 

The carboxy-terminal domain of ezrin has been shown to interact with the actin 

cytoskeleton (3). The actin-binding site on ezrin was subsequently localised to the end 

34 amino acids of the carboxy-terminal of ezrin which has been demonstrated to be 

conserved in other members of the ERM protein family (149). 

Taken together the membrane binding and actin binding data strongly suggest that 

ERM proteins act as membrane-cytoskeletal linkers. 

As well as ERM proteins being bound and serving as membrane-cytoskeletal linkers 

these proteins are also found in an inactive, non-phosphorylated, soluble and unbound 

form in the cytoplasm where they are found as monomers, dimers (e.g. ezrin-ezrin) or 

heterodimers (e.g. ezrin-moesin) (22), (23). This self-association is enabled by head-
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to-tail joining of distinct amino- and carboxy- terminal domains termed N- and C-

ERMAD (ERM-association domain) (figure 1.4) and is likely to be regulated by 

unmasking and masking of these binding sites (42). 

1.6.2 Activation and regulation of ERM proteins 

As previously described, ERM proteins are found in cells in several forms, in an 

inactivated state (as momomers or dimers in head to tail association) where they are 

found in the cytoplasm or in an activated form where they are bound to actin and/or 

plasma membrane proteins. 

The signals which regulate and activate ERM proteins have not been fully elucidated 

but it seems that regulatory signals could be divided into two types; firstly those that 

reduce the affinity of ERM proteins for each other i.e. break up the head-to-tail (amino-

to carboxy- terminal domain) binding to allow ERM proteins to be free and unmask 

their binding sites and secondly those that then go on to activate ERM proteins to bind 

actin or plasma membrane proteins. 

So far the involvement of tyrosine and threonine phosphorylation of ERM proteins has 

been described by the growth factors EGF and HGF/SF, as potential mechanisms of 

activation or regulation of ERM proteins. 

1.6.2.1 Tyrosine phosphorylation 

ERM protein activation was first described by Gould et al, (45), who showed that p81, 

a 81kDa protein which was phosphorylated on tyrosine residues after EGF treatment of 

A431 cells was homologous to ezrin. Following EGF treatment of A431 cells, ezrin 

was phosphorylated on tyrosine and threonine residues. The involvement of the EGF 

receptor tyrosine kinase was confirmed when it was shown that EGF treatment of A431 

cells induced formation of microvilli, then membrane ruffles followed by rounding up 

of cells. These distinct morphological changes were accompanied by redistribution of 

ezrin into microvilli and membrane ruffle structures and its phosphorylation on tyrosine 

residues (23). In these cells, EGF has since been shown to stimulate the formation of 

ezrin oligomers which was coincident with the time course of microvilli assembly 
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suggesting that ezrin oligomerisation is an important step in the development of these 

structures (16). More recently, EOF has been shown to induce parallel changes in 

ovarian epithelial carcinoma cells, with an enhancement in tyrosine phosphorylation of 

ezrin along with the translocation of this protein to newly developed membrane ruffles 

and protrusions (29). 

The potential tyrosine phosphorylation sites in all three members of the ERM protein 

family have been investigated (highlighted in figure 1.4). Tyr l45 is common to ezrin, 

radixin and moesin and lies in the amino-terminal region of homology and is 

phosphorylated in vitro by the EGF receptor. An additional site, Tyr353, is also 

phosphorylated in vitro by EGF, but is found within the a-helical domain of ezrin only, 

and not radixin or moesin (72). 

As well as the EGF receptor tyrosine kinase, other growth factors that act via tyrosine 

kinase receptors have been shown to activate ERM proteins. The hepatocyte growth 

factor/scatter factor (HGF/SF) receptor c-met has intrinsic tyrosine kinase activity and 

its activation leads to cell migration (scattering) and changes in cell morphology. 

Treatment of a colon epithelial cell line, HT115, with HGF/SF caused redistribution of 

ezrin to membrane ruffles and its phosphorylation on tyrosine residues (68). In a 

polarised kidney derived epithelial cell line (LLC-PKl) HGF/SF treatment stimulates 

tyrosine phosphorylation of ezrin and causes an enrichment of ezrin in the cytoskeletal 

fraction of these cells suggesting HGF/SF causes increased activation and binding of 

ezrin (33). 

1.6.2.2 Threonine phosphorylation 

ERM proteins are also phosphorylated on threonine residues by Rho (96), RhoA (129) 

and protein kinase C (PKC) - a (106) and -9 (114). The threonine phosphorylation 

site/s were examined and a single site was found to be located within the putative actin 

binding domain which is conserved in all ERM proteins and is Thr567 in ezrin, Thr564 

in radixin and Thr558 of moesin (96). 

The head-to-tail association of ERM proteins is thought to be important in regulating 

their activity and it is the carboxy-terminal end domain that is responsible for this 
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association. Threonine phosphorylation of ERM proteins has been shown in several 

systems to reduce the head-to-tail association of ERM proteins presumably to allow 

their interaction with actin and the plasma membrane. Matsui et al, (96), showed that 

phosphorylation of Thr564 of the recombinant carboxy-terroinal half of radixin by Rho-

kinase inhibited its binding to the amino-terminal half of radixin. However this did not 

affect its binding to actin filaments in vitro and it was speculated that Rho-kinase-

dependent phosphorylation of ERM proteins does not activate (open) ERM proteins but 

stabilises the activated (opened) conformation. Similarly PKC-6 stimulated threonine 

phosphorylation of full length inactive ezrin and moesin inhibits the carboxy-terminal 

ERM-association domain (C-ERMAD) to expose the actin and EBP50 binding sites 

resulting in increased association with the actin cytoskeleton (132). 

Treatment of moesin with protein phosphatase 2C in vitro has been shown to 

dephosphorylate Thr558 and prevent binding of moesin to filamentous actin (58) 

confirming the role of threonine phosphorylation in the regulation of moesin-actin 

binding. 

1.6.2.3 Involvement of Rho 

As members of the Rho-family GTPases are involved in actin cytoskeletal organisation, 

especially actin-plasma membrane association they might act in part through ERM 

proteins to do this. Expression of dominant active Rho-kinase in COS? cells stimulated 

threonine phosphorylation of moesin, formation of apical microvilli-like structures and 

its recruitment into these structures, however when dominant-negative Rho-kinase was 

expressed in these cells these affects were not seen. Furthermore mutation of Thr558 to 

alanine in moesin prevented formation of microvilli-like structures even in the presence 

of dominant active Rho-kinase suggesting Rho-kinase threonine phosphorylation of 

moesin is essential for microvilli formation in these cells (110). Phosphorylation on 

Thr558 of moesin by RhoA has also been shown in neuronal cells (67), where ERM 

proteins are proposed to have a role in the development of neurones and their 

polarisation (111). 

Other members of the Rho-family may also be important; RhoA activity in NIH3T3 

cells stimulates the formation of apical membrane/actin protrusions and concentration 

17 



of ERM proteins in these structures as well as threonine phosphorylation of ERM 

proteins (129). Similarly, transfection of NIH3T3 or HeLa cells with constitutively 

active RhoA stimulated threonine phosphorylation of ERM proteins and induction of 

microvilli development (97). 

Rho has been shown to regulate the association of ERM proteins with plasma 

membranes (121) and (122) and more specifically active Rho has been shown to be 

required for the formation of a CD44/ERM complex in vitro (56). 

1.6.3 Function of ERM proteins 

As it has been demonstrated that ERM proteins are able to crosslink actin filaments 

with the cytoplasmic domains of cell adhesion proteins, the function of these proteins is 

likely to relate to this binding. Hence, ERM protein research has concentrated on the 

role of these proteins as actin cytoskeleton and plasma membrane linkers in modulating 

cell morphology, motility and cell-cell and cell-substrate adhesion. 

1.6.3.1 Cell morphology and differentiation 

ERM proteins were initially shown to be present in the microvilli of intestinal epithelial 

brush border cells (22) and their presence in other plasma membrane cell surface 

structures such as microspikes (94), lamellipodia (76), filopodia and membrane ruffles 

(23) has since been shown. Functional analysis of ERM proteins has confirmed their 

role in the formation of these structures and overexpression of the carboxy-terminal 

domain of ezrin in insect cells caused cell spreading followed by formation of 

microspikes and lamellipodia (94) whereas suppression of ERM proteins using 

antisense oligonucleotides lead to the disappearance of microvilli-membrane structures 

in thymoma and mouse epithelial cells (138). As well as epithelial cells, ERM proteins 

are also crucial for differentiation and polarisation of fibroblasts (129) and neuronal 

cells (111). 

In lung epithelial cells their distribution and function have not been widely studied. 

Staining of polarised bronchial epithelial cell cultures shows ezrin is localised to the 

apical membrane domain (101), (136). The apical distribution of ezrin in normal 
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undamaged tissue and polarised cell cultures has lead to suggestions of functions in 

cilia formation (77) and in anchoring the apically expressed CFTR (cystic fibrosis 

transmembrane conductance regulator) to the cytoskeleton (130). 

1.6.3.2 Cell motility 

During epithelial repair, cellular migration and motility are essential processes for 

regeneration and likely involve changes in cell adhesion and the actin cytoskeleton 

through as yet undetermined mechanisms. ERM proteins might act in part as regulators 

of these processes. Hepatocyte growth factor/scatter factor (HGF/SF) induces 

scattering and migration of epithelial cell monolayers and it has been shown that 

HGF/SF stimulated epithelial repair of a wounded subconfluent monolayer of LLC-

PKl kidney epithelial cells is enhanced in cells overproducing ezrin suggesting its 

involvement in HGF/SF mediated cell motility (33). In wounded carcinoma cells, ezrin 

is concentrated in plasma membrane protrusions at the wound edge and PKCa 

regulated migration is dependent upon ezrin phosphorylation on threonine residues 

(106). 

1.6.3.3 Cell adhesion 

ERM proteins are localised to sites of cell-cell and cell-substrate adhesion indicating 

their involvement in these structures. In mouse epithelial cells expression of anti-sense 

oligonucleotides complementary to ERM protein sequences resulted in loss of cell-cell 

and cell-substrate adhesion along with loss of microvilli surface structures (138). 

Conversely overexpression of either full length, carboxy-terminal or the amino-

terminal domain of ezrin enhanced cell-cell adhesion of insect cells (94). These data 

demonstrated the role of ERM proteins in cell-cell and cell-substrate adhesion. 

1.6.3.4 Apoptosis 

Studies looking at tubulogenesis of a kidney derived cell line indicated that ezrin plays 

a role in cell survival. Ezrin interacts with p85, the regulatory subunit of PI3-kinase, to 

activate protein kinase Akt, which protects cells from apoptosis. In the kidney cell line 

LLC-FKl, overproduction of a mutant ezrin (tyrosine 353 to phenylalanine) prevented 
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activation of Akt and the cells underwent apoptosis when they were assayed for 

tubulogenesis (43). 

1.6.3.5 Mast cells 

The anti-allergic drug sodium cromoglycate (see section 1.7) inhibits mast cell 

secretion by an unknown mechanism but is assumed to involve stabilisation of the 

plasma membrane to inhibit release of mediators. When mast cells are treated with 

sodium cromoglycate in vitro there is phosphorylation of a 78kDa protein (143), (160) 

which was later characterised as moesin (31) and shown to be phosphorylated on 

threonine residues. Phosphorylation of moesin by this mechanism caused enhanced 

binding of moesin to actin and its association with actin at the plasma membrane and 

around secretory granules (144). This was speculated to stabilise the actin cytoskeleton 

to provide a rigid structure under the plasma membrane and prevent exocytosis of 

secretory granules by mast cells. 

1.7 Sodium cromoglycate 

Sodium Cromoglycate (chemical name: l,3-bis-(2-carboxychromone-5-yloxy)-2-

hydropropane) is also referred to as cromone, cromolyn sodium, disodium 

cromoglycate or sodium cromolyn (reviewed in (36), (128)). Sodium cromoglycate 

and another structurally related compound, nedocromil sodium are used in the 

treatment of asthma and allergic diseases. Pharmacologically they are able to inhibit 

histamine secretion by mast cells and reduce bronchial hyper-responsiveness, possibly 

through a reduction in pro-inflammatory mediators present in the airway (98), however 

they do not exhibit any broncodilator activity. There is also evidence that sodium 

cromoglycate enhances dermal wound repair (unpublished observations, Alan 

Edwards) an effect which might translate into the airway epithelium. 
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1.8 Aims 

Epithelial repair is likely to involve the regulation of cell adhesion, morphology, 

motility and proliferation and Epidermal growth factor (EGF) and its receptor (EGFR) 

have pleiotropic effects on cells and likely orchestrate, at least in part, repair processes 

through changes in cell motility, adhesion and proliferation. Therefore its role in these 

processes will be examined here. 

The regulation of cell adhesion molecule expression could be important during repair, 

and the initial aim of this study was to examine the expression of the cell adhesion 

molecule CD44 and to determine whether its expression was regulated by the EGFR 

ligands, EGF and HB-EGF, in human bronchial epithelial cells. 

The EGF receptor tyrosine kinase has also been shown to elicit changes in cell 

morphology and to influence ERM protein activation and localisation. ERM proteins 

could regulate repair processes through the regulation of actin-filament-plasma 

membrane interactions. The ERM proteins, ezrin and moesin were investigated to 

determine the role of EGF and FIB-EGF in the regulation of these proteins in bronchial 

epithelial cells. Here, the influence of EGF on the distribution and binding of ERM 

proteins in human bronchial epithelial cells was studied with a view to understanding 

the role that these cytoskeletal linker proteins might have in bronchial epithelial repair. 

I therefore hypothesise that ERM proteins are involved in transduction of EGF-

stimulated bronchial epithelial repair through their phosphorylation and activation 

leading to modulation of cell shape and motility. 
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2 CHAPTER TWO 

MATERIALS AND METHODS 

2.1 MATERIALS 

Reagents were obtained from Sigma, Poole, Dorset, UK, unless otherwise stated. 

2.1.1 General reagents 

Mowiol mountant was obtained from Harlow Chemical Company, Harlow, Essex, UK 

and l,4-Diazabicyclo-[2.2.2] Octane (DABCO) was obtained from Sigma, Poole, 

Dorset, UK. MicroBCA protein assay kit was purchased from Pierce and Warringer 

(UK) Ltd, Chester, UK. Hank's Balanced Salt Solution (HBSS) with Ca^^and 

was obtained from GibcoBRL, Life Technologies, Paisley, UK. Mayer's 

Haematoxylin was obtained from Sigma. Crystal mount was purchased from Biomedia 

Biogenesis, Poole, UK. 

2.1.2 Cell culture cell lines and reagents 

NCI-H292 and A431 cells were obtained from the American Type Culture Collection 

and 16HBE 14o- cells were a gift from Dr. D. C. Gruenert (49). Minimum Essential 

Medium (MEM), RPMI-1640, Dulbecco's Modified Eagle Medium (DMEM), FBS 

(heat inactivated), L-glutamine (200mM/100x), penicillin-streptomycin solution (5000 

lU/ml penicillin-5000jLig/ml streptomycin), lOOmM sodium pyruvate, lOOx non-

essential amino acid solution (MEM), lOx trypsin-EDTA solution, HBSS without Câ "̂ , 

Mĝ "̂  and L15 medium without sodium bicarbonate were all obtained from GibcoBRL, 

Life Technologies, Paisley, UK. UltraCulture serum free medium was obtained from 

BioWhittaker UK Ltd, Wokingham, Berkshire, UK. Bronchial epithelial growth 

medium (BEGM) and bullet kit supplements were obtained from Clonetics, 

BioWhittaker UK Ltd, Wokingham, Berkshire, UK. Collagen type I solution was 

obtained from Sigma, Poole, Dorset, UK. Trypan blue was obtained from Flow 

Laboratories, UK. Nunclon Surface cell culture flasks, petridishes, 96-well culture 
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plates and Lab-Tek IIRS glass 8-well chamber slides were all obtained from 

GibcoBRL, Life Technologies, Paisley, UK. 

2.1.3 Recombinant Growth Factors 

Recombinant human Epidermal Growth Factor was obtained from GibcoBRL, Life 

Technologies, Paisley, UK. Recombinant human Heparin binding Epidermal Growth 

Factor was purchased from R&D Systems, Oxford, UK. Tyrphostin AG1478 was 

obtained from Biomol Research Labs (Affiniti Research Products Ltd, Exeter, UK). 

Sodium cromoglycate was purchased from Sigma, Poole, Dorset, UK. 

2.1.4 Inmnmological reagents 

For immunocytochemistry, anti-CD44 standard (clone 25-32) was purified from 

hybridoma supernatant and supplied by Dr S-H Leir. The 25-32 CD44s hybridoma was 

grown in Dulbecco's Modified Eagle Medium (DMEM) containing 10% FBS in a 

miniPERM bioreactor (Heraeus Instruments GmbH, Germany) at high cell density. 

Half of the culture medium was replaced every 2 days. Culture supematants were 

collected and antibodies purified by protein A affinity column with MAPS II buffer 

system (BioRad Labs Hemel Hempstead, Herts, UK) to enhance the affinity of protein 

to protein A. The antibody against CD44v3 was purchased from R&D Systems, 

Abingdon, Oxon, UK. Mouse monoclonal ezrin and moesin antibodies used for 

immunocytochemistry were obtained from Transduction Laboratories (distributed by 

Becton and Dickinson, Cowley, Oxford, UK). Goat polyclonal ezrin and moesin 

antibodies used for double immunocytochemical staining were Santa Cruz 

Biotechnology products (distributed by Autogen Bioclear, Devizes, Wiltshire, UK). 

Secondary anti-mouse -FITC and -TRITC conjugated antibodies were obtained from 

Dako Ltd (High Wycombe, Bucks, UK). The cross-absorbed FITC-conjugated anti-

goat antibody used for double staining was a Jackson ImmunoResearch Laboratories 

Inc., product (distributed by Stratech Scientific Ltd., Luton, Bedfordshire). For 

negative controls Mouse IgGi and mouse IgGzs were both purchased from Dako Ltd 

and goat serum was from Sigma, Poole, Dorset, UK. 
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For Western blotting anti-CD44, clone Hermes-3 was a gift from Dr. S. Jalkanen (64). 

Anti-CD44v3 was obtained from Chemicon International Ltd, Harrow, UK. Anti-

phosphotyrosine-biotin, PY20-agarose and mouse monoclonal antibodies against ezrin 

and moesin were all Transduction Laboratories products. Anti-ezrin and moesin goat 

polyclonal antibodies were from Santa Cruz biotechnology. Anti-actin was obtained 

from Sigma Poole, Dorset, UK. Anti-EGFR (sheep 529) was raised using affinity 

purified EGFR's from A431 squamous carcinoma cells. The antibody was an IgG 

fraction prepared by ammonium sulphate precipitation and DEAE cellulose ion 

exchange chromatography and was supplied by Dr A. Richter. 

Secondary rabbit anti-mouse, rabbit anti-goat, rabbit anti-sheep and swine anti-rabbit 

horseradish peroxidase (HRP) antibodies were all obtained from Dako Ltd (High 

Wycombe, Bucks, UK). Streptavidin-biotinylated HRP complex was obtained from 

Amersham Pharmacia Biotech, Little Chalfont, Bucks, UK. 

2.1.5 SDS-PAGE and Western blotting Reagents 

Acrylamide/bis-acrylamide was purchased from National Diagnostics (Hull, UK). 

Kaleidoscope Prestained standards gel markers were obtained from BioRad Labs 

(Hemel Hempstead, Herts, UK). Hybond-C nitrocellulose membrane, ECL Plus and 

Hyperfilm ECL were purchased from Amersham Pharmacia Biotech. Skimmed milk 

powder was from Marvel. Tween-20 and Nonidet P40 (NP40) detergents are NSB 

products and were obtained from Amersham Pharmacia Biotech (Little Chalfont, 

Bucks, UK). 
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2.2 METHODS 

2.2.1 Cell Culture 

2.2.1.1 Cell lines and Primary cells 

NCI-H292 is a lung epithelial carcinoma cell hne, 16HBE 14o- is an SV-40 large T 

antigen transformed human bronchial epithelial cell line and A431 is a vulval 

epidermoid carcinoma cell line. Primary bronchial epithelial cell cultures (passage 2-3) 

established from bronchial brushings were gifts from Dr J. Lordan, Dr S. Puddicombe 

and Dr A. Richter; the purity of these cells was checked by staining samples for 

epithelial cell markers, cytokeratins 13 and 18. 

Primary bronchial epithelial cells were also grown up from bronchial explants from 

surgically resected lung. Following surgical resection tissue was stored in LI5 medium 

without sodium bicarbonate until dissection. To dissect, the tissue was examined under 

a light microscope to orientate the epithelium and once established the epithelium was 

removed from the basement membrane using a fine scalpel. The epithelium was then 

cut up into small squares (l-2mm^) before positioning 1 or 2 squares of tissue with the 

epithelium facing downwards in each well of a 6-well culture plate. Tissue pieces were 

then left to dry to allow adherence of the tissue to the plastic before carefully pipetting 

a drop of medium onto each piece of tissue, to cover. After 1-2 hours 1ml of medium 

was added to each well. Explants were fed every 2-3 days until wells were around 50% 

confluent when tissue pieces were transferred to new plates and cells were trypsinised 

for experiments. 

2.2.1.2 General cell maintenance 

All cell culture work was carried out in a Microflow Class II Biological safety cabinet 

(MDH Ltd) and cells maintained in Heraeus incubators (Heraeus Instruments GmbH, 

Germany) at 37°C, 5% (v/v) CO2 in a humidified atmosphere. 

Cells were routinely cultured in 80cm^ culture flasks. NCI-H292 cells were cultured in 

RPMI-1640 medium containing 10% (v/v) FBS, 2mM L-glutamine, 50UI/ml penicillin 

and 50|u,g/ml streptomycin. 16HBE 14o- cells were cultured in MEM (Minimum 
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Essential Medium with Earle's Salts, 25mM HEPES) containing 10% (v/v) EES, 2mM 

L-glutamine, 50UI/ml penicillin and 50p,g/ml streptomycin. A431 cells were cultured 

in DMEM (Dulbecco's Modified Eagle Medium) containing 10% (v/v) FBS, 2mM L-

glutamine, 50UI/ml penicillin and 50)u,g/ml streptomycin, I m M sodium pyruvate and 

Ix non-essential amino acids (MEM). For cell lines growth medium was replaced 

every 2-3 days with lOmls fresh medium per medium flask until confluency was 

reached which took 3-4 days for NCI-H292 and 5-7 days for 16HBE 14o- and A431 

cells when split at a ratio of 1:4-1:10, cells:medium. 

Primary cell cultures were grown in bronchial epithelial growth medium (BEGM) 

prepared by the addition of Bullet kit supplements to BEBM to give final 

concentrations of 52|ig/ml bovine pituitary extract, 0.5^g/ml hydrocortisone, 0.5ng/ml 

human EOF, 0,5^ig/ml epinephrine, 10|ig/ml transferrin, 5p-g/ml insulin, O.lng/ml 

retinoic acid, 6.5ng/ml triiodothyronine, 50ng/ml amphotencin-B and 50[xg/ml 

gentamicin in BEBM. Growth medium was replaced every 2 days until cells reached 

90% confluency when cells were split in a ratio of 1:4, cells:medium. 

2.2.1.3 Trypsinisation of cell monolayers 

Upon confluence cell monolayers were detached from their flask to yield a single cell 

suspension using the following trypsinisation protocol. Following removal of growth 

medium the cell monolayer was washed twice with 5ml HBSS (without Mĝ "̂ ) to 

remove residual FBS which inhibits trypsin. 1ml of lOx Trypsin-EDTA was diluted 

with 9ml of HBSS (without Câ "̂ , Mĝ "̂ ) and a small volume (l-2mls) of this Ix trypsin-

EDTA solution was added to the flask to just cover the cells. This was incubated for 5-

10 minutes in the incubator until the cells had rounded up. The flask was then tapped 

gently on the workbench to aid the detachment of cells. Once a single cell suspension 

was established trypsin was inhibited by adding lOmls of cell medium containing 10% 

FBS. This suspension was transferred to a 20ml Universal tube and centrifuged for 

Smins, at 600xg to obtain a cell pellet. The supernatant was then discarded and the cell 

pellet resuspended in appropriate medium containing 10% FBS or BEGM for primary 

cells. Viable cells were then counted using the trypan blue exclusion method (see 
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2.2.1.4 below) and plated for experiments and an aliquot of cell suspension used to 

inoculate a flask (80cm^) of medium in a ratio of 1:4-1:10 (v/v) cel]s:medium. 

2.2.1.4 Trypan blue counting of cells in suspension 

Trypan blue solution was used to assess the viability of cells by their ability to exclude 

the blue dye. Briefly, a 200)ul aliquot of the cell suspension was centrifuged at 600xg 

for 2 minutes. The cell pellet was resuspended in 200^1 of HBSS to which 200)li1 of 

trypan blue solution (0.5% (v/v) trypan blue in 0.85% saline solution) was added 

(giving a dilution factor of 1:2). An Improved Neubauer haemocytometer (depth 

0.1mm) was used to count viable cells. The total number of cells excluding trypan blue 

in the Imm^ middle square was counted twice an average taken and the following 

equation used to calculate the number of cells per ml: 

Viable cells per ml = Number of cells in middle square x dilution factor (2) x lO"̂  

Cells were then diluted in culture medium to the required density and plated down into 

appropriate dishes, plates or slides for experiments. 

2.2.1.5 Long-term cryopreservation of cells 

In order to build up stocks of cell lines, cells were preserved in liquid nitrogen and 

regenerated when necessary. Following trypsinisation of cell monolayer, the single cell 

suspension was centrifuged and the cell pellet resuspended in 1ml of culture medium 

containing 10% PBS and 10% dimethylsulphoxide (DMSO) which acted as a 

cryoprotectant. This cell suspension was then placed into a cryotube and chilled slowly 

to minimise cell damage, the tubes were wrapped in cotton wool and placed at -20°C 

for 30 minutes then -70°C overnight before placing in the liquid nitrogen storage tank 

at -180°C for long term cryogenic storage. 

To regenerate frozen cells, prewarmed culture medium was pipetted into the cryotube 

to dilute the DMSO and rapidly thaw the cells. The defrosted cell suspension was then 

transferred to a new SOcm^ flask containing 20mls of medium and placed in the 
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incubator at 37°C. Cells were allowed to attach for 6 hours before changing the 

medium to remove any residual DMSO. 

2.2.1.6 Serum starving and stimulation of cells with growth factors, growth factor 

inhibitors or sodium cromoglycate 

Prior to experimental stimulation with EOF, HB-EGF, tyrphostin or sodium 

cromoglycate, cell cultures were serum starved for 24 hours using a serum free medium 

(UltraCulture containing 2mM L-glutamine, 50UI/ml penicillin and 50fxg/ml 

streptomycin). This step aimed to render the cells quiescent by elimination of residual 

growth factors derived from the EBS in the medium. For primary cell cultures, which 

were not cultured in serum, cells were cultured in basal BEBM (BEBM containing 1% 

insulin-transferrin-sodium selenite) for 24 hours before experiments to deplete EOF 

and other growth factors. 

For experiments cells were treated with InM (6ng/ml), 5nM (30ng/ml) or 17nM 

(lOOng/ml) recombinant human epidermal growth factor or I n M (9ng/ml) recombinant 

human heparin binding epidermal growth factor. The EGF receptor tyrosine kinase 

inhibitor, tyrphostin AG1478 was used at a concentration of IjnM where it is selective 

for the EGF receptor tyrosine kinase (85). When using tyrphostin, a DMSO treated 

control was also used as tyrphostin was dissolved in DMSO. For this control, DMSO 

was diluted to 1 in 20,000 in UltraCulture which is the equivalent concentration of 

DMSO in IjiiM tyrphostin. Growth factors and inhibitors were diluted for experiments 

in UltraCulture or basal BEBM medium for cell lines or primary cells respectively. 

Sodium cromoglycate was first prepared as a lOOmM solution in PBS before further 

diluting in UltraCulture or basal BEBM to 100|iM for use in experiments. 

2.2.2 Methylene blue assay 

The methylene blue uptake assay was developed as a measure of proliferation 

following the observation that there is a linear correlation between absorbance of the 

dye and cell number (108). The assay was used here to determine the effect of FBS, 
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EGF, HB-EGF and tyrphostin AG1478 on the proliferation of 16HBE 14o- and NCI-

H292 cells. 

Cells were plated overnight with 10% FBS to allow cells to attach prior to starting the 

assay. lOOpi of cell suspension (2.5x10^ cells/ml of 16HBE 14o- cells and 6x10^ 

cells/ml of NCI-H292 cells) was used to seed each well of a 96-well plate. The 

following day, day 0 of the assay, the medium was changed to UltraCulture serum free 

medium +/-10% FBS, InM EGF, luM tyrphostin (AG1478) or 1 in 20,000 DMSO 

control to assess the proliferative effect of these growth factors and the inhibitor. 

Cells were fixed at days 0, 1 ,3 ,5 and 7, following removal of medium, with 

200}xl/well of formol saline (4% formaldehyde, 0.9% saline) for a minimum of 30 

minutes. Fixative was removed and plates were blotted dry. Cells were then stained 

for 30 minutes with 100|iil per well of 1% methylene blue dye in 0.0IM borate buffer, 

pH 8.5. Excess dye was washed off with tap water before blotting dry on absorbent 

paper. To release bound dye from within cells, plates were incubated with lOOjil per 

well of acidified ethanol, 1:1 (v/v) ethanol and O.IM HCl, for 30 minutes. Plates were 

shaken gently before reading the absorbance of samples at 630nM on a microplate 

spectrophotometer. As this assay is linear up to 1.0 OD some samples were diluted into 

acidified ethanol appropriately, OD values were then multiplied by the dilution factor 

to normalise. Data was analysed using Sigma Plot and Microsoft Excel and Student's 

unpaired t-test used to determine differences between treatments. 

In order to relate optical density to cell number a standard curve was generated (figure 

2.1) by plating cells at a range of densities (1x10^-3x10'^ cells/ml) on duplicate plates. 

One plate was assayed using the methylene blue method. The cells in the individual 

wells of the second plate were counted using the trypan blue exclusion method (see 

2.2.1.4) to determine the number of viable cells. Cell number was then plotted on the 

x-axis, against absorbance at 630nm of methylene blue on the y-axis. The standard 

curve could then be used to estimate cell number from a value for absorbance at 630nm 

(see figure 2.1 for standard curve). 
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Figure 2.1. Methylene blue standard curves for NCI-H292 (A) and 
16HBE 14o- (B) cells. 
Absorbance of methylene blue at 630nm is plotted against cell number 
detemiined by exclusion of trypan blue dye. Data are the mean of three 
repeats within a single experiment+Z- standard deviation. 



2.2.3 Collagen coating of slides 

Chamber slides were coated with collagen type I solution to assess the effect of 

extracellular matrix substrate on ezrin and moesin distribution. 0.1% collagen type I 

solution was diluted lOOx with sterile PBS to give a solution of 0.001% (10|Lig/ml) 

collagen. Slides were coated with 200)li1 of this solution and incubated for 1 hour at 

37°C. The collagen solution was pipetted off and discarded prior to plating cells on the 

coated slides. 

2.2.4 Fixation of cells 

Cells cultured on chamber slides for immunocytochemistry were treated with growth 

factors, inhibitors or sodium cromonoglycate then washed twice with PBS prior to 

fixation. Cells were fixed in cold (-20°C) methanol for 10 minutes and then left to air 

dry for approximately 10 minutes. After removal of the chamber from the slides, they 

could be wrapped in aluminium foil and stored at -20°C. Slides were stored for up to 2 

months prior to staining. 

2.2.5 Immunocytochemistry 

Prior to staining for CD44, CD44v3, ezrin or moesin, cells were rehydrated in PBS and 

then blocked for 10 minutes with 1% BSA in PBS (50|il per chamber). Primary 

antibodies were diluted (see table 2.1) into 0.1% BSA in PBS and incubated with the 

fixed cells for 1 hour at room temperature in a humidified chamber. Two controls were 

carried out, firstly omission of primary antibody where cells were incubated with 50^1 

of 0.1% BSA in PBS and secondly incubation with an irrelevant antibody control at the 

equivalent IgG concentration of the primary antibody. Following incubation, cells 

were washed with PBS three times for 5 minutes each. The secondary anti-mouse 

FITC conjugate, diluted 1 in 80 into 0.1% BSA in PBS, was incubated for 1 hour in the 

dark. After PBS washes, slides were mounted using coverslips with a solution of 9% 

Mowiol, 23% glycerol and 0.09M Tris pH 8.5 containing 2.5% DABCO as an 

antifading agent. After the mountant had hardened overnight, slides could be observed 
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Table 2.1. Primary and secondary antibodies used for single staining 
immunocytochemistry 

Antigen Class Source Dilution Secondary 
antibody 

CD44 standard 
(clone 25-32) 

Mouse 
monoclonal 
IgGi 

Hybridoma 1 in 100 FITC-conjugated 
F(ab')2 fragment 
of Rabbit anti-
mouse 

CD44v3 
(clone 3G5) 

Mouse 
Monoclonal 
IgGlB 

R&D Systems, 
UK 

1 in 100 immunoglobulins 
(Dako) 

1 in 80 dilution 
ezrin 
(clone 18) 

Mouse 
Monoclonal 
IgG, 

Transduction 
Laboratories, UK 

1 in 50 

moesin 
(clone 38) 

Mouse 
monoclonal 
IgGi 

Transduction 
Laboratories, UK 

1 in 100 



Table 2.2. Primary and secondary antibodies used for double immunocytochemical 
staining 

Antigen Class Source Dilution Secondary antibody 

CD44 standard 
(clone 25-32) 

Mouse 
monoclonal 
IgG, 

Hybridoma 1 in 100 TRITC-conjugated 
Rabbit anti-mouse 
immunoglobulins 
(Dako) 

1 in 80 dilution 

ezrin 
(clone 15) 

Goat 
polyclonal 

Santa Cruz 
Biotechnology 

1 in 25 FITC-conjugated 
AffmiPure F(ab')2 
fragment of Donkey 
anti-Goat 
immunoglobulins 

1 in 100 

moesin 
(clone 15) 

Goat 
polyclonal 

Santa Cruz 
Biotechnology 

1 in 50 

FITC-conjugated 
AffmiPure F(ab')2 
fragment of Donkey 
anti-Goat 
immunoglobulins 

1 in 100 



Table 2.3 Typical double staining protocol indicating primaiy and secondary antibodies 
and relevant controls 

Stain Antigen A 
primary 
antibody 

Antigen A 
secondary 
antibody 

Antigen B 
primary antibody 

Antigen B 
secondary antibody 

Double 
stain 
CD44 and 
Ezrin 

anti-CD44 
antibody 
(25-32, mouse 
monoclonal, 
IgGl) 

anti-mouse 
TRTTC-
conjugate 

anti-Ezrin antibody 
(clone 15, goat 
polyclonal) 

anti-goat 
FITC-conjugate 

Isotype / 
serum 
controls 

Mouse IgGl 
negative 
control 

anti-mouse 
TRTTC-
conjugate 

anti-Ezrin antibody anti-goat 
FITC-conjugate 

Isotype / 
serum 
controls 

anti-CD44 
antibody 

anti-mouse 
TRITC-
conjugate 

Goat serum anti-goat 
FITC-conjugate 

Crossover 
controls 

anti-CD44 
antibody 

0.1% BSA/PBS 0.1% BSA/PBS anti-goat 
FITC-conjugate 

Crossover 
controls 

BSA/PBS 
anti-mouse 
TRTTC-
conjugate 

anti-Ezrin antibody 0.1% BSA/PBS 

Omission 
of 
primary 
antibodies 
control 

0196 
BSA/PBS 

anti-mouse 
TRTTC-
conjugate 

0.1% BSA/PBS anti-goat 
FITC-conjugate 

Single 
CD44 
staining 

anti-CD44 
antibody 

anti-mouse 
TRITC-
conjugate 

0.1% BSA/PBS 0.1% BSA/PBS 

Single 
ezrin 
staining 

0196 
BSA/PBS 

0.1% BSA/PBS anti-Ezrin antibody anti-goat 
FITC-conjugate 



under a Leica immunofluorescent microscope. Some experiments were viewed using a 

Leica confocal scanning laser microscope. 

2.2.6 Double staining 

Double immunocytochemistry was used to assess the co-localisation of two proteins 

and required the employment of primary antibodies directed against the individual 

proteins that were raised in different species. An appropriate secondary antibody 

against each species of primary antibody conjugated to either -FITC or -TRITC 

fluorochromes could then used to distinguish the molecules (see table 2.2 for primary 

and secondary antibodies utilised here). Several controls were also required to ensure 

specific staining of antigens (see table 2.3 for a typical double staining protocol and 

controls used). Isotype or serum controls were used to ensure that secondary antibodies 

did not bind non-specifically to other proteins in the cell preparation. The crossover 

control was carried out to check for cross-reactivity between a secondary antibody 

directed against one species and the primary antibody of another species, the use of pre-

adsorbed secondary antibodies minimises cross-reactivity. Single staining was carried 

out to confirm that there was no merging of fluorochrome. 

As for single immunofluorescent staining, cells fixed in methanol were rehydrated in 

PBS and then blocked for 10 minutes with 1% BSA in PBS (50^1 per chamber). For 

double immunocytochemical staining the two primary antibodies against different 

proteins were diluted and prepared as a mixed solution in PBS containing 0.1% BSA 

(see table 2.2 for details), the relevant controls were also prepared in this way and 

incubated with the fixed cells for 1 hour at room temperature in a humidified chamber. 

Following incubation cells were washed with PBS three times for 5 minutes each. 

Secondary antibodies were diluted together in a solution of 0.1% BSA/PBS and 

incubated with the cells for 1 hour, in a humidified chamber in the dark. After PBS 

washes (3 times for 5 minutes each), slides were mounted using coverslips with a 

solution of 9% Mowiol, 23% glycerol and 0.09M Tris pH 8.5 containing 2.5% DABCO 

as an antifading agent. After the mountant had hardened overnight, slides could be 

observed on a Zeiss immunofluorescent microscope and images were taken using a 

colour video camera and the Zeiss Image analysis system software used to merge 
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images of the staining. Double staining was also observed using a Leica confocal 

scanning laser microscope. 

2.2.7 Flow cytometry 

Flow cytometry (FACS) analysis enabled the measurement of cell surface expression of 

CD44 and CD44v3. A suspension of single cells was prepared before incubation with 

an antigen specific primary antibody followed by a secondary FITC conjugated 

antibody. Samples could then be analysed by passing through a flow cytometer or 

FACS machine, which measures the fluorescent intensity of each individual cell. 

These intensities are converted to dot plots or histograms by the PC Lysys software, 

which is then able to calculate median fluorescent intensity values. 

NCI-H292 and 16HBE 14o- cells grown in 57cm^ petridishes to 60% confluence were 

serum starved for 24 hours before culturing for 24 hours in UltraCulture serum free 

medium with or without 10% FBS, InM EGF or HB-EGF at the end of which cells 

were around 90% confluent. To assess the affect of cell density NCI-H292 cells were 

plated at high cell density (1x10^ cells per ml) or low cell density (1x10* cells per ml) 

and cultured for 3 days. A 24 hour period of serum starvation was followed by 

stimulation for 24 hours with UltraCulture serum free medium with or without 10% 

FBS, InM EGF or HB-EGF. At the end of the period of stimulation cells plated at high 

cell density were around 95% confluent and those plated at low cell density had 

reached around 60% confluency. 

A single cell suspension was obtained by washing the cell monolayer with HBSS (w/o 

Ca^^ and Mg^^) and incubating with cell dissociation solution (Sigma) for 20-30 

minutes at 37°C, 5% (v/v) CO2. Cells were collected and washed with FACS medium 

(HBSS with Câ "̂  and Mg '̂*', 2% FBS and 0.1% NaNs) and the cell concentration 

adjusted to 2 x 10^ cells/ml with FACS medium. 

Throughout the following staining procedure all samples and buffers were stored on ice 

or at 4°C. 100|il of cell suspension was aliquoted into tubes for the immunostaining 

step. Primary antibodies to CD44 and CD44v3 were diluted into FACS medium (see 
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Table 2.4. Primary and secondary antibodies used for flow cytometry 

Antigen Class Source Dilution Secondary antibody 

CD44 standard 
(25-32) 

Mouse 
Monoclonal 
IgGi 

Hybridoma 1 in 40 Rabbit a-mouse 
FITC conjugate 
(Dako) 

1 in 80 dilution CD44v3 
(Clone 3G5) 

Mouse 
Monoclonal 
IgG2B 

R&D Systems, UK 1 in 250 

Rabbit a-mouse 
FITC conjugate 
(Dako) 

1 in 80 dilution 



Table 2.4) and 30)li1 aliquoted into appropriate tubes which were then incubated for 30-

45 minutes on ice to allow antigen binding to take place. Following washing with 

FACS medium cells were incubated with 30^1 of the secondary anti-mouse FITC 

conjugate, diluted in FACS medium (see Table 2.4), for 30-45 minutes on ice, in the 

dark. After washing, cells were resuspended in 300)iil of FACS medium and analysed 

using a Becton Dickinson FACScan with LysisII and PC Lysys software. Statistical 

analysis of data was carried out using an unpaired Students f-test 

2.2.8 Cell wounding assays 

2.2.8.1 Time-lapse video microscopy 

For preliminary experiments time-lapse video microscopy was used to determine the 

rate of repair of 16HBE 14o- and primary bronchial epithelial cell cultures following 

scrape wounding. Cells grown to confluence in small petridishes were serum starved 

for 24 hours before wounding with a 1ml pipette tip. Cells were then washed Ix with 

serum free medium before addition of serum free medium containing lOOmM HEPES 

to buffer the medium and prevent fluctuations in pH in the absence of a CO2 source 

along with InM EGF. Cells were then returned to the incubator for 30 minutes to allow 

cultures to stabilise before proceeding with time-lapse microscopy. Cells were placed 

in a humidified chamber at 37°C where wound closure was observed using a phase 

contrast microscope together with a black and white video camera. IP Lab software 

was used to capture a 125-millisecond image of the culture every 60 minutes for 6 

hours (16HBE 14o-) or 20 hours (primary cells). At the end of the time-lapse period 

images were converted into TIFF files then imported into Scion Image analysis 

software. For each image a measurement of the wound area in pixels was determined 

using Scion Image and the data was then converted into mm^. Data was then analysed 

using Microsoft Excel and the Student's unpaired f-test used to determine differences 

between treatments. 

2.2.8.2 Chamber slide method 

To investigate the effect of a range of stimuli on the rate of wound repair 16HBE Mo-

cells were cultured in 4 well chamber slides to 95% confluence before serum starving 
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cells for 24 hours. Multiple straight wounds were then made using a comb before 

adding serum free medium (UltraCulture) with the addition of growth factors, 

inhibitors or sodium cromoglycate. 

Cells were fixed immediately after wounding then at 3, 6 and 9 hours after wounding. 

After washing twice with PBS cells were fixed for 10 minutes with cold methanol, 

air-dried then stored at -20°C prior to staining. 

To visualise cells and determine the wound edge nuclei were stained with filtered 

Mayer's Haematoxylin for 5 minutes and blued under running tap water for a further 5 

minutes. Slides were mounted using a covershp and crystal mount which was left to 

dry and set overnight. 

Once the mountant had hardened slides were scanned using an Epson scanner and 

Epson Scan II! 32software. Images were then imported into Scion Image analysis 

software which was used to measure the area of individual wounds in pixels. 

Alongside the slides a ruler was also scanned to enable determination of the ratio of 

pixels to mm^ by Scion Image. Using Microsoft Excel, data was then converted from 

pixels into mm^and statistically analysed using a Student's unpaired /-test. 

2.2.9 Cell lysis 

For SDS-PAGE analysis of proteins and denaturing immunoprecipitation, cells were 

cultured in 57cm^ petridishes to around 80% confluence before serum starving for 24 

hours. Following stimulation of cells, monolayers were washed twice with 5ml PBS 

containing protease and phosphatase inhibitors (PBS, ImM sodium orthovanadate, 

50mM sodium fluoride, ImM PMSF, 1.54|AM aprotinin and 21|iM leupeptin, adjusted 

to pH 7.4). Cells were lysed with 200|il or SOOjil hot 1 x denaturing lysis buffer 

containing protease and phosphatase inhibitors (1% (w/v) SDS, lOmM Tris pH 7.4, 

ImM sodium ortho vanadate, 50mM sodium fluoride, ImM PMSF, 1.54(iM aprotinin 

and 21|iM leupeptin, 5mM EGTA, 5mM EDTA, adjusted to pH 7.4). The lysed cells 

were scraped off the plate and pipetted into an eppendorf tube and heated to 95°C for 5 

minutes on a hotblock. Samples were sonicated for 15 seconds before clarifying by 
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centrifugation at 16,000xg, lOminutes at 4°C. The protein concentration in each 

sample was determined using the method described in section 2.2.12. Samples were 

stored at -80°C for up to one month before analysis by SDS-PAGE and Western 

blotting. 

2.2.10 Preparation of soluble and particulate fractions 

This procedure is a modification of the technique of Short et al (130). In summary, 

cellular homogenates were prepared and centrifuged at high speed to provide a pellet 

consisting of membrane and particulate material and a supernatant fraction of soluble 

proteins i.e. those not attached to membrane or cytoskeletal components. 

Cells were cultured in 57cm^ petridishes, serum starved for 24 hours and stimulated for 

15 minutes with InM EGF or HB-EGF. Following stimulation cells were washed 

twice with 5ml PBS containing protease and phosphatase inhibitors (ImM sodium 

orthovanadate, 50mM sodium fluoride, ImM PMSF, 1.54|iM aprotinin and 21pM 

leupeptin, adjusted to pH 7.4). 

During the preparation of fractions all buffers and samples were kept at 4°C or on ice. 

700)11 of homogenising buffer containing protease and phosphatase inhibitors (20mM 

NaCl, 5mM EDTA, ImM EGTA, 20mM HEPES, ImM sodium orthovanadate, 50mM 

NaF, ImM PMSF, 1.54)liM aprotinin, 21fxM leupeptin, pH adjusted to 7.2) was pipetted 

onto the cells. Cells were then scraped off the dish and transferred into a glass 

homogeniser, the plate was washed twice with SOOjLil of homogenising buffer and these 

washes added to the homogeniser to give a final volume of 1300jLil. The homogeniser 

was plunged six times to ensure consistent disruption of the cells between the samples. 

Whole cells and small cell debris was pelleted out at lOOxg for 5 min before 

transferring the homogenate into an ultracentrifuge tube which was spun at 100,000xg 

for 1 hour at 4°C. 

After centrifugation the supernatant was removed and the proteins in this soluble 

fraction were solubilised and denatured with hot 5x denaturing lysis buffer (5% (w/v) 

SDS, 50mM Tris pH 7.4, ImM sodium orthovanadate, 50mM sodium fluoride, ImM 
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PMSF, 1.54|j,M aprotinin and 21|iiM leupeptin, 5mM EGTA, 5mM EDTA, adjusted to 

pH 7.4) to give a final concentration of Ix lysis buffer. 

The particulate fraction was dissolved in 500)U,1 hot 1 x denaturing lysis buffer 

containing protease and phosphatase inhibitors (1% (w/v) SDS, lOmM Tris pH 7.4, 

ImM sodium orthovanadate, 50mM sodium fluoride, ImM PMSF, 1.54|iM aprotinin 

and 21|iM leupeptin, 5mM EGTA, 5mM EDTA, adjusted to pH 7.4). 

Both fractions were heated at 95°C for 5 minutes on a hotblock, then sonicated for 15 

seconds and clarified by centrifugation at 16,00xg, 10 minutes at 4°C (Sigma 4K10 

Bench Centrifuge). If necessary the particulate fraction was vortexed or passed through 

a needle to disrupt and solubilise any remaining pellet/insoluble proteins. 

The protein concentration in each sample was determined using the method described 

in section 2.2.12. Samples were stored at -80°C for up to one month before analysis by 

SDS-PAGE and Western blotting. 

2.2.11 Preparation of soluble/cytoskeletal fractions 

This cell fractionation technique relies on the relative insolubility of the actin 

cytoskeleton, compared to the remainder of the cellular components and is based on the 

technique of Crepaldi et al (33). 

16HBE 14o- cells were cultured in 57cm^ petridishes and primary cells in 6-well plates 

to around 80% confluence before serum starving or growth factor depletion with serum 

free medium or BEBM respectively for 24 hours. Following stimulation of cells, 

monolayers were washed twice with 5ml PBS containing protease and phosphatase 

inhibitors (PBS, ImM sodium orthovanadate, 50mM sodium fluoride, ImM PMSF, 

1.54|xM aprotinin and 21pM leupeptin, adjusted to pH 7.4). 

The detergent-soluble fraction of the cells was extracted using the extraction buffer 

(50mM MES (2-[N-morpholino] ethanesulfonic acid, 3mM EGTA, 5mM MgCb, 0.5% 

Triton X-100, ImM sodium orthovanadate, 50mM sodium fluoride, ImM PMSF, 
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1.54jU.M aprotinin, 21jUM leupeptin, SmM EDTA, adjusted to pH 6.4). For 16HBE 

14o- cells, 500pJ of extraction buffer was pipetted onto the cells and incubated for one 

minute, cells were rinsed with this buffer twice before transferring the soluble proteins 

in extraction buffer to a cold eppendorf tube. This procedure was repeated with another 

500^1 of extraction buffer and this pipetted into the same tube. One final wash of the 

cells was carried out with 1ml extraction buffer to remove as much of the soluble 

fraction as possible and this wash discarded. To this soluble fraction 250^1 of hot 5x 

denaturing lysis buffer was added (5% (w/v) SDS, 50mM Tris pH 7.4, ImM sodium 

orthovanadate, 50mM sodium fluoride, ImM PMSF, 1.54pM aprotinin and l l p M 

leupeptin, SmM EOT A, SmM EDTA, adjusted to pH 7.4) to give a final concentration 

of Ix lysis buffer. With primary cells wells were stimulated in duplicate and the 

volumes of buffer were reduced. Soluble proteins were extracted with lOOfxl extraction 

buffer, followed by 200pj buffer and these fractions pooled from duplicate wells and 

solubilised with ISOp] hot 5x denaturing lysis buffer. A final wash of the cells was 

carried out with a further 500jj,l extraction buffer which was then discarded. 

The remaining detergent-insoluble fraction (cytoskeleton) was solubilised with SOOpl 

(lOOfxl per well for primary cultures) hot Ix denaturing lysis buffer containing protease 

and phosphatase inhibitors (1% (w/v) SDS, lOmM Tris pH 7.4, ImM sodium 

orthovanadate, SOmM sodium fluoride, ImM PMSF, 1.54)liM aprotinin and 21|j,M 

leupeptin, SmM EGTA, SmM EDTA, adjusted to pH 7.4). 

Both fractions were heated at 9S°C for S minutes on a hotblock, then sonicated for IS 

seconds and clarified by centrifugation at 16,00xg, 10 minutes at 4°C. If necessary the 

detergent-insoluble/cytoskeletal fraction was vortexed or passed through a needle to 

disrupt and solubilise any remaining insoluble proteins. 

The protein concentration in each sample was determined using the method described 

in section 2.2.12. Samples were stored at -80°C for up to 1 month before analysis by 

SDS-PAGE and Western blotting. 
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2.2.12 MicroBCA protein assay 

The protein concentration of cell lysates and fractions was determined to ensure 

comparable protein loading onto SDS-PAGE gels and for immunoprecipitation 

experiments. Protein determination was carried out using the MicroBCA kit (Pierce) 

which has a minimum detection level of 0.5|ig/ml and is a colourmetric protein 

determination assay. In an alkaline environment protein is able to reduce to 

This reduction is detected by bicinchoninic acid (BCA) which chelates in a 2:1 

ratio. A purple reaction product is formed which has a strong absorbance at 562nM and 

is linear with increasing protein concentration. Dilutions of a BS A standard are 

assayed alongside serial dilutions of samples and used to generate a standard curve 

which can be then be used to deduce the protein concentration of samples. 

To allow accurate extrapolation of protein concentration from the standard curve all 

samples, standards and the diluent used in this assay are normalised to contain 

equivalent concentrations of denaturing lysis buffer to reduce any errors which may 

arise from the components of the lysis buffer. Substances known to interfere with the 

assay include detergents e.g. SDS, Triton X-100, buffer salts e.g. HEPES, NaCl, 

inhibitors e.g. EDTA, PMSF, aprotinin, leupeptin. 

Cell lysates in denaturing lysis buffer were first diluted 1 in 25 with water in order to 

dilute out the above components well below the maximum recommended concentration 

so it should no longer interfere with the assay. Similarly, to prepare BSA standards 

2mg/ml BSA were diluted 1 in 25 with 23 parts water, 1 part denaturing lysis buffer to 

1 part 2mg/ml BSA to provide a 80jxg/ml solution of BSA containing equivalent 

concentrations of detergents, buffer salts and inhibitors as test samples. Denaturing 

lysis buffer was diluted 25 times with distilled water for use as a diluent for serial 

dilutions and blank wells. 

Following appropriate dilutions as described above, BSA standards (BSA Stds) and 

samples were assayed in duplicate and 200p,l of each loaded into wells on row A of the 

microtiter plate. 100)u,l of diluent was pipetted into all other wells and 

standards/samples were serially diluted down the plate to row H, except for the BSA 
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standards which were diluted up to row G. Row H wells 1 and 2 contain diluent as an 

assay blank (see figure 2.2 for set up of 96-well plate). 

Following serial dilutions of BSA standard and samples down the plate 100^1 of 

MicroBCA reagent (prepared according to manufacturers instructions) was pipetted 

into each well. The plate was then covered with cellophane cover, shaken for 15 

seconds and incubated at 60°C for 1 hour. 

After allowing the plates to cool to room temperature absorbance of protein standards 

and samples was read at 562nm using a microplate spectrophotometer. A typical 

standard curve is shown in figure 2.3. Typical protein concentrations obtained were 5-

7 \x§J\i\ for 16HBE 14o- cells grown to 90% confluence on 57cm^ petridishes and lysed 

in 200^1 denaturing lysis buffer. For primary cells cultured on 6-well plates and lysed 

in lOOfxl of denaturing lysis buffer per well 2-3 jitg/pil was a typical yield. 

2.2.13 Immunoprecipitation 

This technique was used to examine tyrosine phosphorylation of the EOF receptor, 

ezrin and moesin. Phosphotyrosine residues were immunoprecipitated using a 

phosphotyrosine (clone PY20)-agarose conjugate and immunoprecipitates were 

analysed using SDS-PAGE transferred onto nitrocellulose and Western blots were 

immunostained for EGFR, phosphotyrosine (PY20), ezrin and moesin. 

Cells were stimulated with EGF, HB-EGF or sodium cromoglycate and lysed following 

the procedure in 2.2.9 with one exception; cells were lysed in 200fxl of lysis buffer 

instead of 500)il in order that the sample was less dilute. Primary cells cultured in 6-

well plates were treated in duplicate and lysed in lOOjil of lysis buffer per well to 

provide 200|li1 lysate for each treatment. The protein concentration of lysates was 

determined using the method described in section 2.2.12. 

Img of cell lysate was mixed with an equal volume of 2x Triton buffer, (20mM Tris pH 

7.4, 300mM NaCl, lOmM EGTA, lOmM EDTA, 2mM sodium orthovanadate, lOOmM 

sodium fluoride, 140}xM PMSF, 3.08/xM aprotinin, 42/uM leupeptin, pH to 7.4 then add 
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Sample 1 
Diluted x25 
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Diluted x25 

Sample 3 
Diluted x25 

Sample 4 
Diluted x25 

Samples 
Diluted x25 

B BSASWs 
40fig/inl 

Sample 1 
Diluted x50 

Sample 2 
Diluted x50 

Sample 3 
Diluted x50 

Sample 4 
Diluted x50 

Sample 5 
Diluted x50 

C BSAStds 
20^g/inl 

Sample 1 
Diluted X100 

Sample 2 
Diluted X100 
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Diluted X100 

Sample 4 
Diluted xlOO 
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Diluted xlOO 

D BSAStds 
lOfig/ml 

Sample 1 
x200 

Sample 2 
x200 

Sample 3 
x200 

Sample 4 
x200 

Sample 5 
x200 

E BSAStds 
5ixg/ml 

Sample 1 Sample 2 
x400 

Sample 3 
x400 

Sample 4 
X 4 0 0 

Sample 5 
x400 

F BSASWs 
2.5{ig/ml 

Sample 1 
x800 

Sample 2 
x800 

Sample 3 
x800 

Sample 4 
x800 

Sample 5 
xgOO 

G BSAStds 
1.25^g/ml 

Sample 1 
X 1 6 0 0 

Sample 2 
X 1 6 0 0 

Sample 3 
X 1 6 0 0 

Sample 4 
X 1 6 0 0 

Sample 5 
X 1 6 0 0 

H BLANK Sample 1 
X 3 2 0 0 

Sample 2 
X 3 2 0 0 

Sample 3 
X 3 2 0 0 

Sample 4 
X 3 2 0 0 

Sample 5 
X 3 2 0 0 

Figure 2.2. MicroBCA protein assay 
Standard layout of 96-well plate used to determine the protein concentration of cell lysates 
and solubilised cellular fractions. 

I 
in 

i 
I 

R = 0.9982 

Protein concentration p-g/ml 

Figure 2.3. Typical standard curve obtained from MicroBCA protein assay kit. 



2% (v/v) Triton X-100 and 1% (v/v) NP-40). The sample was then made up to 1ml 

with Ix Triton buffer (1:1 (v/v) 2xTriton buffer:dHzO). This method gives Img of 

sample in a final concentration of Ix Triton buffer. To each tube 60|il of PY20-agarose 

conjugate was added and after briefly vortexing samples were incubated at 4°C, 

overnight on a rotary mixer to enable formation of immune complexes. 

To precipitate immune complexes, tubes were centrifuged at 600xg, for 15 minutes at 

4°C. The supernatant was retained and solubilised in 5x Sample buffer in a ratio of 4:1, 

heated to 95°C for 5 minutes and analysed by SDS-PAGE and Western blotting to 

determine the proportion of proteins which did not bind to the PY20-agarose. The 

immunoprecipitate pellet was washed three times with 1ml of Ix Triton buffer to 

remove unbound proteins. To wash the pellet, 1ml of Ix Triton buffer was added to the 

tubes which were briefly vortexed before centrifuging at 600xg for 5 minutes at 4°C 

followed by removal of the supernatant. 

After the final wash as much of the supernatant as possible was removed without 

disrupting the bead pellet. Immune complexes were solubilised in SOjUl hot 2x sample 

buffer containing protease and phosphatase inhibitors (0.1261M Tris-Cl pH 6.8, 4% 

SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.01% bromophenol blue, 2mM sodium 

orthovanadate, 2mM sodium fluoride, 0.14mM PMSF). 

Samples were analysed using 7.5% or 10% SDS-PAGE gels and Western blotting, 

blots were stained for phosphotyrosine (PY20), EGFR, ezrin and moesin. 

2.2.14 SDS-PAGE 

Separation of proteins on the basis of their molecular weight by SDS-PAGE and 

Western blotting was used to analyse proteins present in cell lysates, fractions and 

immunoprecipitates. 

7.5% or 10% SDS-PAGE mini-gels were cast using the BioRad mini-protean II or III 

system. Firstly glass plates, spacers and combs were cleaned using a 10% SDS 

solution followed by 70% methanol to remove dirt and grease. Glass plates and spacers 
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were then set up in the casting stand ensuring correct alignment to minimise leakage of 

gel mix. 

Separation gel and stacking gel solutions (see below) were prepared in advance and 

following filtration could be stored in a dark bottle for up to one month at 4°C. 

Separation gel mix 10% gel 7.5% gel 

Acrylamide/bis-acrylamide 30.0 ml 22.5 ml 

1.5MTris-Cl,pH8.8 22.5 ml 22.5 ml 

Distilled H2O 37.1 ml 44.6 ml 

20% SDS 0.45 ml 0.45 ml 

Stacking gel mix 

Acrylamide/bis-acrylamide 12.5 ml 

0.5M Tris-Cl pH6.8 25.0 ml 

H2O 62.0 ml 

20% SDS 0.5 ml 

For two pairs of gels, 20ml separation gel mix was mixed with 66jxl 10% ammonium 

persulphate (prepared fresh daily) and lOjil TEMED to catalyse polymerisation of the 

gel. The solution was then poured between the plates, overlaid with propan-2-ol to 

exclude air and left to set for 30 minutes. 

After checking that the separation gel was fully set the propan-2-ol was washed off 

with distilled water and excess liquid blotted off with filter paper being careful not to 

touch the polymerised gel. Stacking gel solution for two pairs of gels was prepared by 

adding 33.4^,1 of ammonium persulphate and 1.6\x\ TEMED to 10ml of stacking gel 

mix. This was then pipetted over the separation gel up to the top of the glass plates and 

a plastic comb (10 or 15 lane) positioned between the glass plates to allow formation of 

lanes and to exclude air. The stacking gel was left to set for a further 30 minutes. 
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Once the gel had set combs were carefully removed and the gel plates set up in the 

running stand and tank. Cooled (4°C) running buffer (0.025M Tris, 0.192M glycine, 

0.1% SDS, pH 8.3) was then poured between the gels. 

Following calculation of the protein concentration cell lysates and fractions were 

diluted with 5x sample buffer (0.31525M Tris-Cl pH 6.8, 10% SDS, 25% 2-

mercaptoethanol, 50% glycerol, 0.01% bromophenol blue) and distilled water to make 

each sample the same protein concentration in Ix sample buffer. Generally 8p,g of 

protein in 20|il was loaded per lane and therefore a 0.4)Lig/|j,l solution was prepared. 

For example for 2 gels 50^1 of sample was prepared from a lysate with a protein 

concentration of 6|Lig/pil and comprised 3.3|Lil lysate, 36.7)^1 distilled water and lOpl 

5xSB. Following dilution samples were vortexed and then both samples and 

Kaleidoscope prestained gel markers were heated to 95 °C for 5 minutes and 

centrifuged at 600xg for 1 minute. 

20^1 of each sample was loaded onto the stacking gel alongside 10^1 of prestained 

molecular weight markers (BioRad) and the gels run at 160 volts, amps limit 300mA 

for approximately 1 hour until the bromophenol blue dye front had reached close to the 

bottom of the gel. Gels were then stained with Coomassie blue to check protein 

loading or transferred onto nitrocellulose membrane by Western blotting before 

immunostaining (see section 2.2.16). 

2.2.15 Coomassie blue staining 

Coomassie blue staining was used to visualise the proteins bands on a SDS-PAGE gel. 

Staining of the gel also enabled a check to be made on the protein loading of the gel 

and was also used to stain a gel after Western blotting as a control to ensure all proteins 

had been transferred onto the nitrocellulose. 

The gel was placed in the staining solution (40% (v/v) methanol, 10% (v/v) acetic acid 

and 0.1% (w/v) Coomassie brilliant blue) and incubated for 2 hours with shaking. The 

gel was then transferred into destain (20% (v/v) methanol, 5% (v/v) acetic acid and 
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75% (v/v) water) and incubated overnight to reveal bands. Gels were then dried using 

a BioRad gel dryer according to the manufacturers instructions. 

2.2.16 Western Blotting 

Gels were transferred onto nitrocellulose using a wet, tank transfer system. At the 

completion of gel electrophoresis gels were carefully removed from between the glass 

plates and equilibrated in transfer buffer (25p,M Tris, 192|iM glycine, 20% v/v 

methanol in H2O, with a final pH of 8.3) for 30 minutes. Nitrocellulose rectangles cut 

slightly larger than each mini-gel were pre-wetted in distilled water before soaking in 

transfer buffer for 15 minutes. 

Filter papers and Scotch-brite pads were soaked in transfer buffer and a test-tube used 

to roll out any air bubbles. To set up the transfer, the gel and nitrocellulose were 

sandwiched between filter papers and Scotch brite pads in a plastic cassette and air 

bubbles were gently removed by rolling a test-tube over the top Scotch-brite pad before 

closing the cassette. This cassette was placed vertically into the transfer tank with the 

gel towards the negative terminal and the nitrocellulose towards the positive terminal 

(see figure 2.4). 

Gels were transferred on the bench for 1 hour at 100 volts, 300 mAmps limit, using a 

mini-Trans-blot cell ensuring ice packs were positioned around the tank to minimise 

heating and with the tank on a magnetic stirrer. Alternatively a large Trans-blot cell 

with plate electrodes was used to transfer proteins at 30 volts, 200 mAmps limit for 18 

hours in the cold room on a magnetic stirrer. Within the same experiment the transfer 

tank used was of the same type to minimise differences in protein transfer efficiency. 

Following completion of electrophoretic transfer blots were dried on filter paper and 

the position of molecular weight calibrators marked with a pencil. Comers were cut off 

the blots or small slits made to mark and orientate the blots. Blots were either stained 

immediately or stored at 4°C wrapped in cling film for up to one week. 
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2.2.17 Tmmunostaming of Western blots 

After drying, nitrocellulose blots were incubated in blocking buffer (5% milk in PBS, 

0.5% Tween-20, ImM sodium orthovanadate, ImM sodium fluoride, 70uM PMSF) for 

30 minutes. After washing blots for 15 minutes in PBS-Tween wash buffer (PBS, 0.5% 

(v/v) Tween-20, ImM sodium orthovanadate, ImM sodium fluoride, TOpiM PMSF) 

blots were incubated for 1 hour with the primary antibody (see Table 2.5) diluted in 

antibody buffer (150nM NaCl, 50mM Tris, 0.25% BSA, I m M sodium orthovanadate, 

ImM sodium fluoride, 70p,M PMSF, pH to 7.4 prior to addition of 0.5% Tween 20). 

Membranes were washed once for 15 minutes and twice for 5 minutes with fresh 

changes of PBS-Tween. 

Incubation with secondary Horseradish peroxidase antibody (see Table 2.5) was carried 

out for I hour followed by washing with PBS-Tween once for 15 minutes and four 

times for 5 minutes. The chemiluminescence detection reagent, ECL Plus (Amersham) 

was applied to blots for 5 minutes according to the manufacturers instructions (see 

figure 2.5 for explanation of chemical reaction). Blots were then wrapped in cling film 

being careful to avoid creases or air bubbles and placed in a film cassette. In the dark 

room Hyperfilm ECL autoradiography film was placed on top of the blots and exposed 

for a range of time periods from 10 seconds to 5 minutes before developing the film. 

Bands were then analysed by densitometry using Kodak ID software and statistical 

analysis carried out using an unpaired Students f-test. 
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Figure 2.4. Set up of Western blotting transfer 
Showing orientation of gel and nitrocellulose membrane in cassette and transfer tank for 
Western blotting in terms of the positive and negative electrodes 
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Figure 2.5. Reaction of ECL Plus with HRP-conjugated antibodies. 
Detection of HRP-conjugated antibodies by ECL Plus involves oxidation of Lumigen PS-3 
acridian substrate to acridinium ester intermediates which react with peroxide under slight 
alkaline conditions to produce an excited product with emission of light or 
chemiluminescence. 



Table 2.5. Primary and secondary antibodies used for Western blotting. 

Antigen Class Source Dilution Secondary antibody 

CD44 standard 
(Hermes-3) 

Mouse 
monoclonal 
IgGlA 

Gift 1 in 500 Rabbit anti-mouse HRP 
conjugate (Dako) 
1 in 1000 

CD44v3 Rabbit 
polyclonal 
Purified IgG 

Chemicon 
International 
Inc. 

1 in 500 Swine anti-rabbit HRP 
conjugate (Dako) 
1 in 1000 

Ezrin 
(Clone 18) 

Mouse 
monoclonal 
IgGi 

Transduction 
Laboratories, 
UK 

1 in 125 Rabbit anti-mouse HRP 
conjugate (Dako) 
1 in 1000 

Moesin 
(Clone 38) 

Mouse 
monoclonal 
IgG, 

Transduction 
Laboratories, 
UK 

1 in 1000 Rabbit anti-mouse HRP 
conjugate (Dako) 
1 in 1000 

Ezrin 
(C-I5) 

Goat 
polyclonal 

Santa Cruz 
Biotechnology 

1 in 2000 Rabbit anti-goat HRP 
conjugate (Dako) 
1 in 1000 

Moesin 
(C-15) 

Goat 
polyclonal 

Santa Cruz 
Biotechnology 

1 in 2000 Rabbit anti-goat HRP 
conjugate (Dako) 
1 in 1000 

phosphotyrosine 
PY20:biotin 

Mouse 
monoclonal 
IgGae 

Transduction 
Laboratories, 
UK 

1 in 1600 Streptavidin-
biotinylated HRP 
complex (Amersham) 
1 in 1000 

EGFR 
(sheep 529) 

Sheep 
polyclonal 

Produced 'in-
house' 

1 in 16,000 Rabbit anti-sheep HRP 
conjugate (Dako) 
1 in 1000 

actin Rabbit 
polyclonal 

Sigma 1 in 4000 Swine anti-rabbit HRP 
conjugate (Dako) 
1 in 1000 



3 CHAPTER THREE 

CD44 EXPRESSION IN BRONCHIAL EPITHELIAL CELL LINES 

CD44 is expressed by a variety of cells including Gbroblasts, endothelial and epithelial 

cells (41). Several cytokines and growth factors have been shown to influence 

expression of CD44 in different in vitro models. Both Interleukin-1 (40) and 

Hepatocyte growth factor/Scatter factor (HGF/SF) (57) have been shown to increase 

CD44 expression on endothelial cells. In mouse fibroblasts, EOF has been shown to 

induce CD44 expression through transcriptional regulation of CD44 mediated by an 

EGF-regulatory element in the upstream regulatory region of the CD44 gene (166). In 

human bone marrow fibroblasts CD44 expression was unchanged by GM-CSF, 

interleukin-3 or TGFpl (125) and human lung fibroblast expression of CD44 was not 

influerwzed b]/T(]I?pi c* blFCiF (i:Z4). 

Bronchial biopsies from asthmatic patients show intense staining on basal cells for both 

EGF receptor (115) and CD44 (73) in areas of epithelial damage. Based on the 

observations described above it was hypothesised that the EGF receptor could be 

responsible for the upregulation of CD44 expression. Therefore the aim of this chapter 

was to determine whether the EGF receptor ligands, EGF and HB-EGF influenced the 

expression of CD44 and CD44v3 by bronchial epithelial cells. The effect of HB-EGF 

on CD44v3 expression has also been studied here as the availability of the heparan 

sulphate moiety on CD44v3 for HB-EGF binding could itself be controlled by HB-EGF 

modulation of CD44v3 expression. 

3.1 CD44 expression by bronchial epithelial cell lines 

CD44 and CD44v3 expression by NCI-H292 and 16HBE 14o- cells was first assessed 

by immunocytochemistry. This showed that both cell lines had immunoreactivity for a 

pan CD44 antibody (clone 25-32) and a specific antibody against CD44 proteins 

containing peptides encoded by exon v3 (figure 3.1i and ii). Additionally, both 

antibodies revealed a pattern of staining consistent with a plasma membrane 

distribution and their role as cell adhesion molecules. These results are in agreement 

with the previous cellular distribution of proteins detected with these antibodies to 
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a. panCD44 

b. CD44v3 

c. Control staining d. IgGl negative 
(without primary antibody) control 

e. IgG2B negative 
control 

Figure 3.1i. CD44 Immunofluorescent staining. 
NCI-H292 cells were stained with a pan-CD44 antibody (clone 25-32) (a) or 
CD44v3 specific antibody (clone 3G5, R&D Systems) (b) using a secondary anti-
mouse FITC conjugate (Dako). Control plates are as follows, c shows control 
staining in the absence of primary antibody, d shows staining with a mouse IgGl 
negative/irrelevant antibody control and e shows staining with a mouse IgG2B 
negative/irrelevant antibody control. 



f. pan CD44 

g. CD44v3 

h. Control staining i. IgGl negative 
(without primary antibody) control 

j. IgG2B negative 
control 

Figure 3.1ii. CD44 Immunofluorescent staining. 
16HBE 14o- cells were stained with a pan-CD44 antibody (clone 25-32) (f) or 
CD44v3 specific antibody (clone 3G5, R&D Systems) (g) using a secondary anti-
mouse FITC conjugate (Dako). Control plates are as follows, h shows control 
staining in the absence of primary antibody, i shows staining with a mouse IgGl 
negative/irrelevant antibody control and j shows staining with a mouse IgG2B 
negative/irrelevant antibody control. 



Hermes 3 IgG2A -l°antibody 
pan CD44 control control 

212 

1 3 2 

86 

44 

1 2 1 2 1 2 

CD44v3 -l°antibody 
control 

1 2 1 2 

Figure 3.2. Analysis of CD44 and CD44v3 proteins by Western blotting. 
NCI-H292 (1) and 16HBE 14o- (2) whole cell lysates were separated by 7.5% 
SDS-PAGE and Western blots stained with antibodies against pan CD44 
(Hermes 3) and exon v3 containing isoforms (Chemicon). An IgG2A irrelevant 
control blot is shown corresponding to the pan-CD44 stained blot where in both 
cases 0.8pg/ml IgG2A (either specific antibody or control IgG) was incubated in 
the primary antibody incubation step. Control blots where omission of primary 
antibody and incubation with antibody buffer alone was followed by incubation 
with anti-mouse or anti-rabbit HRP-conjugate secondary antibodies are also 
shown. 



CD44 (89) and CD44v3 (41). Control staining with irrelevant antibodies of the same 

isotype and species as well as omission of the primary antibody gave very faint 

background staining just revealing the shape of colonies of cells. 

Western blotting confirmed the expression of CD44 and CD44v3 by NCI-H292 and 

16HBE 14o- cells (figure 3.2). The Hermes-3 antibody which recognises all forms of 

CD44 detects many bands on the Western blot not recognised by the isotype control in 

the range 90-220kDa with some differences observed between the cell lines. Both cell 

lines express a broad band at around 90kDa which probably represents the standard 

form of CD44. NCI-H292 cells express proteins with molecular weights of 150-

220kDa whereas a large proportion of CD44 proteins expressed by 16HBE 14o- cells 

make up a broad band at 100-170kDa with another band at 210kDa. Isotype (IgG2A) 

control and omission of primary antibody control with anti-mouse secondary-HRP 

blots show bands on the lower portion (44-70kDa) of the blots from both cell lines to 

be non-specific. 

Using a specific antibody raised against the variant exon v3. Western blotting showed 

three major bands at approximately 90, 150 and 210kDa (indicated with arrows) as well 

as fainter bands within this range. Again control staining of one blot with omission of 

primary antibody followed by incubation with secondary anti-rabbit HRP showed 

bands which likely arose from non-specific binding. However when used for Western 

blotting the CD44v3 antibody is weaker than the CD44 pan antibody making it less 

easy to distinguish the specific bands. 

The detection of proteins by Western blotting with a range of molecular weights 

suggests that the two bronchial epithelial cell lines probably expressed many 

alternatively spliced and glycosylated forms of CD44 and CD44v3 with molecular 

weights of between 90 and 220kD on the Western blot. These results are consistent 

with the initial characterisation of the antibodies (113), (51). 

3.2 The effect of EGF on CD44 expression 

To examine the effect of culture conditions on CD44 expression by NCI-H292 and 

16HBE 14o- cell lines, cells were serum starved for 24 hours before changing the 
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Figure 3.3i. Effect of culture conditions on surface CD44 expression. 
Flow cytometric measurement of surface expressed pan CD44 and CD44v3 
specific proteins by NCI-H292 cells following 24 hour culture in serum free 
medium alone or supplemented with 10% FBS, InM EGF or InM HB-EGF. 
Data are the mean of three experiments +/-SD and Student's unpaired f-test 
was used to determine difference between serum free and supplemented 
medium (for all treatments P>0.05). NB; Scale differs between plots to 
allow clarity. 
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Figure 3.3ii. Effect of culture conditions on surface CD44 expression. 
Flow cytometric measurement of surface expressed pan CD44 and CD44v3 
specific proteins by 16EIBE 14o- cells following 24 hour culture in serum 
free medium alone or supplemented with 10% FBS, InM EGF or InM HB-
EGF. Data are the mean of three experiments +/-SD and Student's 
unpaired ^-test was used to determine difference between serum free and 
supplemented medium (for all treatments P>0.05). NB: Scale differs 
between plots to allow clarity. 
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Figure 3.4. Effect of culture conditions on total CD44 expression. 
NCI-H292 (A) and 16HBE 14o- (B) cells were serum starved for 24 hours 
then cultured for 24 hours in serum free medium (lane 1) or serum free 
medium +/- 10% FBS (lane 2), InM EGF (lane 3) or InM HB-EGF (lane 
4). Total cellular proteins were separated by 7.5% SDS-PAGE and 
Western blotting. Blots were stained with either (i) a pan CD44 antibody 
(Hermes 3) or (ii) a specific antibody which recognises exon v3 containing 
CD44 proteins. 



medium to serum free medium with or without 10% FBS, InM EGF or InM HB-EGF 

for a further 24 hours. Surface expression of CD44 and CD44v3 immunoreactivity was 

measured by flow cytometry and total cellular CD44 and CD44v3 immunoreactivity 

was determined by SDS-FAGE and Western blotting. 

Flow cytometric analysis indicated that the addition of 10% FBS, InM EGF or InM 

HB-EGF to the serum free culture medium had no significant effect on CD44 or 

CD44v3 surface protein expression (figure 3.3i and ii). Although small changes were 

seen, statistical analysis using an unpaired Students r-test showed that these were not 

significant (P>0.05). Total cellular CD44 was examined using SDS-FAGE and 

Western blotting and NCI-H292 and 16HBE 14o- cells were treated as for the flow 

cytometric analysis, lysed and the protein concentration determined. An equal amount 

of protein from each sample was then separated by SDS-PAGE, transferred onto 

nitrocellulose and Western blots were stained for CD44 and CD44v3 (figure 3.4). 

These blots do not reveal any significant changes in either total cellular CD44 or 

CD44v3 expression or the relative intensity of any specific band on the Western blots 

thus confirming the result obtained by flow cytometry. 

3.3 The effect of culture conditions on the growth of bronchial epithelial cells 

Results from the experiments described above showed that 24-hour treatment with EGF 

or FEB-EGF did not significantly influence CD44 or CD44v3 expression in the cell lines 

tested. However it has been recorded that there is an inverse relationship between cell 

density and CD44 expression (81), an observation confirmed in the experiment shown 

in figure 3.5. This showed that cells plated at high cell density expressed less surface 

CD44 and CD44v3 per cell than cells plated at low cell density following a 5-day 

culture period. Consequently, if EGF was influencing proliferation (i.e. increasing cell 

density) then any increase in CD44 expression by EGF or HB-EGF could be masked by 

the parallel increase in cell density and accompanying reduction in CD44 or CD44v3 

surface expression. Therefore the effect of the EGF on the proliferation of NCI-H292 

and 16HBE 14o- cells over a 7-day period was tested in in vitro growth studies. 

Cell proliferation was measured using the methylene blue assay method followed by 

construction of growth curves over a 7 day time course for NCI-H292 and 16HBE 14o-
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Figure 3.5. Effect of cell density on surface CD44 and CD44v3 expression. 

NCI-H292 cells were seeded onto 6-well plates at high (3x10^ cells per well) and 
low (3x10* cells per well) cell density and cultured for 5 days before measurement 
of CD44 and CD44v3 surface expression using flow cytometry. Control staining 
is omission of primary antibody. Data are mean +/- SD of triplicates from a single 
experiment. 



cells grown in a range of culture medium conditions. Over a 7 day growth period both 

cell lines exhibited similar patterns of proliferation; an initial, short lag phase after 

plating was followed by a sustained period of log growth and cell proliferation did not 

plateau in either of the cell lines grown in any culture medium condition (figure 3.6). 

These preliminary experiments looking at culture conditions showed that both cell 

types were able to proliferate in serum free medium and that the addition of InM EGF 

to the culture medium had no significant stimulatory effect on the proliferation of either 

of the cell lines over the 7 day growth period (figure 3.6). Only the addition of 10% 

PBS to NCI-H292 cells significantly influenced proliferation where a reduced number 

of cells was seen at days 5 and 7 (PcO.OOl). In 16HBE 14o- cells 10% FBS shows a 

reduction in absorbance of methylene blue at day 7 although this is not significant 

(P=0.14). 

The concentration of EGF has been shown to be important in regulating proliferation of 

A431 human epidermoid carcinoma cells, EGF stimulates cells proliferation but higher 

concentrations of EGF (greater than 5nM) inhibit proliferation (91). Therefore this 

initial study was followed up by an experiment to study the dose/response relationship 

of EGF on proliferation of NCI-H292 and 16HBE 14o- cells in case InM EGF was 

inhibitory. Figure 3.7 shows proliferation of NCI-H292 and 16HBE 14o- cells cultured 

in serum free medium containing EGF over the range 0.015nM-16nM. Here no 

enhancement of proliferation was seen with increasing doses of EGF compared to InM 

EGF suggesting that proliferation of both cell lines is independent of exogenous EGF. 

As it was hypothesised that HB-EGF could have distinct or enhanced effects over EGF 

due to its co-localisation with CD44v3 at the plasma membrane, equivalent molar 

concentration of EGF and HB-EGF might have different effects on 16HBE 14o- and 

NCI-H292 cell growth. Therefore the addition of InM EGF or HB-EGF to serum free 

medium was compared but neither had any influence on proliferation when compared 

with serum free medium growth curves for each cell line (figure 3.8). 

Supplementing culture medium of NCI-H292 or 16HBE 14o- cells with EGF or HB-

EGF appeared to have no significant influence on the rate of proliferation of these cells, 

even though these cells respond to short term stimulation with InM EGF or InM HB-
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EGF with changes in protein phosphotyrosine staining (figure 3.9). Since tumour cells 

such as NCI-H292 frequently exhibit autonomous growth due to autocrine ligand 

production (147), the role of the EGFR itself in proliferation was examined by 

measuring the effect of IfiM tyrphostin AG1478, a selective inhibitor of the EGF 

receptor tyrosine kinase (85), on proliferation of these cells. In NCI-H292 cells (figure 

3.10) tyrphostin diminished the growth of cells cultured in serum free medium at days 

3, 5 and 7 (P<0.001) and medium containing 10% FBS at days 3, 5 and 7 (P<0.001) by 

approximately 50%. Conversely tyrphostin was unable to inhibit the proliferation of 

cells when cultured in the presence of InM EGF except after 7 days of culture where 

there was a small but significant reduction in the proliferation of NCI-H292 cells 

cultured in InM EGF and 1|liM tyrphostin (P<0.03). Proliferation of control cells 

cultured in serum free medium containing 1 in 20,000 DMSO was at the same rate as 

those cultured in serum free medium alone suggesting the tyrphostin itself is causing 

the effects seen and not the DMSO vehicle. 

16HBE 14o- cells showed a greater variation in proliferative responses and a slight 

inhibitory effect of tyrphostin in all treatments only reached significance when added to 

InM HB-EGF containing medium at days 5 and 7 of growth (figure 3.11). Again as 

with NCI-H292 cells DMSO did not interfere with the proliferation of 16HBE 14o-

cells when added in a 1 in 20,000 dilution to serum free medium. 

49 



7 

6 

# 5 

3 

2 

1 

0 

B 

1 3 5 7 
Time (days) 

1 3 5 7 

Time (days) 

-B— Serum free medium 

-A-10% FBS 

InM EGF 

-H— Serum free medium 

-A- 10% FBS 

InM EGF 

Figure 3.6. Effect of FBS and EGF on growth of bronchial epithelial 
cell lines. 
The effect of serum free medium, 10% FBS or InM EGF on the growth of 
NCI-H292 (A, n=15) and 16HBE 14o- (B, n=18) cells was determined using 
methylene blue assay. Data are mean absorbance of methylene blue at 
630nm +/- SD. *P<0.001 using an unpaired Student's /-test to compare 
serum free with 10% FBS or InM EGF culture conditions. 
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Figure 3.7. The effect of a range of concentrations of EGF (O.OlSnM-
16nM) on the growth of cells. 
NCI-H292 (A) and 16HBE 14o- (B) were cultured in a range of doses of 
EGF for 7 days and cell growth was determined using methylene blue assay. 
Data are mean methylene blue absorbance at 630nm over a 7 day growth 
period +/-SD derived from triplicates within a single experiment. 



1 3 5 7 

Time (days) 

-H— Serum free medium 

InM EGF 

InM HB-EGF 

-H— Serum free medium 

InM EGF 

InM HB-EGF 

1 3 5 7 

Time (days) 

Figure 3,8. Comparison of the effect of InM EGF or InM HB-EGF on 
the growth of cells, 
NCI-H292 (A) and 16HBE 14o- (B) cells were cultured for 7 days in 
medium containing InM EGF or InM HB-EGF and growth was determined 
using methylene blue assay. Data are mean methylene blue absorbance at 
630nm +/- SD, n=12. 



A: NCI-H292 cells 

209 —• i Expected position 
™ ^ ofEGFR 

1 3 0 - ^ t 

* • - • -

4 4 — • 

UT 2 m 15m 30m UT 2 m 15m 30m 
InM EGF InM HB-EGF 

B: 16HBE 14o- cells 

217 —• . . Expected position 
* 4 I • ofEGFR 

126-+ # w m 

73' 

44-

UT 2 m 15m 30m UT 2 m 15m 30m 
InM EGF InM HB-EGF 

Figure 3.9. Effect of EGF and HB-EGF on phosphotyrosine levels. 
Phosphotyrosine stained Western blots of whole cell lysates of NCI-H292 (A) 
and 16HBE 14o- (B) cells serum starved for 24 hours then treated with InM 
EGF or HB-EGF for 2, 15 or 30 minutes (m) or left untreated (UT). Proteins 
were separated by 7.5% SDS-PAGE and transferred onto a nitrocellulose 
membrane before staining with an anti-phosphotyrosine (clone PY20) 
antibody. 
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Figure 3.10. Effect of tyrphostin AG1478 on growth of NCI-H292 cells. 
NCI-H292 cells were cultured for up to 7 days with the addition of 1 |iM tyrphostin 
AG1478 to serum 6ee medium (A), 10% FBS (B), InM EGF (C) or InM HB-EGF (D). 
Data are mean absorbance of methylene blue at 630nm +/- SD. *P<0.05, **P<0.001 
using Student's unpaired test to compare culture conditions +/- tyrphostin AG1478 
(n=15 except HB-EGF graph where n=12) 
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Figure 3.11. Effect of tyrphostin AG 1478 on growth of 16HBE 14o- cells. 
16HBE 140- cells were cultured for up to 7 days with the addition of l^M tyrphostin 
AG1478 to serum free medium (A), 10% FBS (B), InM EGF (C) or InM HB-EGF (D). 
Data are mean absorbance of methylene blue at 630nm +/- SD. *P<0.05, **P<0.001 
using Student's unpaired A test to compare culture conditions +/- tyrphostin AG1478 
(n=15 except HB-EGF graph where n=12) 



3.4 Discussion 

Cell adhesion molecules expressed on the cell surface are involved in a variety of 

functions including cell-cell and cell-extracellular matrix binding, ligand binding and 

cell migration (83). Shifts in the levels of cell adhesion molecules expressed on the cell 

surface along with alternative splicing of variant exons and variations in the pattern of 

glycosylation and sulphation allows dynamic control of adhesion molecule function. 

For example the combination of alternatively spliced CD44 variants along with 

overexpression of CD44 proteins has been shown to result in enhancement of 

hyaluronan mediated cell adhesion (168), (15). The enhanced staining for CD44 

observed in the bronchial epithelium of asthmatic subjects (73) could provide a 

mechanism for increased adhesion to adjacent cells or to the extracellular matrix via 

hyaluronan or enhanced presentation of heparin binding growth factors such as HB-

EGF by exon v3 containing CD44 proteins. 

EGF receptor staining is also elevated in the epithelium of asthmatic bronchial biopsies 

(115) and EGF has been shown to increase CD44 expression in mice fibroblasts (166). 

Therefore the main aim of this chapter was to examine the effect of EGF on CD44 

expression by human bronchial epithelial cell lines NCI-H292 and 16HBE 14o-. 

Expression of CD44 and CD44v3 by NCI-H292 and 16HBE 14o- cells was 

demonstrated and immunocytochemistry showed staining consistent with a plasma 

membrane distribution a finding compatible with the role of CD44 as a cell adhesion 

molecule. Western blotting analysis of CD44 and CD44v3 proteins expressed by the 

bronchial epithelial cell lines revealed multiple bands from 90kDa - 220kDa and 100-

200kDa, respectively, suggesting that many alternatively spliced and glycosylated 

isoforms are expressed. These findings are consistent with an immunohistochemical 

study by Mackay et al 1994 (90) that described expression of multiple isoforms of 

CD44 (CD44s, v4, v6, v9) in human lung bronchial epithelium and also showed a 

Western blot profile with multiple bands ranging from 90-over 200kDa similar to that 

presented here in figure 3.2. Another large study by Fox et al, 1994 (41) described 

CD44s, v3, v4/5, v6 and v8/9 expression in respiratory epithelium using 

immunohistochemistry. The 90kD protein detected on Western blots in figure 3.2 

probably corresponds to the standard form of CD44 whereas the higher molecular 

weight proteins are likely to correspond to isoforms containing alternatively spliced 
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axons and post-translational glycosylation. The absence of tight bands on the blot can 

probably be accounted for by the expected high glycosylation of the proteins run on the 

gel, as glycosylation reduces the mobility of proteins and heterogeneity in the extent of 

glycosylation results in smears of proteins rather than tight bands on the gel. 

Quantification of CD44 and CD44v3 cell surface expression using flow cytometry 

showed that EGF and HB-EGF had no significant effect on the expression of these cell 

surface proteins by the bronchial epithelial cell lines, NCI-H292 and 16HBE 14o-. 

This was confirmed by Western blotting. This is in contrast to a study looking at CD44 

expression by fibroblasts which demonstrated EGF induction of CD44 gene 

transcription and subsequent expression by mouse fibroblasts (166). One possible 

reason for the lack of effect seen here is that EGF could stimulate changes in gene 

transcription with no subsequent enhancement of translation into surface expressed 

protein. Alternatively EGF may play a role in the control of the complement of exons 

alternatively spliced and expressed. Epithelial cells predominantly express CD44 

proteins containing the variant exons v8, v9 and vlO (referred as the epithelial forms of 

CD44 or CD44E) (30), and in the cell lines studied here EGF receptor ligands could 

influence these or other alternatively spliced forms and not total CD44 or CD44v3. 

EGF receptor ligands might modify CD44 function through changes in glycosylation or 

sulphation or its sub-cellular distribution, as has been shown for tumour necrosis factor-

a (TNF-a) which stimulates CD44 sulphation on leukocytes and increased adhesion to 

the endothelium of blood vessels (92). 

Factors other than cytokines and growth factors might also influence CD44 expression 

by these cells and it has previously been shown that cell density is a factor to be 

considered when measuring CD44 levels (81). It was therefore important to examine 

the possibility that in these cells EGF affected cell density with a concurrent down 

regulation of CD44 expression thus masking any EGF regulated changes in CD44 

expression. 

The effect of culture conditions on growth of NCI-H292 and 16HBE I4o- cells was 

quantified using the methylene blue assay. The growth curves presented in figure 3.6 

showed that the addition of InM EGF to the growth medium of these cells has no 

significantly stimulatory effect on the growth of these cells. Thus it is unlikely that any 
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EGF stimulated increase in total CD44 or CD44v3 expression was masked by a parallel 

increase in cell density or proliferation. In addition to cell adhesion, CD44 might play 

other roles in the maintenance of the bronchial epithelium and its repair following 

damage for which its presence on the cell surface rather than the absolute values of 

CD44 expression is important. 

Growth experiments described in this chapter showed how EGF was unable to induce 

an increase in proliferation above that measured when cells were cultured in serum free 

medium implying these cells have the ability to grow without any requirement for 

exogenous growth factor. The absence of an EGF mediated proliferative response in 

16HBE 14o- cells could be accounted for by the fact that these cells are a virally 

transformed cell line and that their proliferation cannot be controlled by growth factors 

due to the absence of normal cell cycle controls (49). NCI-H292 cells are a tumour cell 

line (10) and like other tumour cells probably secrete their own growth factors such as 

transforming growth factor-alpha (TGFa) and amphiregulin (AR) (147) which 

stimulate proliferation of cells (18), (131) to grow at a maximal rate so the addition of 

further EGF has no stimulatory effect, as shown in figure 3.7. A comparison of the 

proliferation of cells cultured in EGF or HB-EGF (figure 3.8) showed that the effects of 

HB-EGF resembled that seen with EGF where no enhancement of growth was 

observed. Only the addition of 10% FBS to NCI-H292 cells resulted in any significant 

change as shown by a reduction in the growth of NCI-H292 cells cultured in 10% FBS 

for 7 days (figure 3.6), this could be due to the presence of factors in the serum such as 

transforming growth factor-^ (TGPP) which is known to inhibit growth of epithelial 

cells (18), (131). This inhibition was not observed in the virally transformed 16HBE 

14o- cell hne because these cells proceed through the cell cycle irrespective of the 

presence of growth factors. 

Experiments further examining the role of the EGF receptor in proliferation of these 

cells utilised a selective inhibitor of the EGF receptor tyrosine kinase, tyrphostin 

AG1478. Proliferation of 16HBE 14o- cells was only significantly inhibited by IjiiM 

tyrphostin when added to InM HB-EGF. The addition of tyrphostin to other treatments 

resulted in a slight reduction of growth at day 7 but the greater variation in data 

prevented this reaching significance. This and the observation that addition of InM 
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EGF has no stimulatory effect on 16HBE 14o- cells suggests that proliferation is not 

under the control of soluble factors. 16HBE 14o- cells are an SV40, Large-T antigen 

transformed cell line and this transformation process immortalises the cells by 

activation of the p53 oncogene and subsequent inhibition of proteins involved in 

senescence, allowing the cells to progress through the cell cycle without the need for 

activation by growth factors and their receptors. It would therefore be expected that the 

proliferation of these cells is not dependent on growth factors or significantly retarded 

by their inhibitors (49). Although transformation of these cells does not allow 

manipulation of proliferation these cells have the advantage that they have retained 

specific features of a normal differentiated epithelium as shown by their ability to be 

cultured in a confluent monolayer and display cilia under defined culture conditions. 

Unlike NCI-H292 cells 16HBE 14o- and other transformed cells also retain the ability 

to express and form tight junctions in culture (32) and hence a polarised epithelium 

with separate apical and basolateral compartments allowing regulated movement of 

ions, water and macromolecules in a defined direction across the epithelium (32), (49). 

Conversely, cells like NCI-H292 cells which are a carcinoma derived cell line retain 

some growth control systems as shown by the ability of tyrphostin AG1478 to inhibit 

growth under certain defined conditions. Here, NCI-H292 cell proliferation was 

inhibited by tyrphostin AG1478 when cultured in serum free or serum containing 

medium but not when in the presence of InM EGF except at day 7. These data 

implicate the EGFR tyrosine kinase and imply the expression of autocrine ligand such 

as TGFa as a mediator of NCI-H292 cell proliferation. In the case of cells cultured in 

InM EGF and tyrphostin this concentration of tyrphostin was presumably insufficient 

to inhibit EGFR phosphorylation by exogenous and autocrine ligand except at 7 days of 

culture. Measuring EGFR tyrosine phosphorylation after treating cells with increasing 

doses of tyrphostin added to InM EGF containing medium could test this hypothesis. 

In conclusion, these data suggest that activation of the EGFR is required for the 

proliferation of NCI-H292 cells but that autocrine ligand such as TGFa is expressed 

and activates EGFR to stimulate proliferation sufficient for growth. 

Cellular events during repair of bronchial epithelial cells probably require changes in 

cell adhesion, morphology and motility and as the initial stages of bronchial epithelial 

repair involve migration and spreading of the epithelial cells rather than proliferation 
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(71) the absence of any requirement of growth factors for proliferation is not so 

important as the retention of normal structural features of the epithelium. The EGFR 

and CD44 have been implicated in migration of 16HBE 14o- cells during epithelial 

repair following mechanical damage to confluent monolayers, further emphasising the 

suitability of 16HBE 14o- cells as an in vitro model of bronchial epithelial repair. The 

EGFR ligands EOF and HB-EGF have been shown to enhance the rate of repair (118) 

and expression of CD44 is increased after damage with brighter staining seen 

specifically at the wound edge of repairing cultures (80). 

In addition to the adhesion properties of CD44 it has also been shown to bind the 

intracellular linker molecules, ezrin, radixin and moesin, belonging to the ERM protein 

family which crosslink actin filaments with proteins of the plasma membrane following 

EGF treatment as detailed in the introduction (see Section 1.6). Modulation of actin 

dynamics and CD44 localisation by ERM proteins could be an important feature of cell 

motility and morphology changes during bronchial epithelial repair and these events 

could be dynamically controlled by CD44 levels on the cell surface, ERM protein 

activation by EGFR ligands and the actin cytoskeleton. 
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4 CHAPTER FOUR 

THE EFFECT CMFI&CafI%EK3EFTn00l]JBG l̂NI)S<)NI&ZIlCN AND MOESES IN 

]fUAl^NJH&OmK%IUULI%qTtQ%JUUL(]ELLS 

EGF receptor ligands have previously been shown to induce pronounced changes in the 

morphology of epithelial cells and the distribution of ERM (ezrin, radixin and moesin) 

proteins. In A431 cells, EGF is able to induce formation of microvilli, then membrane 

ruffles followed by rounding up of cells. These distinct morphological changes are 

accompanied by redistribution of ezrin into microvilli and membrane ruffle structures 

and its phosphorylation on tyrosine residues (23). Other growth factors that act via 

receptor tyrosine kinases also modulate ezrin behaviour. Hepatocyte growth 

factor/scatter factor (HGF/SF) binding to its receptor tyrosine kinase, c-met, on 

epithelial cells stimulates tyrosine phosphorylation of ezrin and its enrichment in the 

detergent insoluble cytoskeletal fraction of these cells. Furthermore ezrin has been 

shown to play a role in HGF/SF mediated cell migration (33). 

The aims of the work in this chapter were to examine the effect of the EGF receptor 

tyrosine kinase ligands, EGF and HB-EGF, on the distribution, binding and 

phosphorylation of the ERM proteins, ezrin and moesin, in bronchial epithelial cells. 

Furthermore as there may be local regulation of these effects by co-localisation of HB-

EGF at the plasma membrane with CD44v3, the effects of EGF were compared with 

those of HB -EGF. 

4.1 Western blotting using antibodies against ezrin and moesin 

Antibodies raised against ezrin and moesin were tested by Western blotting to 

determine their reactivity. Staining of nitrocellulose blots with mouse monoclonal 

antibodies to ezrin and moesin showed immunoreactivity to proteins in the range 80-

85kDa, the expected molecular weight of members of the ERM protein family (figure 

4.1 A). Furthermore both antibodies had immunoreactivity towards a single band on the 

Western blot implying specific detection of the individual protein. Control stained 

Western blots with omission of primary antibody showed little staining and no non-

specific bands were seen at the expected molecular weight of ezrin or moesin (figure 
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Figure 4.1. Western blotting for ezrin and moesin using mouse 
monoclonal antibodies. 
Proteins in cell lysates from 16HBE 14o- cells were separated by 10% SDS-
PAGE and transferred onto nitrocellulose. Antibodies against ezrin and 
moesin were mouse monoclonal from Transduction Laboratories (A). Panel B 
shows control staining of Western blots in the absence of primary antibody 
with secondary antibody incubation alone. Bands on all blots were developed 
with ECL Plus followed by exposure of autoradiography film for 1 minute for 
the ezrin antibody and 30 seconds for the moesin antibody, respective 
exposure times for the antibody controls are shown in panel B for comparison. 



4. IB). The mouse monoclonal antibodies were used for further studies on the basis of 

their ability to detect a single band by Western blotting at the expected molecular 

weight of eznn and moesin with no detectable non-specific binding by the secondary-

HRP conjugated antibody. 

4.2 Ezrin and moesin distribution in membrane and cytoskeletal fractions of 

16HBE 14o- bronchial epithelial cells 

It has previously been shown that tyrosine phosphorylation of ezrin and moesin by 

HGF/SF causes them to be associated with the cytoskeleton of bronchial epithelial cells 

(33). The aims of these experiments were to examine whether EOF was able to 

stimulate ezrin and moesin to become physically associated with plasma membrane 

proteins or sub-plasma membrane cytoskeletal proteins, to form protein complexes 

within the cytoplasm, of human bronchial epithelial cells. 

Initial experiments involved preparing particulate and soluble fractions by 

homogenisation and ultracentrifugation to sediment the particulate membrane fraction 

that includes plasma membrane and cytoskeletal protein complexes. 

16HBE 14o- cells were treated with serum free medium in the absence or presence of 

InM EGF for 15 minutes and then disrupted by homogenisation. Whole cells and large 

cell debris were pelleted and removed, prior to separation of the particulate fraction 

from the soluble (cytosolic) fraction of the cell homogenate using an ultracentrifuge. In 

order to examine changes in the relative amount of specific proteins, the concentration 

of protein was determined and normalised to 0.3jxg/|il of protein. 20}xl (6|ig protein) of 

each fraction was then separated by SDS-PAGE and Western blotting was used to 

detect any changes in the relative amounts of ezrin and moesin in these fractions. 

Western blots stained for ezrin and moesin from a preliminary experiment (figure 4.2a) 

showed that ezrin and moesin were present in both fractions in the untreated cells. 

When the cells were treated for 15 minutes with InM EGF both ezrin and moesin 

became enriched in the particulate fraction. Figure 4.2b shows semi-quantitative 

analysis of these blots to clarify changes in the intensity of bands on the Western blots. 
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The increased levels of ezrin and moesin in the particulate fraction suggests reduced 

solubility of ezrin and moesin and likely reflects an increase in the binding of ezrin and 

moesin to insoluble protein components of the plasma membrane and cytoskeleton of 

these cells. 

As this preliminary experiment showed that treatment with EGF was able to stimulate 

an enrichment of ezrin and moesin in the particulate fraction of cells, it was next 

determined whether ezrin and moesin became differentially associated with the actin 

cytoskeleton after treatment of bronchial epithelial cells with EGF or HB-EGF. 

Cytoskeletal preparations were also a much more convenient method for larger 

experiments than the homogenisation/ultracentrifugation method of cell fractionation. 

Following treatment of 16HBE 14o- cells with serum free medium without or with 

InM EGF or InM HB-EGF, cytoskeletal extracts were prepared using a method based 

on the relative insolubility of the actin cytoskeleton in mild detergents compared with 

other cellular proteins. Proteins in these extracts were analysed by SDS-FAGE and 

Western blotting (figure 4.3a). In untreated cells, both ezrin and moesin were present 

in the cytoskeletal fraction. Upon treatment with InM EGF for 15 minutes there was a 

significant increase in the levels of ezrin (P<0.05) and moesin (P<0.003) in the 

cytoskeletal fraction, as determined by semi-quantitative analysis of Western blots 

(figure 4.3b). However, when looking at the effect of HB-EGF on redistribution of 

ezrin and moesin variation in the data obtained was observed. The Western blot 

presented in figure 4.3a shows that HB-EGF appears to stimulate a small enrichment 

similar to that seen with EGF. However, when Western blots from three experiments 

were subjected to semi-quantitative analysis, enabling variability between experiments 

to be taken into account, there was no significant effect of HB-EGF on the distribution 

of ezrin and moesin between fractions of 16HBE 14o- cells (figure 4.3b). 

To further examine the EGF stimulated changes in cytoskeletal binding 16HBE Mo-

cells were treated with InM EGF for a range of time points between 2 minutes and 6 

hours (figure 4.4). This time course of InM EGF treatment indicated that an 

enhancement of the binding of ezrin and moesin to the actin cytoskeleton occurred after 

2 minutes of treatment. Enrichment of ezrin and moesin in the cytoskeleton gradually 

decreased after 15 minutes to untreated levels at 30 minutes, 1 hour and 6 hours. As a 
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Figure 4.2a. Effect of EGF on the distribution of ezrin and moesin 
between particulate and soluble fractions of 16HBE 14o- cells. 
Cells were serum starved for 24 hours then treated for 15 minutes with serum 
free medium (Sfm) +/- InM EGF prior to the preparation of particulate 
(membrane) and soluble fractions. Fractions were solubilised in denaturing 
lysis buffer and a protein assay carried out. 6[ig of protein from each 
fraction/sample was separated by 7.5% SDS-PAGE and transferred onto a 
nitrocellulose membrane before staining with mouse monoclonal antibodies 
against (A) ezrin or (B) moesin (Transduction Labs). 
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Figure 4.2b. Semi-quantitative densitometry of Western blots in 
figure 4.2a. 
Western blots were scanned using a Flewlett Packard Deskscan and levels 
of immunoreactive ezrin and moesin measured using Kodak ID software. 
Data are from a single experiment. 
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Figure 4.3a. Effect of EGF and HB-EGF on ezrin and moesin levels in 
cytoskeletal fractions from 16HBE 14o- cells. 
Cells were serum starved for 24 hours then treated for 15 minutes with serum free 
medium (Sfm) +/- InM EGF or HB-EGF prior to extraction of the soluble 
fraction followed by lysis of the cytoskeletal fraction into hot denaturing lysis 
buffer. The protein concentration of samples was determined and 6p,g of protein 
from each sample separated by 7.5% SDS-PAGE. Proteins were transferred onto 
a nitrocellulose membrane and stained with mouse monoclonal antibodies to ezrin 
or moesin (Transduction Labs). Blots are representative of three experiments. 
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Figure 4.3b. Semi-quantitative densitometry of ezrin and moesin 
stained Western blots of cytoskeletal fractions from figure 4.3a. Levels 
of immunoreactive ezrin or moesin were measured using Kodak ID 
software. Data are the mean +/- SD of net pixel intensity expressed as a 
percentage of the serum free medium treated confrol sample. Data from 
three individual experiments were statistically analysed using a Student's 
unpaired t-test *P=<0.05, **P<0.003. 



t 
34 —• ^ ^ A: Ezrin 

0 2m 15m 30m Ih 6h 

1 3 6 - • 

34 # # ##" # # m # B: Moesin 

0 2m 15m 30m Ih 6h 

84 

" C: Actin 
41 - • 

0 2m 15m 30m Ih 6h 

Figure 4.4. Cytoskeleton extracts of 16HBE 14o- cells treated with InM 
EGF for various time periods from between 2 minutes and 6 hours. 
16HBE 14o- cells were serum starved for 24 hours before treating with serum 
free medium containing InM EGF for 2, 15, 30 minutes, 1 or 6 hours. Soluble 
proteins were extracted before solubilising cytoskeletons in hot denaturing lysis 
buffer. 5)ig of protein was loaded onto each lane of a 7.5% SDS-PAGE gel and 
nitrocellulose Western blots were stained using mouse monoclonal anti-ezrin 
(A), anti-moesin (B) or rabbit polyclonal anti-actin (C) antibodies. Blots are 
representative of two experiments. 
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Figure 4.5. Effect of EGF on the distribution of ezrin, moesin, CD44, 
phosphotyrosine and EGF receptor in cytoskeletal and soluble fractions of 
16HBE 14o- cells. 
Cells were serum starved for 24 hours, treated with serum free medium (Sfm) +/-
InM EGF for 15 minutes before preparation of soluble and cytoskeletal fractions. 
8)j,g of protein was separated by 7.5% SDS-PAGE and elecrophoretically 
transferred onto nitrocellulose. Western blots were stained with antibodies against 
ezrin (A), moesin (B) (both mouse monoclonal), CD44 (C), phosphotyrosine (D) 
and EGF receptor (clone Ab-4) (E). Blots are representative of two experiments. 



control, actin levels were also assessed by Western blotting and remained consistent 

throughout the time course. 

Alongside staining for ezrin and moesin, CD44, phosphotyrosine and EGF receptor 

proteins were also detected in both the cytoskeletal and soluble fractions of these cells. 

As CD44 is known to be a binding partner for ERM proteins its distribution in 

cytoskeletal and soluble fractions of 16HBE 14o- cells was also assessed (figure 4.5C). 

CD44 was present in both fractions with the cytoskeletal fraction having more total 

CD44 per pig of protein as well as a greater number of bands than the soluble fraction. 

No effect on this distribution was observed with EGF treatment. EGF receptor proteins 

were also observed in both fractions, with no detectable changes occurring following 

treatment with EGF (figure 4.5E). An EGF stimulated increase in phosphotyrosine 

staining was detected in both fractions after treatment (figure 4.5D) and the 

enhancement of the major band at around 175kDa probably reflects an increase in 

tyrosine phosphorylation of EGF receptors following treatment with EGF. 

4.3 Ezrin and moesin distribution in 16HBE 14o- bronchial epithelial cells 

Following the observation that EGF was able to elicit a small increase in the 

association of ezrin and moesin with the insoluble cytoskeletal fraction, the next aim 

was to examine whether EGF was able to stimulate the redistribution of ezrin and 

moesin to associate with the actin cytoskeleton in surface structures such as microvilli. 

16HBE 14o- cells were treated with serum free medium with or without InM EGF or 

InM HB-EGF then cells were fixed and stained for ezrin or moesin using 

immunocytochemistry. 

Treatment of 16HBE 14o- cells with InM EGF or HB-EGF stimulated redistribution of 

ezrin and moesin to plasma membrane regions of the cell. 16HBE 14o- cells were 

serum starved for 24 hours before cells were treatment with 17, 5, InM EGF or InM 

HB-EGF for 2, 15 or 30 minutes. Ezrin and moesin distribution could then be observed 

following immunocytochemical staining of these cells. Unstimulated 16HBE 14o-

cells expressed both ezrin and moesin and both proteins were found in a diffuse 

cytoplasmic distribution throughout the cells, sometimes both ezrin and moesin were 

also concentrated in plasma membrane as well as perinuclear regions (figure 4.6). 
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Figure 4.6. Effect of EGF on distribution of ezrin and moesin. 
16HBE 14o- cells treated with InM EGF for a time course of between 2 and 30 
minutes. Cells were serum starved for 24 hours before treating with serum free 
medium containing InM EGF for 2, 15 or 30 minutes or left untreated. Cells were 
washed twice with PBS before fixing and staining using mouse monoclonal primary 
antibodies against ezrin or moesin and a secondary anti-mouse FITC-conjugate 
antibody. 



17nM EGF 5nM EGF 

Untreated 

2 minutes 

15 minutes 

30 minutes 

Figure 4.7. Effect of a range of doses of EGF and InM HB EGF on ezrin 
distribution. 
To observe the dose response relationship of EGF on the redistribution time course 
of ezrin distribution 16HBE 14o- cells were untreated or treated with serum free 
medium containing 17, 5, InM EGF or InM HB-EGF for 2, 15 or 30 minutes. 
Cells were fixed and stained with a mouse monoclonal primary antibody against 
ezrin and a secondary anti-mouse FITC-conjugated antibody. 
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When 16HBE 14o- cells were treated with InM EGF, ezrin and moesin were 

redistributed to plasma membrane areas of the cell with a loss of some cytoplasmic 

staining (Ggure 4.6). This redistribution occurred when cells were treated for only 2 

minutes with EGF and was still evident after 15 and 30 minutes of treatment. The 

redistribution of ezrin was examined in greater detail by looking at the dose response 

relationship of EGF on ezrin localisation (figure 4.7). 16HBE 14o- cells were treated 

with a range of doses of EGF (17, 5 or InM), and these experiments showed that the 

higher concentrations of EGF failed to further enhance the redistribution of ezrin and 

moesin, (i.e. there was incomplete redistribution of ezrin to the plasma membrane, with 

some residual cytoplasmic staining). However, when cells were treated with the higher 

doses of EGF membrane associated staining was observed more rapidly, but by 30 

minutes ezrin distribution was similar with all doses of EGF. Additionally, InM EGF 

was compared with InM HB-EGF to determine whether HB-EGF might have a more 

potent effect on ezrin redistribution than a similar concentration of EGF (as 

co-localisation of HB-EGF by CD44v3 at the plasma membrane might potentiate 

effects). It was shown, (figure 4.7) that there were no differences between treatments 

either in terms of the pattern of staining or the rate of redistribution. 

4.4 Detection of ezrin and moesin in primary bronchial epithelial cells 

To further investigate the effects of EGF or HB-EGF on ezrin and moesin in bronchial 

epithelial cells, another in vitro model was employed. Primary bronchial epithelial 

cells obtained from bronchial brushings were cultured and stimulated with EGF or HB-

EGF in the same way as 16HBE 14o- cells. 

Initially, ezrin and moesin were detected in primary bronchial epithelial cell cultures 

using Western blotting. As in section 4.1, mouse monoclonal antibodies raised 

individually against ezrin and moesin were tested to determine reactivity and were able 

to detect protein bands at the expected molecular weight of ezrin and moesin (figure 

4.8). The mouse monoclonal antibody raised against ezrin detected a single band in 

primary cells as seen in 16HBE 14o- cells (B). By comparison, the mouse monoclonal 

antibody raised against moesin detects 2 bands on the Western blot at the molecular 

weight expected, suggesting cross reactivity of the antibody with more than one 

member of the ERM protein family which have 75-80% homology with each other. 
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Figure 4.8. Comparison of cell lysates from 16HBE 14o- and primary 
bronchial epithelial cells using Western blotting for ezrin and moesin. 
Proteins in cell lysates from 16HBE 14o- cells (1), primary bronchial epithelial 
cells (2) and soluble (3) and cytoskeletal (4) fractions from primary bronchial 
epithelial cells were separated by 10% SDS-PAGE and transferred onto 
nitrocellulose. Antibodies against ezrin and moesin were mouse monoclonal from 
Transduction Laboratories (A). Panel B shows control staining of Western blots in 
the absence of primary antibody with secondary antibody incubation alone. Bands 
on all blots were developed with ECL Plus followed by exposure of 
autoradiography film for 1 minute for ezrin antibody and 30 seconds for moesin 
antibody, respective exposure times for the antibody controls are shown in panel B 
for comparison. 



4.5 Effect of EGF on distribution of ezrin and moesin in cytoskeletal fractions of 

primary bronchial epithelial cells 

The redistribution of ezrin and moesin in 16HBE 14o- cells was further examined in 

primary human bronchial epithelial cells. Cytoskeletal and soluble fractions were 

prepared as in section 4.2 to determine if ezrin and moesin association with the actin 

cytoskeleton is influenced by EGF as observed in 16HBE 14o- cells. As for 16HBE 

14o- cells, ezrin and moesin were found in both the soluble and cytoskeletal fractions 

of primary bronchial epithelial cells and treatment with InM EGF for 15 minutes was 

able to induce an enrichment of ezrin and moesin in the cytoskeletal fraction (figure 4.9 

A and B). As presented in figure 4.8 a double band was detected in Western blots 

stained for moesin and a single band observed on the ezrin blot. Western blot analysis 

of EGF receptor levels (figure 4.9D) again demonstrated the occurrence of soluble and 

cytoskeletal associated receptors. Proteins phosphorylated on tyrosine residues (figure 

4.9C) could be detected in both fractions with an enhancement of a band at 175kDa in 

both fractions following EGF treatment likely reflecting increased tyrosine 

phosphorylation of the EGF receptor. These results are comparable with those 

observed in 16HBE 14o- cells. 

4.6 Effect of EGF on ezrin and moesin distribution in p r imary bronchial 

epithelial cells 

Ezrin and moesin distribution in primary cell cultures was observed by 

immunofluorescent staining. In untreated primary bronchial epithelial cells, all cells 

showed a similar pattern of cytoplasmic and perinuclear staining with some peripheral 

staining in plasma membrane structures (figure 4.10). Upon treatment with InM EGF 

for 15 minutes, both proteins showed enhanced staining in the periphery and appeared 

to be concentrated within plasma membrane structures resembling lamellipodia, 

microspike and microvilli-like membrane protrusions (figure 4.10). Ezrin distribution 

appeared to be of a more lamellipodia-type appearance resembling membrane ruffles 

whereas moesin appeared to redistribute to fine, projections of the peripheral plasma 

membrane as well as membrane ruffles. 
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Figure 4.9. Effect of EGF on distribution of proteins in primary bronchial 
epithelial cells. 
Primary bronchial epithelial cell monolayers were cultured in basal medium 
(BEBM) for 24 hours before treating with BEBM alone (1) or supplemented 
with InM EGF (2) for 15 minutes. Cultures were washed with PBS before 
extraction of soluble proteins and lysis of remaining cytoskeletons. The protein 
concentration of samples was determined and 6|u.g per lane loaded onto 10% 
SDS-PAGE gels. Nitrocellulose Western blots were stained with antibodies 
against ezrin (A), moesin (B) (both mouse monoclonal), phosphotyrosine (C) or 
EGF receptor (D). Cytoskeletal fraction samples from 3 different patients 
stained for ezrin and moesin are presented (A and B) to show responses 
between subjects. Arrows indicate band/s representing ERM proteins (A and B) 
and EGFR (C and D). 



Ezrin Moesin 

Untreated Untreated 

InM EGF InM EGF 

Figure 4.10. Effect of EGF on ezrin and moesin distribution in primary 
bronchial epithelial cells. 
Primary bronchial epithelial cells were untreated or treated with serum free 
medium containing InM EGF for 15 minutes prior to fixation and fluorescent 
staining for ezrin and moesin using mouse monoclonal antibodies as previously. 



The redistribution of ezrin and moesin, as described, to plasma membrane structures 

followed a time course comparable with the enhanced association of ezrin and moesin 

with the cytoskeletal fraction of primary cells. In order to examine whether this was 

also accompanied by binding to CD44 proteins, hence crosslinking of the ERM 

proteins, a double immunocytochemical staining method was employed to assess 

co-localisation of proteins (see Chapter 2, Materials and Methods, section 2.2.7 for 

method and details of controls used). 

Double staining for CD44 and ezrin or moesin (figure 4.11) showed that these proteins 

appeared to be co-localised in cultures treated with basal medium. CD44 had a diffuse 

distribution with bright staining observed at the plasma membrane, which is 

co-localised with ezrin or moesin staining as indicated by the orange colour in the 

merged image and highlighted with an arrow in figure 4.11 (A). Ezrin and moesin 

proteins are seen predominantly in the cytoplasm, plasma membrane and in some 

extensions of the plasma membrane. Following treatment of cells with InM EOF (B) 

for 15 minutes cell edges not in contact with other cells show enhanced staining of 

ezrin and moesin in structures resembling lamellipodia and fine microvilli-like 

extensions of the membrane (highlighted with an arrow). The distribution of CD44 

proteins in EOF treated cultures appears to be unaffected by EGF treatment and CD44 

staining is observed at the plasma membrane but not in extensions of the plasma 

membrane observed here. 

Co-localisation of CD44 with ezrin and moesin was examined more closely using laser 

scanning confocal microscopy (figure 4.12i and ii). These images show staining for 

both CD44 and the ERM proteins, ezrin and moesin, which are found in all sections of 

the cell from the apex to the base of the cells. The distribution of CD44, ezrin and 

moesin proteins along the vertical axis do not appear to be influenced by EGF 

treatment. 

In cultures treated with basal medium (A), ezrin staining is seen in the cytoplasm, the 

plasma membrane and in fine extensions of the plasma membrane. Ezrin staining is 

co-localised with CD44 at the plasma membrane but CD44 proteins do not appear to be 

expressed in the microvilli-like structures. In EGF treated cells, ezrin staining at the 

plasma membrane is brighter than untreated cells and found in flat lamellipodia 
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Figure 4.11. Double staining for CD44 and Ezrin/Moesin in primary bronchial 
epithelial cells to determine the effect of treatment on colocalisation of proteins. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 
hours to deplete growth factors before stimulation with basal medium (BEBM) alone 
(A) or containing InM EGF (B) for 15 minutes. Cells were fixed in cold methanol 
and double stained using the protocol described in Chapter 2, section 2.2.7. Briefly, 
mouse anti-CD44 and either goat anti-ezrin or goat anti-moesin were incubated 
together on fixed cells. Following PBS washes, cells were incubated with secondary 
antibodies raised against mouse or goat conjugated to TRITC and FITC 
fluorochromes respectively. Cells were visualised using a Zeiss immunoflourescent 
microscope and images captured using a colour video camera. Arrows refer to 
explanations in text of Chapter Four. 
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Figure 4.12i. Confocal microscopy of primary bronchial epithelial cells stained for 
CD44 (red) and Ezrin (green). 
Cells were treated and stained as described in figure 4.11 and viewed using a Leica 
confocal scanning laser microscope. Panel A shows cells treated with basal medium 
(BEBM) and panel B (overpage) shows cells treated with InM EGF, both treatments 
were for 15 minutes before washing with PBS and fixing cells in cold methanol. 
Images are of 8 sections through the cell from top to bottom (images i-viii). 
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Figure 4.12i. continued 
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Figure 4.12ii. Confocal microscopy of primary bronchial epithelial cells 
stained for CD44 (red) and Moesin (green). 
Cells were treated and stained as described in figure 4.11 and viewed using a 
Leica confocal scanning laser microscope. Panel A shows cells treated with 
basal medium (BEBM) and panel B (overpage) shows cells treated with InM 
EGF, both treatments were for 15 minutes before washing with PBS and fixing 
cells in cold methanol. Images are of 6 sections through the cell from top to 
bottom (images i-vi). 
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Figure 4.12ii. continued 



extensions or ruffles of the plasma membrane. Staining in these structures is observed 

more so at the base of the cells with less staining observed apically. 

Moesin staining is also seen throughout the cell in untreated cultures, in the cytoplasm, 

at the plasma membrane and within fine microvilli-like projections of the plasma 

membrane. Staining is co-localised with CD44 at the plasma membrane (indicated by 

an arrow, figure 4.12ii, panel A, image ii) but not in plasma membrane extensions 

where only moesin staining is observed. Upon treatment with InM EGF moesin 

staining in spikes and lamellipodia is enhanced whereas CD44 distribution remains 

unchanged. Staining in these structures is brighter towards the base of the cells and 

predominantly in areas of the plasma membrane not in contact with other cells. 

4.7 Tyrosine phosphorylation of ezrin and moesin in epithelial cell cultures 

EGF induced tyrosine phosphorylation of ERM proteins in epithelial cells has 

previously been reported and might play a role in EGF induced redistribution of ezrin 

and moesin. For example, tyrosine phosphorylation of ERM proteins may allow a 

conformational change in the structure of the protein to expose actin and plasma 

membrane protein binding sites, thus accounting for the changes in cellular distribution 

and cytoskeletal association. 

Immunoprecipitation using a phosphotyrosine (clone PY20) specific agarose conjugate 

followed by SDS-PAGE and Western blotting analysis of the solubilised 

immunoprecipitate allowed changes in phosphorylation on tyrosine residues to be 

examined. 16HBE 14o- cells show small changes in total phosphotyrosine following 

treatment with InM EGF for 10 minutes as shown in figure 4.13i (A). Increased 

phosphorylation of the EGF receptor (B) was also detected but no proteins with 

immunoreactivity to antibodies against ezrin and moesin could be detected in the 

immunoprecipitate (C and D). Unbound proteins in the immunoprecipitation 

supernatant (collected after the initial centrifugation following the antibody binding 

incubation step) were also analysed by Western blotting as a control to confirm the 

presence and detection of ezrin and moesin in the cell lysate. In these blots bands at the 

expected molecular weight for ezrin and moesin were observed in the supernatant and 

no differences were observed between treatments (figure not shown). As a further 
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control to confirm the efficacy of the Western blotting run these blots were stained 

alongside blots of immunoprecipitate samples where no staining was observed. 

Treatment of primary bronchial epithelial cultures with InM EGF for 10 minutes 

yielded comparable results (figure 4.13ii) with a significant increase in total 

phosphotyrosine, (A) including increased phosphorylation on tyrosine residues of the 

EGF receptor (B) being observed, but no detection of ezrin and moesin in the 

immunoprecipitate (C and D) 

As a control, the reliability and sensitivity of the immunoprecipitation technique and 

reagents was tested using A431 cells which have previously been shown to respond to 

EGF with phosphorylation of ezrin on tyrosine residues (23). Figure 4.14i confirms 

this previously published observation. Treatment of A431 cells with InM EGF 

stimulated phosphorylation of the EGF receptor in a time dependent manner and with 

greater levels of phosphorylation than serum free medium (B). Activation of EGFR 

was further enhanced when cells were treated with 33nM EGF and here tyrosine 

phosphorylation of the EGFR was accompanied by ezrin and moesin phosphorylation 

(C and D). Ezrin and moesin phosphorylation was detected after 2 minutes of 

treatment with 33nM EGF, peaked after 5 minutes of treatment and was slightly 

reduced after 10 minutes of treatment. 

A431 cells are a carcinoma cell line and express large numbers of EGF receptors. NCI-

H292 cells, an epithelial cell line of lung carcinoma origin, were examined to see if 

phosphorylation of ERM proteins was restricted to A431 cells or could be detected in 

another carcinoma cell line (figure 4.14ii). NCI-H292 cells were treated with InM or 

33nM EGF for the same time course as A431 cells and this induced phosphorylation of 

the EGF receptor (B) but not ezrin or moesin, even at the higher doses of EGF (C and 

D). 
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Figure 4.13. Analysis of tyrosine phosphorylated proteins in treated 16HBE 
14o- and primary bronchial epithelial cells using immunoprecipitation. 
16HBE 14o- (i) and primary (ii) bronchial epithelial cells were serum starved for 24 
hours in serum free medium (sftn) or primary bronchial epithelial cell basal 
medium (BEBM) respectively. Cells were then treated with serum free medium or 
BEBM with or without InM EGF for 10 minutes. Following lysis of proteins in 
denaturing lysis buffer and a protein assay was performed. For the 
immunoprecipitation Img of protein (16HBE 14o-cells) or 0.3mg protein (primary 
cells) in Triton buffer was incubated with 60|j,l of phosphotyrosine (PY20)-agarose 
conjugate overnight. Following centrifugation to precipitate proteins the 
supernatant was removed and the immunoprecipitate washed before solubilising in 
hot sample buffer. Samples were analysed by 10% SDS-PAGE and Western 
blotting for phosphotyrosine (A), EGFR (B), ezrin (C) and moesin (D) (both goat 
polyclonal). 
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Figure 4.14. Analysis of tyrosine phosphorylated proteins in EGF treated A431 
and NCI-H292 cells using immunoprecipitation. 
A431 (i) and NCI-H292 (ii) cells were serum starved for 24 hours then treated with 
serum free medium (Sfm), InM EGF or 33nM EGF for 2, 5 or 10 minutes or left 
untreated (UT). Following lysis of proteins in denaturing lysis buffer and protein 
determination, Img of protein in Triton buffer was incubated with 60^1 of 
phosphotyrosine(PY20)-agarose conjugate overnight. Following centrifugation to 
precipitate proteins the supernatant removed and the immunoprecipitate washed 
before solubilising in hot sample buffer. Samples were analysed by 10% SDS-PAGE 
and Western blotting using antibodies against phosphotyrosine (A), EGFR (B), ezrin 
(C) and moesin (D) (both goat polyclonal). IP control represents an 
immunoprecipitation with Triton buffer alone (without cell lysate). 



4.8 Discussion 

ERM proteins are expressed by a variety of cell types including the epithelial cells 

lining the airway, where they could be involved in a range of cellular functions 

including migration and adhesion as well as maintenance of epithelial integrity and 

wound repair. Their distribution and pleiotropic functions can be modulated by a 

variety of stimuli including tyrosine kinases such as the EGF receptor (23), (72), and 

the HGF receptor (c-met) (33), (68). Furthermore tyrosine phosphorylation sites on 

ERM proteins have been identified (72). 

The aims of this chapter were to investigate the ERM proteins, ezrin and moesin, in 

bronchial epithelial cell lines and to examine their distribution and how they might be 

modulated to begin to elucidate their role. Modulation of ERM proteins by EGF was 

investigated here as the EGF receptor tyrosine kinase has been implicated in the 

modulation of ERM proteins (23), (72). Furthermore, as previously discussed EGF 

receptors are over-expressed in asthmatic airways with enhanced staining being 

observed in the basal cells underlying columnar cell (115). In addition, as there may be 

local regulation of these effects by co-localisation of HB-EGF at the plasma membrane 

with CD44v3, the effects of EGF were compared with that of HB-EGF. 

The distribution of ERM proteins was examined by Western blotting of cellular 

fractions as well as visually by immunofluorescent staining of fixed cells. Initial 

observations that ezrin and moesin protein increased in particulate fractions of 16HBE 

14o- cells following EGF treatment were further investigated by the preparation of 

cytoskeletal fractions. Here it was shown that, EGF stimulated a modest increase in 

binding of ezrin and moesin to components of the insoluble cytoskeletal fraction which 

might include membrane proteins and actin filaments (figure 4.3). A time course 

experiment showed that enhanced binding of ezrin and moesin to the cytoskeleton 

could be observed after 2 minutes of treatment, but was reduced back to baseline levels 

at all time points after 30 minutes (figure 4.4) implying this association is a transient 

one. EGF has been shown to play a role in activation of migration and here this 

transient association of ERM proteins with the actin cytoskeleton, which is stimulated 

by EGF, could be an initial event in reorganisation of the actin cytoskeleton to allow 

changes in cell migration to occur. 
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EGF receptor protein was detected in both fractions and their position on the Western 

blot (figure 4.5E) corresponds to a same molecular weight band on a Western blot 

stained for phosphotyrosine, which changes in intensity following EGF treatment 

(figure 4.5D). This band is brighter in both fractions in EGF treated cultures, although 

the relative amounts of EGF receptor proteins are unchanged within the fractions 

following treatment. Cytoskeletal fractions stained for EGFR show a number of bands 

below the expected molecular weight of EGFR (170kDa) particularly below the 84kDa 

marker, these bands probably relate to cytokeratin and other cytoskeletal proteins, 

which are enriched in the cytoskeletal fraction and not detected in the soluble fraction. 

Data from cytoskeletal fractions suggested a redistribution of ezrin and moesin 

following EGF treatment and immunocytochemistry was used to look more specifically 

at redistribution in cells. Immunofluorescent staining showed there to be a change in 

the cellular localisation of ezrin and moesin from a diffuse cytoplasmic distribution to 

being more concentrated at the plasma membrane following EGF treatment. This 

observation reflects Western blotting data where increased proteins were detected in 

insoluble and cytoskeletal fractions of the cells and taken together these data suggest 

that EGF stimulates the binding of ezrin and moesin to the actin cytoskeleton in 16HBE 

14o- cells. 

Primary cell cultures were used to confirm observations in 16HBE 14o- cells. 

Although cultured as monolayers and not differentiated cultures, their phenotype is 

more closely related to that of the epithelial cells lining the airway than the transformed 

cell line. Data from cytoskeletal fractions confirmed that seen in 16HBE 14o- cells 

with a small increase in ezrin and moesin protein in the cytoskeletal fraction following 

treatment with InM EGF. Immunocytochemistry again showed an enhancement of 

staining at the plasma membrane following treatment with EGF. 

Data from 16HBE 14o- and primary cells suggests that EGF is able to modulate ERM 

proteins in bronchial epithelial cells as it stimulates increased binding to the actin 

cytoskeleton and their redistribution to the plasma membrane, although differences 

between 16FIBE 14o- and primary bronchial epithelial cultures were observed. 
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Primary bronchial epithelial cells exhibited actin-rich lamellipodia and microvilli-like 

plasma membrane structures, which were not observed in 16HBE 14o- cells, and these 

structures showed enhanced staining for ezrin and moesin following treatment. Actin 

staining (using specific antibodies or rhodamine phalloidin) would enable clarification 

of whether these extensions were present prior to treatment or developed as a result of 

EGF treatment. Using phase-contrast microscopy, primary human bronchial epithelial 

cells as well as the cell line BEAS-2B, show morphological changes characterised by 

extension of filopodia following EGF treatment (1-2 hours) (13) further evidence of a 

role for EGF in bronchial epithelial cell morphology. Previously published data from 

A431 (23) and HT115 colon carcinoma (68) epithelial cells shows that treatment with 

EGF or HGF/SF, respectively, induced translocation of ezrin to membrane structures as 

shown by immunocytochemical staining for actin proteins. 

Additionally, unlike 16HBE 14o- cells where both ezrin and moesin became 

concentrated at the plasma membrane following EGF treatment, in primary cells ezrin 

and moesin themselves showed distinct staining patterns in EGF treated primary 

cultures. Following EGF treatment, enhanced staining for ezrin in lamellipodia 

structures occurred in areas of the plasma membrane not in contact with other cells 

where cells appeared to be spreading to cover the cell culture substrate. Conversely, 

moesin as well as being observed in lamellipodia was found also in microvilli-like 

structures of the cell. EGF has previously been shown to cause changes in cell shape as 

well as initiate cell spreading and migration, and these differences between the 

distribution of ezrin and moesin might imply distinct roles for these proteins in 

bronchial epithelial cells. Alternatively ezrin and moesin may become reorganised into 

different compartments of the membrane where they crosslink with a different 

membrane protein to serve a variety of functions. 

To investigate CD44 as a possible plasma membrane binding partner for ezrin and 

moesin, their co-localisation was observed by double immunocytochemistry employing 

two distinct fluorophores. Staining showed that in untreated primary bronchial 

epithelial cells CD44 and ezrin or moesin were co-localised at the plasma membrane 

and upon treatment ezrin and moesin proteins redistributed to plasma membrane 

extensions resembling actin cytoskeletal based microvilli and lamellipodia. CD44 

distribution remained in a pattern resembling cell surface staining and was not observed 
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in the cell projections. In cytoskeletal fractions of 16HBE 14o- cells no changes in the 

relative amounts of CD44 proteins were observed between fractions although CD44 

proteins could be detected in both cytoskeletal and soluble fractions. In other cell types 

association of CD44 with both fractions has been reported with between 30-80% of 

CD44 proteins being found in the detergent insoluble fraction of fibroblasts (27) and 

baby hamster kidney cells (142). 

In untreated cells the presence of CD44-ERM-actin complexes as suggested by 

cytoskeletal and immunocytochemical data presented here could be involved in 

stabilisation of CD44 proteins within the plasma membrane with the actin cytoskeleton. 

In mouse fibroblasts and baby hamster kidney cells CD44 and ERM proteins are 

co-localised just beneath the plasma where they are proposed to act as molecular 

linkers between the cytoplasmic domain of CD44 and the actin cytoskeleton (148). 

EGF treatment appears to promote dissociation of this complex as evidenced by the 

observation that co-localisation of CD44 with ezrin or moesin is no longer observed 

and also that CD44 protein levels in cytoskeletal fractions are not enhanced along with 

ezrin and moesin. Upon treatment with EGF, the cells might adopt a more migratory 

phenotype as evidenced by development of lamellipodia and microvilli-like cell 

projections where ERM proteins might become dissociated from CD44 to associate 

with another of its binding partners. Association of ERM proteins with other known 

binding proteins expressed in actin cytoskeleton cell extensions such as CD43, ICAM-

1, -2, -3 or EBP-50 could be tested by the same double co-localisation staining method 

used here. Alternatively the use of immunoprecipitation techniques to pull down ezrin 

and moesin to determine its phosphorylation state (denaturing immunoprecipitation) or 

binding partners (non-denaturing immunoprecipitation) was explored here. 

Unfortunately commercially available antibodies against ERM proteins were tested but 

found to be unsuitable reagents for immunoprecipitation (data not shown). 

As EGF was able to elicit changes in ERM protein distribution it was hypothesised that 

these changes were enabled by tyrosine phosphorylation of ezrin and moesin, resulting 

in conformational changes to the protein structure and redistribution within the cell. 

Changes in tyrosine phosphorylation of proteins following EGF treatment was 

examined in cell lysates using immunoprecipitation to pull down proteins 
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phosphorylated on tyrosine and Western blotting of these precipitates. Although EGF 

stimulated tyrosine phosphorylation of ezrin and moesin and accompanying changes in 

protein distribution have been observed in A431 cells (23) tyrosine phosphorylation 

could not be detected in bronchial epithelial cells following EGF treatment. Western 

blotting of PY20 agarose immunoprecipitates for phosphotyrosine (figure 4.13 A) 

showed enhanced phosphorylated proteins following EGF treatment and 

phosphorylated forms of the EGF receptor could be detected in the immunoprecipitate 

(figure 4.13 B) giving confidence to the immunoprecipitation process as well as the 

efficacy of the exogenous EGF ligand. Phosphorylated forms of ezrin and moesin 

could not be detected although control blots showed detection of proteins in the 

unbound supernatant. In case this was related to the use of a transformed cell line, 

immunoprecipitates from EGF treated primary bronchial epithelial cells were also 

examined. 

Primary cell cultures exhibited low basal levels of total tyrosine phosphorylation as 

shown in lane 1 of figure 4.13A and when stimulated with EGF a bright, wide band 

was detected at the expected molecular weight of the EGF receptor. However when 

blotting for the EGFR only a small band was detected in the treated sample. This 

observation suggests the EGFR (c-erbBI) is not the only protein that is phosphorylated 

at this molecular weight. For example other members of the EGF receptor family are 

phosphorylated and as c-erbB2, a ISOkDa protein, is expressed in bronchial epithelial 

cells (116) it could be phosphorylated here. Despite detection of tyrosine 

phosphorylation ezrin and moesin could not be detected in the immunoprecipitate by 

Western blotting. 

As a control to confirm the reagents and techniques used here would allow for the 

detection of phosphorylated ERM proteins, A431 cells were treated with EGF and, as 

reported previously (23) ezrin and moesin could be detected in the phosphotyrosine 

immunoprecipitate. However these small levels of phosphorylation were only detected 

when cells were treated with a high dose (33nM) of EGF and a large smear of EGFR 

were seen on the Western blot. Phosphorylated ezrin and moesin were not observed in 

A431 cells treated with InM EGF although EGF receptor phosphorylation was evident, 

but at much lower levels and comparable with those seen with NCI-H292 cells treated 

with 33nM EGF. Furthermore when these treated cells were examined under the 
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microscope, the cells had rounded up following the formation of microvilli so it seems 

unlikely in this situation that ezrin and moesin phosphorylation and redistribution 

contribute to a migratory phenotype and hence an involvement in wound repair. 

A431 cells are a vulval, epidermoid carcinoma cell line (44) and express high levels of 

EGF receptor protein and so have been used extensively to study EGF and its receptors. 

The bronchial epithelial cell line, NCI-H292 is a lung, epithelial carcinoma cell line 

also expressing large numbers of EGF receptors so was tested here to see if ezrin and 

moesin phosphorylation could be detected in another carcinoma cell line. EGF receptor 

phosphorylation was detected when cells were treated with InM EGF and levels were 

enhanced with 33nM EGF but phosphorylated forms of ezrin and moesin could not be 

detected in the immunoprecipitate. The levels of EGF receptor protein in the 

immunoprecipitate were much lower than those in A431 cells implying a requirement 

for much higher EGF receptor phosphorylation for ERM protein phosphorylation to be 

observed. EGF receptor phosphorylation levels in NCI-H292 cells treated with 33nM 

EGF are comparable with those seen in A431 cells treated with InM EGF where ezrin 

and moesin phosphorylation could not be detected. 

In conclusion, in the bronchial epithelial cell lines, 16HBE 14o- and NCI-H292, and 

primary bronchial epithelial cell lines EGF stimulates phosphorylation of its receptor 

(EGFR). However, there were no detectable changes in tyrosine phosphorylation of 

ezrin and moesin, at least under conditions described here, which included a range of 

doses of EGF and a time course. One hypothesis, which could have been tested here, is 

that EGF causes phosphorylation on serine/threonine residues of ezrin and moesin. 

Following ligand activation of the EGFR and receptor dimerisation, phospholipase C-y 

(PLC-y) an intracellular signalling molecule is able to bind phosphorylated tyrosine 

residues of the EGFR via its SH2 domains. Activated PLC-y then catalyses the 

breakdown of phosphatidylinositol-bisphosphate (PIP2) into diacylglycerol (DAG) and 

inositol-trisphosphate (IP3) and DAG in turn activates protein kinase C (PKC) which 

has been shown to be a mediator of ERM protein phosphorylation on threonine residues 

at the carboxy-terminal of the ERM protein molecule (106), (114). 
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A comparison of 16HBE 14o- cells with primary cells enabled any differences in ERM 

protein distribution between the transformed cell line and primary cells to be examined. 

Cytoskeletal data showed that both proteins became slightly enriched in the insoluble 

cytoskeletal fraction after treatment with EOF and also redistributed to membrane 

regions of the cell as observed by immunocytochemistry. 

In 16HBE 14o- cells, ezrin and moesin behaved similarly when treated with EGF in 

that both proteins had a cytoplasmic distribution prior to treatment with EGF and 

following treatment staining was enhanced at the plasma membrane but cells were 

treated at confluence and did not exhibit cell surface projections. Conversely, primary 

cells were treated sub-confluence and upon treatment with EGF ezrin redistributed to 

lamellipodia cell projections and moesin to microvilli-like cell extensions as well as 

lamellipodia cell projections. 

Western blotting for ezrin and moesin showed a further difference in 16HBE 14o- cells 

compared to primary cell cultures. Immunostaining of Western blots of whole cell 

lysate, cytoskeletal and soluble fractions from primary cells using a mouse monoclonal 

antibody against moesin proteins detected 2 bands in the molecular weight range of that 

expected for moesin (figure 4.8). This double band was not observed with 16HBE Mo-

cell lysates or fractions and was not observed when staining for ezrin. 

Further examination of the protein structure for ezrin and moesin and the immunogens 

used to raise antibodies, detailed in figure 4.15, indicated the potential for 

crossreactivity of the anti-moesin antibody with other members of the ERM protein 

family. The protein sequence used as an immunogen to raise the anti-moesin antibody 

only spans ten amino acids (554-564) the identical sequence of which is found in all 

three members of the ERM protein family and makes up the F-actin binding domain 

common to all ERM proteins (149). Therefore, this antibody does not specifically 

recognise moesin but cross-reacts with all members of the ERM protein family despite 

the data sheet implying this was a specific anti-moesin antibody as opposed to a pan-

ERM protein family antibody. 

ERM proteins share 75-80% homology with each other but have different molecular 

weights; ezrin 69.4kDa, radixin 68.5kDa and moesin 67.8kDa enabling the elucidation 
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Figure 4.15. ERM protein structure indicating main functional domains and antibody binding sites. 
ERM protein structure indicating structural domains common to all members of the ERM protein family (a), (b) and (c) indicate 
the regions used as immunogens to raise mouse monoclonal antibodies (Transduction Laboratories) against ezrin and moesin, 
respectively and hence indicate the binding site of the resultant antibodies. Shaded areas ( H ) indicate regions which have 
identical sequences in ezrin and moesin. 



of which bands correspond to which member of the ERM protein family. A charged 

alpha-helical region on ERM proteins causes them to migrate at approximately 80kDa 

and appear to have a higher molecular weight. It is likely that in primary cells the 

higher molecular weight band corresponds to ezrin as this is detected with the anti-ezrin 

mouse monoclonal antibody which recognises a sequence of 124 amino acids (391-

515) which is unique to ezrin (figure 4.15). The lower molecular weight band could 

correspond to either moesin or radixin. As 16HBE 14o- cells only reveal one band 

when blotted for moesin and this corresponds in size with the upper band detected in 

primary cells (figure 4.8 B) it appears that 16HBE 14o- cells express undetectable 

levels of moesin or radixin, as indicated by the absence of a lower band and that the 

antibody is in fact cross reacting with ezrin. 

Immunocytochemistry data showed that in 16HBE 14o- cells ezrin and moesin had a 

similar distribution whereas in primary cells differences were seen. This can be 

explained by the fact that by Western blotting 16HBE 14o- cells appear to only express 

ezrin proteins whereas primary cells express ezrin and one other member of the family, 

either radixin or moesin. Differences in staining patterns observed in figure 4.10 

suggest that ezrin has a distinct function to the protein detected using the anti-moesin 

antibody. These distinct staining patterns were not so clear in the double staining 

experiments (figure 4.11) where ezrin and moesin were both found in lamellipodia and 

microvilli-like extensions of the plasma membrane with no observable differences 

between ezrin and moesin distribution. Here, goat polyclonal antibodies which more 

than likely detect all ERM protein members were utilised, necessitated by the fact that 

only antibodies raised in mouse against CD44 proteins were available. 

Loss of expression of moesin by the transformed cell line might be one of the many 

changes induced during the transformation and subsequent immortalisation. Following 

crisis (where most cells die and only stably transformed cells survive) cells tend to have 

differing growth and phenotypic properties to the native cell (reviewed in (48)). 

Additionally, the origin of the 16HBE 14o- cell line could be from a more distal part of 

the lung than those cells harvested during the bronchoscopy procedure which come 

from the proximal airways and hence vary in their phenotype, with more distal cells 

showing a more squamous phenotype with loss of cilia. The likelihood of expression 

of ezrin, radixin and moesin in 16HBE 14o- and primary cells could have been checked 
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by RT-PCR to confirm which members of the ERM protein family are expressed by 

primary cells and the 16HBE 14o- cell line. 

My original hypothesis stated that co-localisation of HB-EGF with CD44v3 at the 

plasma membrane might potentiate its effects. In this set of experiments I have shown 

no evidence for this; whereas EOF was able to significantly stimulate an enrichment of 

ezrin (P<0.05) and moesin (P<0.003) into the cytoskeletal fraction of 16HBE 14o- cells 

there was no stimulatory effect of HB-EGF on the distribution of ezrin or moesin. Also 

the experiments that examined ezrin and moesin distribution by immunocytochemistry 

showed that HB-EGF had the same effect as EGF. 

This chapter has examined the regulation of ERM proteins in cultured bronchial 

epithelial cells under normal conditions. The involvement of ERM proteins during 

migratory phases of repair is well documented and therefore ERM proteins might be 

involved in bronchial epithelial repair. The distribution of ERM proteins to membrane 

extensions and in areas of the cell which are not in contact with other cells, as shown 

here, suggests a possible involvement of these proteins in cell migration as the 

development of lamellipodia are essential for cell motility (reviewed in (133)). 

Furthermore, EGF which has been shown here to stimulate changes in ERM protein 

distribution has been shown to initiate repair of bronchial epithelial cells following 

scrape wounding as well as stimulate migration of epithelial cells (71), (84), (118). 

Therefore, the next chapter will examine the role of EGF in cell migration and ERM 

protein distribution using an in vitro wound/repair assay. Changes in the cellular 

distribution and binding of ERM proteins by EGF might enable modulation of the actin 

cytoskeleton and cell adhesion molecules through its effects on ERM proteins and this 

might be relevant in terms of modulating cell morphology, motility and adhesion 

during repair of bronchial epithelium. 
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5 CHAPTER FIVE 

THE ROLE OF ERM PROTEINS IN EGF STTAfLnLATrEI)AiIGIUlTICM\ OF 

BRONCHIAL EPITHELIAL CELLS FOLLOWING MECHANICAL DAMAGE 

Epithelial cell spreading and migration are highly controlled cell processes shown to 

occur in the early stages of repair following damage to the skin, gut and lung 

epithelium. Epithelial cell migration is a dynamic process requiring reorganisation of 

the cellular cytoskeleton as well as changes to cell-cell and cell-extracellular matrix 

adhesions. 

The involvement of growth factors and cytokines in both cell migration and more 

specifically in actin cytoskeleton reorganisation has been described in numerous in vivo 

and in vitro studies. Furthermore enhanced expression of growth factors in wounds has 

been described further supporting a role for these soluble factors in regeneration of 

tissues. 

ERM proteins through their crosslinking with the actin cytoskeleton and cell adhesion 

molecules could play a role in regulation of cell migration and adhesion in bronchial 

epithelial cells as has been shown for other epithelial cells. Modulation of ERM 

protein binding and their sub-cellular distribution by growth factors, such as EGF as 

described in the previous chapter, could be involved in EGF stimulated cell migration 

to allow regeneration of the damaged epithelium. Data presented in Chapter 4 showed 

that EGF was able to stimulate redistribution of ERM proteins into actin cytoskeleton 

based membrane extensions resembling the leading edge of a spreading and migrating 

cell and this redistribution was especially prominent in cells that were not in direct 

contact with another cell. This chapter aims firstly to further characterise the role of 

EGFR ligands in repair following wounding of epithelial cell monolayers and secondly 

the effect of EGF on the distribution of ERM proteins and CD44 in repairing cultures. 

In addition the influence of the mast cell stabiliser, sodium cromoglycate, will be 

studied here as it has been shown to induce phosphorylation of moesin in mast cells as 

well as promote dermal wound repair (unpublished observations, Alan Edwards). 
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5.1 Factors aHectlng 16HBE 14o- cell migration following mechanical damage 

After mechanical damage with a pipette tip cell migration of epithelial monolayers of 

16HBE 14o- cells was observed by time-lapse microscopy over a 6-hour time course 

with images captured every hour. Figure 5.1 shows the appearance of the cells during 

this migratory phase and a visible difference in wound area between the conditions was 

observed. Here the cells appear to move forward in a sheet or monolayer of closely 

packed cells rather than individual cells at the wound edge moving forward, as there 

seemed to be very little change in the appearance and formation of the cells at the 

migrating edge of the wound. Image analysis software, Scion Image, was then used to 

measure the area of the culture plate not covered by cells on each of these images and 

hence determine wound area. These data are plotted in figure 5.2 and indicate that 

under both culture conditions cell migration is linear over the 6-hour time course. 

When cultured in basal serum free medium, cells migrate in an attempt to cover the 

denuded substrate resulting in partial closure of the wound at the end of the time course 

(from a wound area of 0.45mm^ at T=0 to 0.27mm^ at 6 hours post damage). 

Supplementing the medium with InM EGF appears to enhance this process with near 

closure of the wound at the end of the 6-hour time, as well as a significant difference in 

wound area between treatments at 4, 5 and 6 hours (P<0.04, 0.04, 0.03 respectively). 

Data plotted in figure 5.2 suggests the rate of repair may be enhanced in the presence of 

InM EGF with a steeper slope indicating a more rapid migration of the cells in the 

presence of InM EGF. 

In order to assess the influence of a range of factors on cell migration, 16HBE 14o-

cells cultured in 4-well chamber slides were wounded using a comb to create a 

reproducible series of wounds that could then be measured individually. Using this 

technique, cells migrated under serum free conditions as in Figure 5.1 and had almost 

fully repaired 9 hours after damage (figure 5.3i). The addition of IjnM tyrphostin 

AG1478 to the medium inhibited the basal repair at 6 and 9 hours after wounding with 

significantly greater wound area at these time points when compared to serum free 

medium alone (P values <0.01 and <0.001 respectively). 

EGF has previously been shown to enhance repair of 16HBE 14o- cell cultures after 

mechanical damage (118) and comparable data are presented in figure 5.3ii. Addition 
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Figure 5.1. Microscopic images of repairing 16HBE 14o- cells. 
Time lapse video microscopy capture of wounded 16HBE 14o- cells treated 
with serum free medium alone or with the addition of InM EGF were used to 
observe the rate of cell migration. Cells were left to recover in an incubator for 
30 minutes after wounding then viewed using a time-lapse video microscopy 
system and images captured at 0, 3 and 6 hours after the start of the time lapse. 
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Figure 5.2. Effect of EGF on restitution of 16HBE 14o- cell monolayers. 
The effect of serum free medium and InM EGF on 16HBE 14o- wound repair 
following mechanical damage was measured using a time lapse video 
microscopy method. Cell movement was observed over a 6 hour time period 
and an image captured every hour using IP Lab software. Wound area was 
measured using Scion hnage and data are mean wound area +/ - Standard 
deviation from 3 individual experiments and were statistically analysed using 
a Student's unpaired /-test, P=<0.05. 
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Figure 5.3i. Effect of tyrphostin AG1478 on repair of 16HBE 14o- cells. 
The effect of Ip-M tyrphostin AG1478 on basal repair of scrape wounded 
16HBE 14o- cells was measured using the chamber slide method. Data are 
mean +/- Standard deviation of 25 wounds measured in 3 individual 
experiments and were statistically analysed using a Student's unpaired t -test. 
*P<0.05 comparing the addition of 1 jiM tyrphostin with serum free medium 
alone. 
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Figure 5.3ii. Effect of lp,M tyrphostin AG1478 on InM EGF stimulated 
repair of scrape wounded 16HBE 14o- cells. 
Data are mean +/- Standard deviation of 25 wounds from 3 individual 
experiments and were statistically analysed using a Student's unpaired t -test. 
*P<0.05 comparing serum free medium vs EGF and EGF vs EGF/tyrphostin. 
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Figure 5.3iii. Effect of l|j,M tyrphostin AG1478 on InM HB-EGF stimulated 
repair of scrape wounded 16HBE 14o- cells. 
Data are mean +/- Standard deviation of 25 wounds from 3 individual 
experiments and were statistically analysed using a Student's unpaired t -test. 
*P<0.05 comparing serum free medium vs HB-EGF and HB-EGF vs HB-
EGF/tyrphostin. 



of InM EGF to serum free medium was able to significantly increase the rate of repair 

of cells at 3, 6 and 9 hours (P<0.03, P<0.03 and P<0.005 respectively). InM HB-EGF 

was also able to enhance repair at 3 and 6 hours (P<0.04 and P<0.0001, respectively) 

(figure 5.3iii), but at 9 hours the wound area was not statistically different to that of 

cells cultured in serum free medium (P=0.36). Co-incubation of cells with tyrphostin 

AG1478 at l |iM along with EGF (figure 5.3ii) or HB-EGF (figure 5.3iii), inhibited 

both EGF and HB-EGF stimulated repair at 3, 6 and 9 hours after damage, when 

comparing incubation with growth factor alone with growth factor and tyrphostin 

AG1478 together. 

5.2 Distribution of ezrin in migrating bronchial epithelial cells following scrape 

wounding 

As previously described, the actin cytoskeleton and its associated proteins play a major 

role in cell migration. The distribution of ezrin in repairing cultures treated with serum 

free medium and EGF was therefore observed using fluorescent immunocytochemical 

staining. Immediately after wounding, (figure 5.4), the staining pattern for ezrin was 

predominantly cytoplasmic both in cells at the wound edge and in undamaged areas. 

Figure 5.5 shows the distribution of ezrin at the damaged edge during the early stages 

of repair and the influence of treatment with InM EGF on this. 15 minutes after 

wounding the distribution of ezrin is unchanged with cells having a mainly cytoplasmic 

distribution of ezrin, this is irrespective of treatment with serum free medium or EGF 

containing medium and this pattern continues to be seen 30 minutes and 1 hour after 

treatment. At 30 minutes and 1 hour after wounding, cells at the wound edge appeared 

to spread into the gap with flat lamellipodia projections of the plasma membrane 

exhibiting only faint ezrin staining. This data is in contrast to that presented in Chapter 

4, Section 4.3, where 15-minute EGF treatment of 16HBE 14o- cells induced 

redistribution of ezrin to plasma membrane structures with untreated cells displaying a 

mainly cytoplasmic distribution. However, this observation is not seen here even in 

confluent areas of cells distant from the wound edge (figure 5.6) an observation, which 

is inconsistent with previous data. 

Control experiments were carried out to determine the cause of these differences. A 

dose response experiment was carried out but no changes in ezrin and moesin 
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Figure 5.4. Ezrin distribution in 16HBE 14o- cells fixed immediately aflier 
scrape wounding. 
Serum starved cell monolayers, were scrape wounded and fixed in cold methanol for 
10 minutes before staining for ezrin using a mouse monoclonal primary antibody and 
a secondary anti-mouse FITC conjugate. Cells were visualised using a Leica 
fluorescent microscope and images taken of a damaged area and a confluent area 
distant from the damaged area. 
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Figure 5.5. Ezrin distribution in repairing 16HBE 14o- bronchial epithelial 
cell cultures. 
16HBE 14o- cell monolayers cultured in 8-well chamber slides were serum starved 
for 24 hours before scrape wounding with a 1ml pipette tip. Cells were briefly 
washed with serum free medium before adding serum free medium +/- InM EGF. 
Cells were fixed in cold methanol for 10 minutes immediately after wounding and 
at 15, 30 minutes and 1 hour after wounding. Fluorescent immunocytochemical 
staining for ezrin was carried out using the standard protocol. 
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Figure 5.6. Ezrin distribution in confluent areas of EGF treated 16HBE 14o-
cells after scrape wounding. 
Serum starved 16HBE 14o- cells were scrape wounded and washed briefly with 
serum free medium before incubating with serum free medium +/- InM EGF for 
15 minutes. Cells fixed in cold methanol for 10 minutes were stained for ezrin 
and staining was visualised using a Leica immunofluorescent microscope. 
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Figure 5.7. The effect of growth substrate on ezrin distribution. 
16HBE 14o- cells were cultured on uncoated or collagen type I coated glass 
chamber slides to determine the influence of substrate on ezrin distribution before 
and after treatment with InM EGF for 15 minutes. Cells were then fixed in cold 
methanol for 10 minutes before staining for ezrin using a mouse monoclonal 
primary antibody and a secondary anti-mouse FITC conjugate. Cells were 
visualised using a Leica fluorescent microscope. 
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Figure 5.8. Tyrosine phosphorylation response of 16HBE 14o- cells 
following treatment with InM EGF. 
Cells were serum starved for 24 hours then treated with InM EGF for 2, 15 or 
30 minutes (m) or left untreated (UT). Following cell lysis 8pg protein per 
lane was separated by 7.5% SDS-PAGE and transferred onto a nitrocellulose 
membrane before staining Western blots with an anti-phosphotyrosine (clone 
PY20) antibody. 



distribution were observed with EGF treatment (data not shown). The influence of cell 

density at the time of treatment and varying the time course was also investigated and 

even the addition of 17nM EGF failed to stimulate a redistribution of ezrin and moesin 

in these cells. Different stocks of EGF and 16HBE 14o- cells preserved in liquid 

nitrogen were also checked. Other factors that could affect the cells were also 

examined. All the chamber slides used were of the same batch number eliminating 

variability of the substrate the cells were cultured on. All cell culture and stimulation 

of cells was carried out in an air-conditioned environment thus controlling for seasonal 

differences in the temperature. Additional experiments were carried out to assess the 

influence of culturing cells on an extracellular matrix substrate. 16HBE 14o- cells 

were cultured on collagen type I coated slides prior to stimulation with InM EGF for 

15 minutes and staining for ezrin using immunocytochemistry (figure 5.7) but this 

appeared to have no influence on ezrin distribution irrespective of treatment and in all 

conditions ezrin was mainly cytoplasmic. 

As a final test, the responsiveness of the cells to EGF was tested in a tyrosine 

phosphorylation assay. Figure 5.8 shows that EGF was able to cause changes in the 

tyrosine phosphorylation profile of 16HBE 14o- cells and in particular an enhancement 

of a band around ITOkDa was observed following EGF treatment. This suggests that 

the EGF receptor tyrosine kinase is still functional in these cells and not responsible for 

the inconsistent results observed. 

In summary despite following the same protocol for all the experiments and carrying 

out numerous checks on cell stocks, growth factor stocks, chamber slides and the 

influence of extracellular matrix substrate no explanation was found for the 

discrepancies between the two otherwise identical sets of experiments. 

5.3 Effect of EGF on repair of primary bronchial epithelial cells 

To further investigate the role of EGF in stimulating repair of bronchial epithelial cells 

and the role of ERM proteins and CD44 in this process, primary bronchial epithelial 

cells were used as an in vitro model as these cells were found to respond to EGF in a 

consistent manner with regards to changes in ezrin and moesin distribution as 

monitored by by immunofluorescence. An initial control experiment measured the 
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Figure 5.9. Microscopic images of repairing primary bronchial epithelial 
cells. 
Time lapse video microscopy capture of wounded primary bronchial epithelial 
cell monolayers treated with serum free medium alone or with the addition of 
InM EGF was used to measure cell migration. Cells were left to recover in an 
incubator for 1 hour after wounding then viewed using a time-lapse video 
microscopy system and images captured at 0,6, 12 and 24 hours after the start 
of the time lapse. 
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Figure 5.10. Effect of InM EGF on restitution of scrape wounded 
primary bronchial epithelial cell monolayers. 
The effect of BEBM basal medium and InM EGF on migration of primary 
bronchial epithelial cells following mechanical damage was assessed using 
a time lapse video microscopy method. Cell movement was observed over 
a 20 hour time period and an image captured every hour using IP Lab 
software. Wound area was measured using Scion hnage and converted 
from pixels to area (mm^). Data are from a single experiment. 



effect of EGF on the rate of repair following scrape wounding in the primary cell model 

using the time-lapse system. Figure 5.9 shows the appearance of cells during a wound 

healing time-lapse assay. In comparison to 16HBE 14o- cells, here the cells appeared 

to have a more spread phenotype with gaps observed between cells distant from the 

wound edge. Whilst the monolayer appeared to be moving forward to cover the 

denuded substrate as observed with 16HBE 14o- cells (figure 5.1) a number of cells 

were seen to be migrating free of the monolayer irrespective of treatment. 

Measurement of wound area, figure 5.10, indicates a result consistent with 16HBE Mo-

cells as cells cultured in basal medium migrated to cover the denuded substrate, and 

treatment with InM EGF was able to enhance cell migration with a change in the rate 

of migration occurring after approximately 12 hours. The overall rate of repair was 

significantly slower in primary cells compared to 16HBE 14o- with the wound still 

being present at the end of the 20-hour time course. 

5.4 Distribution of ERM proteins in repairing cultures of primary bronchial 

epithelial cells 

Following confirmation that EGF was able to stimulate migration of primary bronchial 

epithelial cells, the distribution of ezrin and moesin in repairing cultures was 

investigated in these cells using fluorescent immunocytochemical dual staining for 

CD44 and ezrin or moesin. Primary bronchial epithelial cells were wounded then 

treated with basal medium alone or with InM EGF for 15 minutes, 1 hour and 3 hours, 

fixed and then stained to examine the distribution of the proteins in the initial stages of 

migration (figure 5.11). At the earliest time point, 15 minutes, as shown in figure 

5.11 A, CD44 staining had a surface distribution the intensity and distribution of which 

was unaffected by EGF and did not vary at the wound edge from cells distance from 

the wound. Ezrin and moesin were both found in the cytoplasm and in plasma 

membrane structures irrespective of treatment, although slightly more intense staining 

of plasma membrane structures was observed in InM EGF treated cells. Additionally, 

staining of membrane ruffles looked brighter and featured on more cells in cultures 

treated with EGF. 

To confirm that the primary cell cultures were responding to EGF consistently, figure 

5.12 shows staining for ezrin in a confluent area distant from the wound in untreated 

77 



A. Ezrin and CD44 

Ezrin CD44 Merge 

i. Basal medium 

ii. InM EGF 

B. Moesin and CD44 

Moesin CD44 Merge 

i. Basal medium 

ii. InM EGF 

Figure 5.11 A, Double immunocytochemistry staining for CD44 and ezrin or 
moesin in primary bronchial epithelial cells 15 minutes post-wounding. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 hours 
to deplete growth factors before scrape wounding. Cells were then treated with basal 
medium alone (i) or containing InM EGF (ii) for 15 minutes. Cells were fixed and 
double stained for CD44 and ezrin (A) or moesin (B) using the protocol described in 
Chapter 2, section 2.2.7. Cells were visualised using a Zeiss immunoflourescent 
microscope and images captured using a colour video camera. 
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Figure 5.11B. Double immunocytochemistry staining for CD44 and ezrin or 
moesin in primary bronchial epithelial cells 1 hour post-wounding. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 hours 
to deplete growth factors before scrape wounding. Cells were then treated with basal 
medium alone (i) or containing InM EGF (ii) for 1 hour. Cells were fixed and double 
stained for CD44 and ezrin (A) or moesin (B) using the protocol described in Chapter 2, 
section 2.2.7. Cells were visualised using a Zeiss immunoflourescent microscope and 
images captured using a colour video camera. 



A. Ezrin and CD44 

Ezrin CD44 Merge 

i. Basal medium 

ii. InM EGF 

B. Moesin and CD44 

Moesin CD44 Merge 

i. Basal medium 

ii. InM EGF 

Figure 5.1 IC. Double immunocytochemistry staining for CD44 and ezrin or 
moesin in primary bronchial epithelial cells 3 hours post-wounding. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 hours 
to deplete growth factors before scrape wounding. Cells were then treated with basal 
medium alone (i) or containing InM EGF (ii) for 3 hours. Cells were fixed and double 
stained for CD44 and ezrin (A) or moesin (B) using the protocol described in Chapter 2, 
section 2.2.7. Cells were visualised using a Zeiss immunoflourescent microscope and 
images captured using a colour video camera. 
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Figure 5.12. Double immunocytochemistry staining for CD44 and ezrin in 
confluent areas of scrape wounded primary bronchial epithelial cell cultures. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 hours 
to deplete growth factors before scrape wounding. Cells were then treated with basal 
medium alone (i) or containing InM EGF (ii) for 15 minutes. Cells were fixed and 
double stained for CD44 and ezrin using the protocol described in Chapter 2, 
section 2.2.7. Cells were visualised using a Zeiss immunoflourescent microscope and 
images captured using a colour video camera. Confluent areas distant from the 
migrating wound edge are pictured here. 



and EOF treated cultures. Although the differences between treatments are not as 

striking as previously shown (Chapter 4) and cultures exhibit staining of membrane 

structures when treated with basal medium, staining of membrane ruffles appears 

brighter and more prominent in those treated with InM EGF. 

Figure 5.11B shows the distribution of ezrin and moesin in cultures 1 hour after 

wounding, here both eziin and moesin are found in the cytoplasm of the cell and in 

small microspike extensions of the cell. Unlike the 15-minute time point, cells did not 

exhibit lamellipodia or ruffle structures of the plasma membrane. CD44 staining was 

also observed in these spikes and was co-localised with ezrin and moesin in spike 

structures and at the plasma membrane in both EGF and non-EGF treated cultures. 

Both ezrin and moesin staining in spikes was less prominent at the wound edge and 

occurred between cells, which were not in as close proximity to neighbouring cells with 

spaces between cells being larger and more prevalent. 

3 hours after wounding (figure 5.11C) microspike structures had largely disappeared 

from repairing cultures and ezrin and moesin had a more cytoplasmic distribution, with 

some staining in membrane structures such as lamellipodia, ruffles and microspikes. 

These structures were less prominent at the wound edge and more commonly seen 

between cells away from the wound edge. Again no differences were seen between 

cells cultured in medium containing EGF compared to basal medium. 

5.5 Effects of sodium cromoglycate on bronchial epithelial cells 

As the mast cell stabiliser and anti-asthma drug, sodium cromoglycate has previously 

been reported to enhance dermal wound repair, its effect on 16HBE 14o- cell migration 

was also assessed. When added to serum free medium at a concentration of lOOpM, 

sodium cromoglycate appeared to enhance repair at 3 and 9 hours (P<0.03 and P<0.02, 

respectively); wound area at 6 hours was smaller but not significantly different from 

serum free conditions (P=0.27). Sodium cromoglycate however was unable to 

stimulate repair in the presence of IjiM tyrphostin AG1478 at 9 hours, this inhibitory 

effect was not significant at the earlier time points (figure 5.13i). 
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Figure 5.13ii shows the effect of co-incubation of lOOjiiM sodium cromoglycate with 

InM EGF. This combination is able to enhance repair at 3 and 6 hours when compared 

to serum free conditions (P<0.02 and P<0.04) but does not decrease wound area 

beyond that observed with EGF or sodium cromoglycate alone. At 9 hours cells treated 

with EGF and sodium cromoglycate together do not show enhanced repair when 

compared to serum free basal conditions or either stimuli alone. 

As sodium cromoglycate stimulated repair was not enhanced by the addition of EGF 

but could be inhibited by the EGF receptor tyrosine kinase inhibitor, tyrphostin 

AG1478, it was hypothesised that sodium cromoglycate might be inducing bronchial 

epithelial repair through (direct or indirect) activation of the EGF receptor, and hence 

the same signalling pathway as EGF itself. 

Analysis of tyrosine phosphorylated proteins in 16HBE 14o- cells by 

immunoprecipitation using an anti-phosphotyrosine agarose conjugate showed that 

treatment of cells for 10 minutes with sodium cromoglycate was able to induce 

enhanced tyrosine phosphorylation (figure 5.14A). Phosphorylated proteins included a 

band at around the molecular weight of the EGF receptor (170kDa) and EGFR 

phosphorylation was confirmed by staining Western blots of immunoprecipitates for 

EGFR (figure 5.14B). Treatment with lOOpM sodium cromoglycate together with 

InM EGF showed increased phosphorylation above that seen when treated with each of 

the stimuli alone. This enhancement was not observed with the higher, 200|iM 

concentration, of sodium cromoglycate when combined with InM EGF. 

To observe whether other effects of EGF on bronchial epithelial cells described earlier 

in this thesis can be elicited by sodium cromoglycate, the distribution of ezrin, moesin 

and CD44 in primary bronchial epithelial cell cultures was observed by double 

fluorescent immunocytochemistry (figure 5.15). In cultures treated with basal medium 

cells had some staining of ezrin and moesin in membrane projections resembling 

microvilli and ruffles as observed previously. This staining of membrane structures did 

not appear to be enhanced in cells treated for 15 minutes with lOOj^M sodium 

cromoglycate. Ezrin and moesin were co-localised with CD44 at the periphery of the 

cell as described in Chapter 4. 
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Figure 5.131. Effect of lOOpM sodium cromoglycate alone or in 
combination with 1|4.M tyrphostin AG1478 on repair of 16HBE 14o- cells. 
Data are mean +/- Standard deviation of 25 wounds from 3 individual 
experiments measured using Scion Image. *P<0.05 using a Student's unpaired t -
test. 
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Figure 5.13ii. Comparison of the effect of lOOpM sodium cromoglycate in 
the absence or presence of InM EGF on repair of 16HBE 14o- cells. 
Data are mean +/- Standard deviation of 25 wounds from 3 individual 
experiments measured using Scion Image. *P<0.05 using a Student's unpaired t-
test. 
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Figure 5.14. Analysis of tyrosine phosphorylated proteins in sodium 
cromoglycate treated 16HBE 14o- cells using immunoprecipitation. 
16HBE 14o- cells were serum starved for 24 hours then treated for 10 minutes with 
serum free medium (sfm), InM EGF (E), InM EGF and lOOpM sodium cromoglycate 
(E/C 100), InM EGF and 200p,M sodium cromoglycate (E/C 200), lOOpM sodium 
cromoglycate (C 100) or 200pM sodium cromoglycate (C 200). Following lysis of 
cells in denaturing lysis buffer and protein determination, Img of protein in Triton 
buffer was incubated with 60pl of anti-phosphotyrosine (PY20)-agarose conjugate 
overnight. Following centrifugation to precipitate immune complexes the supernatant 
was removed and the pellet washed before solubilising bound proteins in hot sample 
buffer. Samples were analysed by 10% SDS-PAGE and Western blotting for 
phosphotyrosine (A) and EGF receptor (B). Blots are representative of two individual 
experiments. 
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Figure 5.15. Double immunocytochemistry staining for CD44 and ezrin or 
moesin in primary bronchial epithelial cells treated with sodium cromoglycate. 
Primary bronchial epithelial cells were cultured in Basal medium (BEBM) for 24 hours 
to deplete growth factors. Cells were then treated with basal medium alone (i) or 
containing lOOpM sodium cromoglycate (ii) for 15 minutes. Cells were fixed and 
double stained for CD44 and ezrin (A) or moesin (B) using the protocol described in 
Chapter 2, section 2.2.7. Cells were visualised using a Zeiss immunoflourescent 
microscope and images captured using a colour video camera. 



5.6 Discussion 

EGF receptor ligauds such as EGF and HB-EGF have been shown to play a role in the 

regulation of cellular repair following wounding in numerous tissues including the gut, 

skin and lung. The mechanism of action whereby EGF can modulate repair is not fully 

elucidated but on a more cellular level EGF can influence the morphology of cells, the 

actin cytoskeleton and cellular migration through activation of a number of intracellular 

signalling molecules following EGFR tyrosine kinase activation. 

Cellular migration following damage to bronchial epithelial monolayers has been 

examined here with the aim of determining the effect of growth factors on the rate of 

repair and the influence of these factors on ERM protein and CD44 distribution during 

repair which could be examined using immunocytochemistry. 

Initial experiments using time lapse video microscopy enabled measurement of wound 

area over a time course and also allowed the morphology and arrangement of cells to be 

studied. In 16HBE 14o- cells, treatment of cells with InM EGF enhanced the repair 

seen with basal medium as shown by significantly reduced wound area at 4, 5 and 6 

hours after damage. The appearance of the cells did not appear to change over the time 

course with the cells moving forward in a complete sheet (figure 5.1). The 16HBE 

14o- cells were tightly packed at the start of wounding probably allowing the cells to 

spread a certain amount to cover the wound rapidly. The movement of cells in a sheet-

like manner could be a mechanism to maintain epithelial integrity of the undamaged 

area and allowed by the presence of firm contacts between cells within the monolayer. 

In contrast, primary cell monolayers show gaps between cells and this would likely 

enable a greater movement of individual cells into the free area exposed following 

scrape wounding. This is shown in Figure 5.9 where individual cells move forward and 

the appearance of the wound front changes between images taken along the time course 

as cells move into the damaged area in a somewhat random fashion. 

Another difference between primary and 16HBE 14o- cells is seen in terms of the rate 

of cell migration. 6 hours following damage 16HBE 14o- cells have almost repaired 

whereas the primary cell cultures show very little change in wound area at this time 

point and it takes 20 hours to migrate the equivalent distance of that moved by 16HBE 
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14o- cells after 6 hours of treatment. As 16HBE 14o- cell proliferation was not 

enhanced by EOF (Chapter 3) it seems unlikely that this observation is related to a 

greater ability of 16HBE 14o- cells to proliferate. Experiments which showed a 

stimulatory effect of keratinocyte growth factor (KGF) on migration of a variety of 

bronchial epithelial cell lines and primary cells also highlighted a difference in the rates 

of repair (156). Here, primary cells were compared with the bronchial epithelial cell 

lines IHAEo- (another SV40 transformed airway epithelial cell line) and Calu-3 

(derived from human lung adenocarcinoma). In control medium, IHAEo- cells were 

able to migrate to cover 50% of the original wound size within approximately 10 hours 

whereas for primary cells this took over 20 hours and for Calu-3 cells the time taken 

was extended to 50 hours. These data suggest the differences in rates between the 

SV40 transformed cell lines 16HBE 14o- and IHAEo- and primary cells are as a result 

of the immortalisation process. Along with disregulated proliferation as discussed in 

Chapter 3 this might also influence other cell processes such as protein expression and 

cytoskeleton turnover. 

Repair of both primary and 16HBE 14o- cultures occurred under basal medium 

conditions (i.e. without the addition of growth factors). It has been shown previously 

that following damage there is release of growth factors known to enhance repair 

including HB-EGF (93), TGF-P (60) and KGF (1). Additionally Puddicombe gf aZ 

(118) showed phosphorylation of the EGF receptor following scrape wounding in the 

absence of exogenous growth factor. Data from 16HBE 14o- cells presented in figure 

5.3i supports the existence of either production of growth factor or endogenous receptor 

phosphorylation following wounding. The addition of an inhibitor of the EGF receptor 

tyrosine kinase, tyrphostin AG1478, to culture medium inhibits migration of cells at 6 

and 9 hours after damage when cultured in basal medium. Here the inhibitor could be 

blocking tyrosine kinase activation occurring as a result of EGFR ligand or endogenous 

receptor activation. 

To rapidly determine the effect of a range of factors on epithelial repair another method 

was utilised whereby cells in chamber slides were damaged using a comb to generate a 

uniform series of wounds which when the cells were fixed and stained could be 

measured using image analysis software. Data generated here for EGF was comparable 

to that seen with the time-lapse system giving confidence in the data. 
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EGF has been shown to stimulate repair of bronchial epithelial cells when compared to 

basal medium. This observation implies that EGF must therefore be modulating the 

actin cytoskeleton or cell adhesion mechanisms to enable the cell shape changes, de-

adhesion and re-adhesion mechanisms required for repair. Therefore the distribution of 

ERM proteins along with CD44 and the differences between basal medium and EGF 

treated cells was examined using immunofluorescent staining of wounded cultures. 

Results presented in Chapter 4 showed that in 16HBE 14o- bronchial epithelial cells the 

ERM proteins ezrin and moesin appeared to be regulated and influenced by EGF, as 

seen by increased association of ezrin and moesin with membrane and cytoskeletal 

fractions. The localisation of ezrin and moesin in 16HBE 14o- cells also appeared to 

be influenced by EGF and HB-EGF as these proteins redistributed to the plasma 

membrane and actin cytoskeletal structures however these observations could not be 

consistently repeated as described in Chapter 4. Using primary bronchial epithelial 

cells, ezrin and moesin redistribution to cell surface structures after EGF treatment was 

a consistent, repeatable effect. Several published observations have shed some light on 

this discrepancy. In normal fibroblasts, ezrin staining is very faint and cytoplasmic and 

staining is also observed in the nucleus. However in transformed, immortalised 

fibroblasts staining is much more intense and is also found at the plasma membrane as 

well as the cytoplasm, the intense staining prevents the nuclear staining from being 

observed (70). In primary rat fibroblasts ezrin is cytoplasmic, in fos oncogene 

transformed rat fibroblasts ezrin is found at the leading edge of cells and there is 

increased ezrin expression and phosphorylation compared to the primary cells. Here 

ezrin is hypothesised to be involved in cell morphology and motility (76). 

Taken together these observations suggest that the 16HBE cells, which are transformed, 

immortalised cells, could have more ezrin and moesin than primary cells and any shift 

in protein distribution actually affects only a small proportion of the total protein and so 

is difficult to detect. Whereas, in primary cells, EGF stimulated redistribution of ezrin 

and moesin is always observed because less total protein is present. Additionally, an 

increase in ezrin phosphorylation at baseline could explain the fact that sometimes 

16HBE 14o- cells already exhibited membrane staining for ezrin. 
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Despite the difficulties described above, the observations that in primary cells CD44 

and ERM proteins are co-localised and that EGF is able to stimulate changes in ezrin 

and moesin localisation to cell surface structures, and in both primary and 16HBE cells 

stimulate an enrichment in the cytoskeletal fraction suggest that ezrin and moesin, in 

this system, are regulated by EGF to form a crosslinking structure with the plasma 

membrane and actin cytoskeleton. 

Primary bronchial epithelial cultures were used to determine the distribution of ezrin 

and moesin in repairing cultures. Images presented in figure 5.11 firstly indicated there 

to be little difference between EGF treated cells and those cultured in growth factor-

free basal medium with redistribution of ezrin and moesin present in all cultures. This 

effect is likely to be an effect of wounding as cells not wounded show comparable 

effects of EGF as already described (Figure 5.12) where cells cultured in basal medium 

show some staining in membrane structures which is enhanced by EGF. 

The absence of a difference between treatments could be explained by the observations 

that following wounding growth factors are released into the surrounding medium or 

wound fluid following injury as described above. Additionally EGFR activation 

following scrape wounding of 16HBE 14o- cells irrespective of the presence of EGF 

has been previously described (118). These data suggest that following scrape 

wounding direct activation, or by endogenously released ligand, of the EGFR 

stimulates ezrin and moesin redistribution which is not enhanced by exogenous EGF. 

To test this hypothesis supplementing media with tyrphostin AG1478 would inhibit the 

EGF receptor tyrosine kinase and hence inhibit redistribution of ERM proteins to 

plasma membrane structures. 

Despite no differences being observed between treatment, protein distribution changed 

with time possibly reflecting the involvement of ezrin and moesin in cellular events 

following damage. At the time points examined cells did not appear to have a polarised 

phenotype where there is a distinction between the leading edge and rear of the cell at 

least in terms of ezrin and moesin distribution. This implies the cells are not migrating 

consistent with time lapse data which only shows a reduction in wound size after 6-8 

hours implying little migration occurs before this time point. As a consequence of 

damage and to protect the already compromised epithelial monolayer, ERM proteins 

83 



might serve a role in adhesion, in anchoring cell adhesion molecules to the actin 

cytoskeleton to stabilise cell-matrix and cell-cell adhesion and hence their distribution 

in microvilli-like membrane projections. 

The anti-asthma drug, sodium cromoglycate, was examined here for its effect on cell 

migration as it has previously been reported to enhance dermal wound repair. Cell 

wounding data suggested it has a stimulatory effect on bronchial epithelial cell 

migration following damage and this effect appeared to be inhibited in the presence of 

tyrphostin AG1478. This observation could imply that sodium cromoglycate is acting 

through the EOF receptor to stimulate repair either that or the EOF receptor is the 

primary drive of cell migration and sodium cromoglycate stimulates through another 

mechanism which works in synergy with and requires EOF receptor activation. 

Phosphorylation data (figure 5.14) suggests that sodium cromoglycate works by, itself 

directly stimulating the EGFR or indirectly through release of EGFR ligand which then 

goes on to phosphorylate the EGFR. Phosphorylation of the EGFR by agents other 

than its cognate ligands has been previously reported and oxidants (e.g. hydrogen 

peroxide), ultraviolet (UV) radiation as well as other receptors including those for 

cytokines and other G-protein-coupled receptors have been shown to transactivate the 

EGFR (reviewed in (50), (169), (26)). In addition sodium cromoglycate could act 

independently of the EGFR to stimulate bronchial epithelial repair through production 

of inducible nitric oxide synthase (iNOS-2) as previously demonstrated in vivo (155) 

which is able to stimulate migration of renal tubular epithelial cells (107). These 

authors also demonstrated that EGF was able to enhance migration that could be 

inhibited by eliminating iNOS activity suggesting an additive effect. A synergistic 

effect of EGF and sodium cromoglycate was not observed here implying they act on 

the same signal transduction pathway/s. 
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6 CHAPTER SIX 

IPCSAJLIDISCUSSICMS 

In the airways of asthmatic subjects the stratified bronchial epithelium has an altered 

phenotype with shedding of the columnar cells reflecting areas of epithelial damage. In 

addition, this is also accompanied by permanent structural changes termed airway 

remodelling which include goblet cell hyperplasia, sub-epithelial fibrosis and increased 

smooth muscle. The altered phenotype of the airway epithelium in asthma implies an 

aberrant response to recurrent inflammation, as well as inefficient or disordered repair 

mechanisms following epithelial damage. Regeneration of a differentiated epithelium 

has been documented to involve an ordered sequence of cellular events including 

morphological changes, migration, proliferation and differentiation that is likely to 

require the co-ordinated control of a range of cell adhesion molecules, growth factors, 

cytoskeletal proteins, proteases and extracellular matrix components. 

Growth factors and their cognate receptors have the ability to have pleiotropic effects 

on cells and tissues by the integration of signals from other growth factors, cell 

adhesion molecules and extracellular matrix components. Growth factors such as EGF 

(11), (118), HGF (165), TGPP (60) and KGF (156) have all been shown to stimulate 

repair of the bronchial epithelium using both in vivo and in vitro techniques, however 

the mechanisms involved are yet to be fully elucidated. In this thesis, EGF has been 

shown to enhance repair of bronchial epithelial cell cultures following damage. 

Growth factor activity is regulated at many levels reflecting their central role in cell 

signalling. This complexity begins at the level of growth factor availability and 

presentation at receptors, with further regulation of their activity being modulated by 

the ability of growth factors to bind to the cell surface and extracellular matrix. 

Following synthesis, EGF and HB-EGF are present on the cell surface as pro-peptides 

where they can act on receptors in a jux tacrine manner or can be proteolytically cleaved 

by matrix metalloproteinases (MMPs) to act in an autocrine or paracrine way (35). In a 

cell-free in vitro assay MMP-3 was found to cleave HB-EGF at an extracellular site of 

the protein close to the transmembrane domain of the full length protein (137). More 

complex situations arise in whole-cell assay systems where a complex chain of events 
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may control ligand availability. In this case, activation of specific G-protein coupled 

receptors (GPCR) has been shown to stimulate metalloproteinases and release of 

soluble EGFR ligand from the cell surface. For example, in human lung cells, a 

bacterial wall polysaccharide (lipoteichoic acid) has been shown to activate the EGFR 

(82), which in turn is a potent inducer of mucin production by bronchial epithelial cells 

(139). This activation occurred via direct activation of the platelet-activating factor 

receptor (PAFR), a G-protein coupled receptor (GPCR), which in turn activates a 

disintegrin and metalloproteinase 10 (ADAM 10) to cleave and release soluble HB-

EGF from the plasma membrane, this then goes on to activate the EGFR (82). In 

cardiomyocytes, phenylephrine, angiotensin II and endothelin-1 all enhance EGFR 

phosphorylation via activation of their respective GPCR's to cause ADAM 12 

activation also leading to cleavage of HB-EGF (8). As scrape wounded bronchial 

epithelial cells also show increased tyrosine phosphorylation even in the absence of 

exogenous ligand this implies release of autocrine ligand (118) possibly involving 

metalloproteinase mediated shedding of surface bound ligand. In this thesis, sodium 

cromoglycate was shown to stimulate tyrosine phosphorylation of the EGFR through an 

unknown mechanism. It would be of interest to determine whether sodium 

cromoglycate also activates the EGFR by causing activation of a metalloproteinase via 

a GPCR. In an in vivo rat model, sodium cromoglycate has been shown to increase the 

expression of inducible nitric oxide synthase-2 (iNOS-2) (155). As reactive oxygen has 

also been shown to cause transactivation of the EGFR (reviewed in (117)), this may be 

the mechanism that leads to ADAM activation or it may act independently of the 

ADAM proteins, for example by inhibition of phosphotyrosine phosphatases. 

Another method by which ligands can be regulated occurs by their binding to 

proteoglycans present on the cell surface, HB-EGF is able to bind CD44v3 (14) and 

TGFPi binds betaglycan (21). Cell surface bound ligand provides local reservoirs of 

ligand and also protects the ligand from degradation, which could enable potentiation 

of their effects. These surface bound ligands may stimulate adjacent receptors or be 

released into the surrounding extracellular matrix to act in a paracrine fashion. An 

increase in soluble growth factor after damage and the presence of ligand bound to the 

cell surface and extracellular matrix could provide a high local concentration of growth 

factor, thus enabling rapid recruitment to surface receptors when required. However, 

comparison of the effects of EGF and HB-EGF on bronchial epithelial cells presented 
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in this thesis has shown no preferential effect of HB-EGF over EGF on stimulating 

CD44 expression, changes in ERM protein redistribution or cell migration following 

scrape wounding. Similarly in a wound repair model, HB-EGF was no more potent 

than EGF (118). In contrast, studies of smooth muscle cell migration have shown that 

HB-EGF is significantly more potent than EGF even though both ligands have the same 

affinity for the EGF receptor and this is dependent upon the interaction of HB-EGF 

with heparan sulphate proteoglycans on the cell surface (53). This difference between 

cell types probably reflects differences in expression of heparan sulphate 

proteoglycans, which preferentially influences the localisation and presentation of HB-

EGF to the EGFR on smooth muscle cells. Thus, the expression of accessory 

molecules can make a significant contribution to the biological potency of a growth 

factor, without the need for modulation of the level of growth factor expression. 

By virtue of its complex signalling pathways, activation of the EGFR has the ability to 

have pleiotropic effects on bronchial epithelial cells, which could be important in cell 

migration. Following binding of ligand to its cognate receptor, dimerisation and cross-

phosphorylation on tyrosine residues of the cytoplasmic domain of the two EGF 

receptor monomers occurs and this itself creates divergence of signalling depending on 

whether homo- or hetero-dimerisation of receptors occurs as different receptor sub-

types can transduce the phosphorylation through different signalling pathways. This 

activation of the intracellular domain of receptors can then lead to transfer of 

phosphates to numerous signalling molecules by their binding phosphorylated tyrosines 

on the EGFR via SH2 domains on the signalling molecules. For example, activation of 

PLCy by tyrosine phosphorylation, allows the breakdown of its substrate PIP2 into the 

second messengers DAG and IPS. DAG can then go and activate PKC. PKC has been 

shown to be essential for migration (86) and more specifically, EGF stimulated cell 

motility (28), as well as being responsible for threonine phosphorylation of ezrin and 

moesin (106), (114), (132). PI3-kinase is another signalling molecule which binds 

phosphorylated tyrosine residues of the activated EGFR and is involved in cell motility 

and is also required for PKC mediated ERM protein phosphorylation on threonine 

residues (106). Figure 6.1 highlights parts of the EGFR signalling cascade involved in 

EGF effects on cell migration. 
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Figure 6.1. EGF receptor signalling pathway. 
Indicating activation of EGFR and its intermediary signalling molecules involved in cell migration, spreading and 
adhesion. ERM protein activation refers to phosphorylation on serine/threonine residues. 



In vivo models of epithelial repair have shown that the initial or early phase of repair 

involves the columnar cells surrounding the wound, which dedifferentiate, spread and 

migrate to cover the wound and reform a physical barrier without any specialised cell 

function (38). These cells then presumably proliferate and differentiate into ciliated 

and goblet columnar cells. In terms of the actin cytoskeleton, two models of wound 

healing have been proposed. Firstly, in embryonic wounds (95) and also in in vitro 

circular wounds (34), actin cables which form a ring around the circumference of the 

wound are proposed to contract to provide a 'purse string' like closer of the wound. 

Other studies have shown that repair occurs by co-ordinate migration of the epithelial 

sheet by extension of lamellipodia and filopodia cell processes (reviewed in (133)). 

This extension and migration of cells flanking the wound edge is an early event 

following wounding and requires the reorganisation of the actin cytoskeleton and 

cellular adhesions at the leading edge of the cell. Cell adhesion molecules at the 

periphery of cells, which are not adherent to a neighbouring cell, or exposure of the 

lateral edge of the cell to growth factors in the culture medium or wound fluid, could 

initiate this process. 

Redistribution of ERM proteins along with recruitment of other actin-plasma 

membrane binding proteins to the periphery of the cells might allow for the 

co-ordinated organisation of an actin-scaffold at the leading edge (illustrated in figure 

6.2). Flat structures of the plasma membrane at the leading edge of cells are often 

referred to as lamellipodia. Data presented in Chapter 4 of this thesis has shown that 

EOF stimulates an increased association with the actin cytoskeleton as well as 

redistribution of eznn and moesin into lamellipodia-like membrane structures. These 

observations might represent the reorganisation of ezrin and moesin into the actin-rich 

structure at the leading edge of cells. This staining is seen, in particular, in cells not in 

direct contact with neighbouring cells implying a role for these proteins during 

colonisation and formation of a confluent monolayer. Furthermore, this staining 

pattern might be expected at the leading edge of cells at the wound edge suggesting a 

role for ERM proteins in cell migration. However, images from wounded cells stained 

for ezrin and moesin presented in this thesis did not provide any evidence for this and 

ERM protein staining was seen in microvilli-like structures rather than flat lamellipodia 

structures with no differences seen at the wound edge. Analysis of the kinetics of 

repair following mechanical damage to primary bronchial epithelial cells showed no 



change in wound area until 6 hours after damage indicating little or no migration of the 

cells had occurred. Therefore lamellipodia formation might not have occurred in the 

time frame examined here, hence no ERM protein staining was observed in 

lamellipodia structures. Longer time course studies with cells at the migratory stage 

along with confocal microscopy of wounded cultures might suggest further roles for 

CD44 and ERM proteins in migratory processes during repair. 

For migration to occur, as well as morphological changes at the leading alterations in 

adhesion must take place (see figure 6.2). De-adhesion at the rear of the cell has to 

occur to allow net cell movement along with formation of new adhesions at the leading 

edge of the cell. These processes require changes in cell-extracellular matrix adhesion. 

As indicated in figure 6.2, CD44 might be regulated during repair in the formation of 

new adhesion at the leading edge and de-adhesion at the rear of the cells as described in 

intestinal epithelial restitution where redistribution of integrins occurs to allow cell 

movement (88) and reviewed in (59). In untreated bronchial epithelial cells CD44 is 

distributed at sites associated with a plasma membrane distribution where it is 

co-localised with ERM proteins throughout and at the base of the cell as shown by 

confocal microscopy. This distribution suggests a role for the CD44-ERM protein 

complex in cell-substrate adhesion. This hypothesis could be further applied in 

wounded cultures, where CD44 and ERM proteins are found to be co-localised in 

microvilli-like structures of cells which do not appear to have a polarised, migrating 

phenotype but might represent enhanced points of adhesion following damage. 

Following treatment with EOF, ezrin and moesin redistribute to lamellipodia and 

microvilli-like projections and co-localisation with CD44 is lost. Here cells appear to 

adopt a more migratory phenotype as characterised by the formation of plasma 

membrane extensions. Thus it would appear that under normal conditions CD44 and 

ERM proteins are associated for stabilisation of cell adhesions with the actin 

cytoskeleton. Following treatment with EGF, ezrin and moesin have increased 

association with the actin cytoskeleton and are found in lamellipodia structures which 

are associated with cell migration, here ERM proteins might have another plasma 

membrane binding partner such as syndecan which has been found to be associated 

with ezrin in structures of the plasma membrane (46). This hypothesis is summarised 

in figure 6.3. In carcinoma cells, CD44 has been implicated in cell migratory processes 

but is not expressed in lamellipodia structures only at the plasma membrane of the 
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Figure 6.2. Cell migration and its associated processes and molecules. 
Initiation of cell migration occurs by polarisation of the cell following actin filament polymerisation and formation of lamellipodia 
structures. Spreading is followed by formation of new cell-matrix adhesion complexes at the leading edge and de-adhesion at the rear 
of the cell which allows net movement of the cell. Extracellular matrix components (laminin, collagen, fibronectin, hyaluronic acid) 
act as ligands for integrins and other surface expressed cell adhesion molecules. This figure also highlights potential sites of CD44 
and ERM protein localisation during migration of epithelial cells. 
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Figure 6.3. Proposed role of ERM proteins and CD44 in bronchial epithelial cells and regulation by EGF. 
In untreated cells (left side of figure) CD44 and ERM proteins are colocalised and there is some association of ERM proteins with the 
actin cytoskeleton, here a function in cell adhesion is proposed. Following treatment with EGF (right side of figure), ERM proteins 
redistribute to actin containing lamellipodia structures with enhanced binding to the actin cytoskeleton and loss of colocalisation with 
CD44. EGF stimulates migration and development of lamellipodia reflect a migratory phenotype suggesting a fianction for ERM 
proteins in cell spreading and migration. 



leading and trailing edges of migrating cells, here a role for CD44 in transient cell 

adhesions prior to stable adhesions was suggested (74). Additionally, cleavage of 

CD44 by membrane-type 1 matrix metalloproteinase (MTl-MMP) at the trailing edge 

has been shown to be necessary for migration to occur, further evidence that CD44 is 

directly regulated and involved in cell-matrix adhesion during repair (69). 

In terms of EGF effects on adhesion, focal adhesion kinase (FAK) is a cytoskeleton 

associated protein found in newly formed adhesion complexes and assumed to 

participate in their formation through its association with numerous structural and 

cytoskeletal proteins. FAK is phosphorylated on tyrosine residues, by EGF (140), 

through its SH2 binding domains for fyn, csk and src and can then transduce this signal 

to other cytoskeletal-associated substrates, such as paxillin as well as bind structural 

proteins such as integrins. These data implicate FAK as a major player in cell adhesion 

and migratory processes during repair. Adding further complexity, cdc42, rac and rho 

are members of the ras family of OTP-binding proteins which play a major role in 

formation of lamellipodia, focal adhesions and cytoskeletal structures by acting as 

intermediary signalling molecules. EGF induces phosphorylation of FAK and paxillin 

which is dependent upon rho as well as PI3-kinase but independent of PKC (140). 

With regard to ERM proteins their activation and functions are regulated by rho (56) 

(110) and PKC (106), (114), (132) but no role has been shown yet for FAK. These 

numerous divergent signalling pathways (figure 6.1) serve to illustrate how EGF might 

be involved in the regulation of cell repair, which requires modification of cell 

adhesion and migratory processes. 

Following migration of cells to cover the denuded area, proliferation of cells followed 

by differentiation to reform a polarised function epithelium and in the case of the lung 

epithelium, differentiation into specialised cells such as ciliated and goblet cells must 

occur. In the differentiated epithelium, ezrin is often found concentrated at the apical 

membrane of and in microvilli structures. In polarised bronchial epithelial cell cultures 

ezrin is localised to the apical membrane domain (101), (136) and EBP50 (ERM-

binding phosphoprotein-50) a binding partner for ezrin is found concentrated at the 

apical cell surface but not in cilia of sections of bronchial biopsies (130). The apical 

distribution of ezrin in normal undamaged tissue and polarised cell cultures has lead to 

suggestions of a function in anchoring the apically expressed CFTR (cystic fibrosis 
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transmembrane conductance regulator) to the cytoskeleton (130) or ERM proteins may 

also play a role in cilia formation or their stabilisation with the plasma membrane. In 

human nasal epithelial cell cultures, examination of cells undergoing IL-13 stimulated 

differentiation from a ciliated to a predominantly secretory phenotype implied a role for 

ezrin in cilia formation. This loss of cilia was accompanied by a reduction in ezrin 

expression at the apical compartment with no expression by cells expressing MUC5AC 

(a mucin secreted by airway secretory cells) suggesting ezrin may be important in the 

maintaining the structure of cilia (77). Greater elucidation of the roles of ezrin, moesin 

and CD44 in repair of bronchial epithelial cultures would be enabled by the use of 

primary cells grown on an air-liquid interface to generate a differentiated as well as 

polarised cell layer with cilia structures and mucus producing cells as utilised by 

Laoukili et al (77). Additionally a study to examine the expression of ERM proteins in 

airway tissue in both healthy and asthmatic subjects would provide useful information 

regarding their function in the normal epithelium and damaged or repairing areas. 

A greater understanding of the regulation and mechanism of lung repair might reveal 

new pharmacological targets. Sodium cromoglycate was one of the first asthma 

therapeutics with a known mode of action as mast cell stabiliser and its other anti-

asthmatic mechanisms unexplained. Data presented in this thesis suggests sodium 

cromoglycate might also function to improve lung function by stimulating restitution of 

the airways providing a novel mechanism of action. Current therapeutic interventions 

for the treatment of asthma fall into two main groups firstly, those which target smooth 

muscle to promote relaxation of the bronchial lumen ((32 adrenoreceptor agonists such 

as salbutamol) and secondly anti-inflammatory drugs (corticosteroids, leukotriene 

antagonists). Neither of these therapies prevents the recurrent tissue injury including 

epithelial damage, the chronic and irreversible remodelling of the airways nor promotes 

regeneration of an intact and functional bronchial epithelium. 
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