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Abstract 

Chronic obstructive pulmonary disease (COPD) the third leading cause of 

death, with an estimated 65 million cases worldwide. Despite this, most research to 

date has focused on treating the symptoms of COPD rather than the underlying 

mechanisms. Recently, we have shown that exposure to cigarette smoke (CS), the 

leading cause of COPD, results in an increase in cytosolic calcium and the rapid 

internalization and insolublization of the cystic fibrosis transmembrane conductance 

regulator (CFTR). Normal ion transport is imperative for mucus hydration and 

clearance, and its dysfunction after CS exposure may be responsible for the mucus 

dehydration and accumulation seen in COPD patients. Thus, the primary aim of this 

thesis was to establish the mechanism(s) behind the CS-induced internalization of 

CFTR. 

 Confocal imaging and Förster resonance energy transfer demonstrated that 

CFTR-CFTR interactions were reduced upon internalization of CFTR, and that 

CFTR was internalized with a T1/2 of 27.7 min. U0126, an inhibitor of MEK1 and 

MEK2, abolished the internalization of CFTR by CS. Furthermore, U0126 had no 

effect on CS-induced Ca2+ release. These data implicate the necessity of 

MAPK/ERK kinases in CS-induced internalization, and suggest that this kinase 

activity is downstream of Ca2+ release. Furthermore, CS caused dephosphorylation 

of plasma membrane CFTR, and CS-induced internalization of CFTR was 

prevented by forskolin, suggesting that dephosphorylation of CFTR by CS may lead 

to its internalization.  

CS-induced CFTR internalization was ablated by inhibitors of endocytosis, 

hypertonic sucrose and dynasore. Consistent with results demonstrating that CS-

internalized colocalization CFTR with clathrin light chain, these data suggest that 

CS-induced internalization of CFTR is both clathrin- and dynamin-dependent. CS-

internalized CFTR colocalized substantially with markers of the endoplasmic 

reticulum. Partial colocalization of CS-internalized CFTR with markers of the early 

endosomes, late endosomes, and the Golgi apparatus but not recycling 

endosomes, suggest that CFTR is trafficked in a retrograde pathway from the 

plasma membrane to the endoplasmic reticulum. 

This thesis provides new insights into the mechanism of CS-induced CFTR 

internalization, and may help in the development of new therapies for CFTR 

correction and airway surface liquid rehydration in patients with COPD. 
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1.0 Introduction 

1.1 Anatomy and physiology of the airways 

The primary purpose of the lungs is to facilitate oxygen intake and carbon 

dioxide output between the outside world and the circulatory system. The lungs 

inspire approximately 10,000 – 20,000 L  each day during normal breathing 

(Tamashiro et al., 2009). The structural design of the lungs is therefore functionally 

important and allows for efficient respiration. The initial inhalation occurs through 

either the nasal cavity or the mouth, past the pharynx and larynx, into the trachea. 

These structures are known as the upper airways. The trachea is lined with horse 

shoe-shaped cartilage rings embedded in dense connective tissue, surrounded by 

a layer of transverse smooth muscle. This structure allows for air conduction into 

the lower airways. The trachea splits into two main stem bronchi, one for each lung, 

which are characterized by the presence of smooth muscle and tubuloalveolar 

glands, surrounded by a fibrocartilage layer (Barnes, 2009). The bronchi branch off 

with irregular dichotomy into bronchioles and eventually terminal bronchioles, 

respiratory bronchioles and alveoli (Bai et al., 1994). The path of air from the 

trachea through to the alveoli may pass through up to 25 generations of branches. 

This branching structure allows for proper airflow, provides a physical barrier for 

particle deposition and allows regulation of the humidity and cleaning of the air.  

The airway lumen surface is lined with epithelia. Throughout the airways the 

epithelium forms the first point of contact for inhaled factors such as particles, 

microbes and pollutants, and provides a physical barrier between the body and 

outside world. The variety of cell types present in the epithelium and their 

characteristics provide a host of innate defence mechanisms to protect the body 

from insult. In the alveoli, the epithelium is comprised of type I and type II 

pneumocytes which lay in close proximity to the pulmonary capillaries to allow for 

gaseous exchange (Whitsett and Alenghat, 2015). In the distal airways, i.e. the 

terminal and respiratory bronchioles, the cells become more cuboidal and club cells 

replace the goblet cells (Mercer et al., 1994). In the proximal airway, tall columnar 

pseudostratified mucocilliary epithelia consisting primarily of intermediate, basal, 

mucus secretory (goblet) and ciliated cells line the trachea to the 6th-10th generation 

bronchi (Barnes, 2009). The predominant cell type in the proximal airway is the 

ciliated epithelial cell. Each ciliated cell lining the trachea and bronchi has 

approximately 300 cilia (Erle and Sheppard, 2014). Cilia are membrane bound 

structures formed around a microtubule cytoskeleton known as the anexome 
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(Popatia et al., 2014). The importance of mechanical clearance by the cilia is 

apparent in patients with primary ciliary dyskinesia (PCD), an inherited disorder of 

cilia. The clinical phenotype of PCD can be severe and can lead to chronic sinusitis 

and bronchiectasis as well as infertility and abnormal organ patterning (Whitsett 

and Alenghat, 2015). The cilia beat in a coordinated, rhythmic fashion which, when 

combined with ion and water transport across the epithelium, mucus secretion from 

goblet cells, and coughing, can facilitate the propulsion of mucus and foreign 

particles towards the mouth. This process is known as mucocilliary clearance, and 

it is essential for the removal of pathogens and debris from the airways.  

 

 

 

 

 

 

 

 

 

 

 

Air is breathed in through the mouth or nose, it passes through the trachea, into the bronchi, and 

down to the small conducting airways. In the alveoli, oxygen exchange occurs. The bronchi allow 

mucocilliary clearance, they are lined with smooth muscle cells which facilitate coughing and blood 

vessels which supply the surrounding cells with oxygen. The epithelium lining the bronchi is 

comprised of goblet cells which secrete mucins and other proteins from granules into the ASL, and 

ciliated cells, which facilitate mucus clearance by ciliary beat and ion transport. 

Figure 1-1. The structure of the conducting airways.  
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1.2  Mucociliary clearance 

Efficient mucocilliary clearance is maintained by an aqueous environment that 

bathes the surface epithelium known as the airway surface liquid (ASL). The 

composition of the ASL is sustained by ion transport at both the basolateral (blood 

side) and apical (luminal side) membranes of ciliated epithelia, as well as the 

secretion of mucins and other proteins from goblet cells and submucosal glands. 

The ASL is comprised of two layers, the periciliary layer (PCL) and the mucus layer. 

Membrane spanning mucins and tethered mucopolysaccharides protrude from the 

cilia into the periciliary layer (PCL), providing cell surface lubrication and are critical 

for propelling the mucus layer through the airway (Erle and Sheppard, 2014). The 

constituents of the PCL prevent the penetration of the mucus layer into the 

interciliary space (Button et al., 2012). The mucus layer is considered the ‘transport 

layer’. It is mainly comprised of mucins, MUC5AC and MUC5B, and functions to 

trap any bacteria and particles that deposit on the surface of the airways, allowing 

for their clearance from the airways. 

Coordinated mucocilliary clearance relies on the mucus layer, the PCL and the 

cilia, and the properties and mechanisms behind the coordination of these 

components are complex. The mucus layer must be malleable and able to adapt to 

a full range of insults within its environment. Furthermore, it must be able to trap 

pathogens and particles, and maintain its viscoelastic properties which allow the 

trapped particles and pathogens to be transported towards the mouth (Randell et 

al., 2006, Cone, 2009). To regulate these diverse properties, the mucus layer acts 

as a sink for water and can accept or donate liquid in an effort to maintain its 

hydration status (Tarran et al., 2001a). The hydration status is required for efficient 

and lubricated ciliary beating, and to maintain the supple properties of mucus which 

allow it to function as the transport layer.  When additional water is added to the 

airway surface, the rate of mucocilliary clearance increases above that of normal 

(Tarran et al., 2001b, Tarran et al., 2001a). However, when the mucus layer and 

PCL lose water and dehydrate, the osmotic pressure of the mucus layer causes the 

PCL to collapse, and the cilia lose their ability to beat. This dehydration results in 

an ablation of mucus clearance, and can be seen in diseases such as cystic 

fibrosis (CF) and chronic obstructive pulmonary disease (COPD). 
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1.3  Ion transport regulation of the airway surface liquid 

Hydration of the ASL is maintained by a balance of transepithelial isotonic 

electrolyte absorption and secretion, which allows salt and water to flow into and 

out of the ASL as required. The secretion of Cl- and the absorption of Na+ across 

the epithelia govern the mass of NaCl within the ASL, which in turn regulate the 

diffusion of water by osmosis into the ASL. The airway epithelium provides a barrier 

for water transport, between the ASL and the pulmonary vasculature. However, the 

presence of aquaporins in the basolateral (AQP3) and apical membranes (AQP5) 

of epithelial cells (Kreda et al., 2001), as well as water transport across the tight 

and adherent junctions, results in the so called ‘leaky epithelium’, which enables 

the epithelium to be highly permeable.  Maintaining the hydration status of the ASL 

is of particular importance in lung health, and dysregulation of the ion channels 

involved in hydration can lead to mucus dehydration, mucus stasis, and chronic 

bacterial infections which are common phenotypes of chronic bronchitis (CB) and 

cystic fibrosis (CF) lung disease.  

The osmotic gradients required for water transport across the epithelium are 

primarily set up by apical and basolateral membrane ion channels in epithelial cells 

(Boucher, 1994). On the apical surface, the epithelial sodium channel (ENaC) is the 

rate limiting step in sodium absorption, and the cystic fibrosis transmembrane 

conductance regulator (CFTR) and calcium-activated chloride channels (CaCCs) 

are the apical conduits for chloride secretion (Figure 1-2). These channels directly 

regulate the ion content, and therefore the hydration levels of the ASL.  

ENaC is expressed in the epithelia of several organs including the kidney, 

colon, sweat ducts and lungs and is the primary channel responsible for sodium 

absorption in airway epithelia (Donaldson and Boucher, 2007). ENaC was originally 

believed to consist of three different subunits, α β γ, but more recently an additional 

subunit, δ, has been identified with known isoforms δ1 and δ2 (Giraldez et al., 2007, 

Waldmann et al., 1995). Differential expression of these subunits may provide an 

alternative method of regulation for ENaC channel function (Haerteis et al., 2009). 

ENaC is regulated by intracellular second messengers such as cAMP, PIP2, and 

PIP3 (Gaillard et al., 2010). In addition to this, CFTR is thought to inhibit ENaC 

through both direct and indirect mechanisms. Examples include indirect regulation 

of ENaC through NHERF1 binding to yes-associated-protein-65 and the c-Src 

kinase cYes, which inhibits ENaC (Peters et al., 2001), or elevations in intracellular 

cAMP and PKA (Boucher et al., 1986), or direct regulation of ENaC through 
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interaction with the intracellular domains of CFTR (Schreiber et al., 1999, Gentzsch 

et al., 2010). In normal lungs, the ASL is maintained at a relatively consistent depth 

and level of hydration, and ENaC and CFTR are reciprocally regulated in order to 

coordinate this volume control. Unregulated ENaC activity is known to deplete ASL 

volume (Mall et al., 2004). However, CFTR acts as a negative regulator of ENaC, 

and is able to limit ENaC activity and secrete Cl- ions leading to hydration of the 

ASL.  

The driving force for sodium absorption is established primarily by the removal 

of sodium from the cell at the basolateral membrane by the Na+/K+ ATPase 

exchanger (Crump et al., 1995). Na+/K+ ATPase exchanges intracellular Na+ for 

extracellular K+. Potassium is then recycled by potassium channels expressed on 

the basolateral membrane. The basolateral membrane possesses three types of 

calcium-activated potassium channel, the large conductance (BKCa), intermediate 

conductance (IK/KCa3.1) and small conductance (SK) channels. Sodium/potassium 

exchange at the basolateral membrane by the Na+/K+ ATPase and potassium 

channels determines the basolateral membrane potential and plays a role in the 

setup of an electrochemical gradient for the secretion of chloride through CFTR.  

The secretion of Cl- through CFTR at the apical membrane is passive, and is 

driven by an electrochemical gradient set up primarily by the electroneutral 

Na+/K+/2Cl- cotransporter (NKCC1). Sodium is taken up by NKCC1 and recycled 

out of the cell by Na+/K+ ATPase, due to its electrochemical gradient. This allows 

potassium entry into the cell through NKCC1, which facilitates the entry of 2Cl- ions, 

and allows for the secretion of Cl- at the apical plasma membrane through CFTR. 

The coordination of CFTR with ENaC at the apical membrane allows for a balance 

of absorption and secretion which regulates ASL height and hydration. A study to 

show that both ENaC and CFTR were involved in ASL volume regulation was 

carried out by depositing a known amount of liquid onto the epithelial surface-liquid 

interface and measuring both ASL height and the transepithelial potential 

difference. After liquid deposition, Na+ absorption predominantly allowed for the 

absorption of excess liquid. Once a height of ~7µm was reached, Cl- secretion 

increased as Na+ absorption decreased, which lead to a steady state ASL height of 

~7µm (Tarran et al., 2005). 

CaCCs are also responsible for a portion of Cl- secretion into the ASL, and are 

located in the apical membrane of the airway epithelium (Tarran, 2004). Until 

recently the molecular identity of CaCCs had not been established. However, in 



17 
 

2008, Anoctamin 1 (Ano1) was found to be located in the airways and was 

identified independently by three different groups as having similar physiological 

and pharmacological properties to native CaCCs (Caputo et al., 2008, Schroeder et 

al., 2008, Yang et al., 2008). CaCCs are both voltage-gated and activated by 

increases in intracellular Ca2+. These properties allow for tight regulation such that 

CaCCs are not thought to be responsible for basal changes in ASL height, but are 

important in regulating changes in ASL height in response to mucosal nucleotides 

(Tarran et al., 2006). 

 

Mucus clearance requires efficient hydration of the ASL. The ASL is composed of a mucus layer and 

a pericilliary layer.  The volume and composition of the ASL is maintained by epithelial ion transport. 

Water is taken into the cell down its osmotic gradient at the apical membrane by AQP5, and at the 

basolateral membrane by AQP3, and across the plasma membrane through epithelial tight junctions. 

At the apical membrane ENaC regulates sodium absorption and CFTR and CaCC channels facilitate 

secretion. The net movement of these ions facilitates the movement of water across the cell. Na+-K+-

ATPase and potassium channels (BK, SK, and IK) at the basolateral membrane maintain an 

electrochemical gradient and provide a driving force for sodium absorption and chloride secretion at 

the apical membrane. BK and SK channels at the plasma membrane also have a role in ASL volume 

regulation.  

 

 

 

 

Figure 1-2. A model of ion transport in the airway epithelium. 
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1.4 The properties of CFTR 

CFTR is essential for chloride secretion in the airways. The channel is tightly 

regulated to allow hydration of the ASL and effective mucocilliary clearance. As 

such, the structure and regulatory factors of CFTR discussed in this section are 

incredibly complex and play an important role in CFTR function. 

1.4.1 CFTR structure and function 

CFTR is a member of the ATP-binding cassette (ABC) transporter superfamily, 

a large group of transmembrane proteins which use ATP hydrolysis to facilitate the 

translocation of substrates across the plasma membrane (Sheppard and Welsh, 

1999).  CFTR is unique as it is the only family member that works as an ion channel 

and not an ATP-dependent pump. However, consistent with typical ABC transporter 

structure, CFTR has two membrane spanning domains (MSD1 and MSD2) and two 

nucleotide-binding domains (NBD1 and NBD2; Figure 1-3). CFTR additionally has a 

regulatory (R) domain, important for channel activation. Furthermore, CFTR has 

many motifs which have been identified to play important roles in the trafficking and 

function of the channel. An example of this are the endocytic motifs present on the 

C-terminus of CFTR; the tyrosine-based motif, the dileucine motif and the PDZ 

domain (Figure 1-3). The role of these motifs in endocytosis will be further 

discussed in section 1.4.3.  

 

 

 

 

 

 

CFTR has two membrane spanning domains and two nucleotide binding domains, as well as a 

regulatory domain. CFTR has two sites of glycosylation on the extracellular surface as well as three 

intracellular endocytic motifs; the tyrosine-based motif, the dileucine motif and the PDZ binding motif, 

represented by their amino acid codes 1424YDSI, 1430LL and 1476DTRL, respectively.  

Figure 1-3. The topology of CFTR.  
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The electrophysiological properties of CFTR channel function are determined 

by the structure of the channel. The two MSDs assemble to form the pore of the 

channel for the transport of anions (Hwang and Sheppard, 2009). The pore of the 

channel is permeable to anions as large as lactobionate, suggesting that the 

diameter of the channel must be 10 – 13 Å (Linsdell et al., 1998). CFTR has a low 

single channel conductance of 6-10 pS and a linear current voltage (I-V) 

relationship (Gray et al., 1988). CFTR is preferentially selective for anions over 

cations, with an anion permeability sequence of Br- ≥ Cl- > I- in whole cell patch 

clamp experiments (Anderson et al., 1991b). The channel is both time- and voltage-

dependent, and the activity of CFTR is dependent on cAMP-dependent 

phosphorylation (Picciotto et al., 1992). 

CFTR gating is coupled to ATP binding and hydrolysis at the NBDs, allowing 

the channel to transition between multiple open and closed states (Vergani et al., 

2005, Csanady et al., 2010, Hwang and Sheppard, 2009). In the resting state, one 

ATP molecule is bound to a NBD. Vergani and colleagues (2005) demonstrated 

that binding of an additional ATP molecule drives dimerization of the NBDs allowing 

for a conformational change to be transmitted to the MSDs to open the channel 

pore for anion transport (Vergani et al., 2005). A second open state occurs after 

hydrolysis of one of the ATP molecules, leading to dissociation of the NBD dimers 

and entry into a closed state. Furthermore, Corradi and colleages (2015) recently 

demonstrated using homology modelling, that the amino acid residue Phe 337 

plays a role in gating CFTR in the closed state by blocking the anion pore. 

Phosphorylation of the R domain by PKA is a prerequisite for channel gating by 

ATP and is required for channel activation (Anderson et al., 1991a). The R domain 

contains many consensus sites for phosphorylation by PKA five of which, plus 

another in NBD1, are phosphorylated in vivo (Cheng et al., 1991, Hegedus et al., 

2009). CFTR has extremely low activity when it is not phosphorylated. However, in 

the presence of PKA the open probability of the channel increases significantly 

(Mathews et al., 1998, Wang et al., 2000). There are conflicting reports of how 

phosphorylation by PKA affects channel gating. Mense and colleagues (2006) 

demonstrated that PKA phosphorylation is necessary for NBD dimerization. Other 

groups have demonstrated that phosphorylation effects on gating are not only 

determined by NBD dimerization, but also the interaction of the R domain with the 

MSDs (Zhang et al., 2011, Hegedus et al., 2008). Thirdly, Kanelis et al. (2010) have 

proposed that phosphorylation of PKA sites in NBD1 may coordinate an interaction 

between NBD1 and the transmembrane domains. These hypotheses are not 
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necessarily exclusive, and CFTR gating may be affected by any combination of 

these events. After gating has occurred, subsequent dephosphorylation of the 

channel by protein phosphatase (PP) 2C and PP2B controls deactivation and 

returns the channel to the closed state. 

1.4.2 CFTR biosynthesis 

Immature CFTR is synthesized in the endoplasmic reticulum (ER). CFTR 

undergoes complex folding and core glycosylation within the ER. Core 

glycosylation is the addition of N-linked glycans to the extracellular loop spanning 

TMD7 and TMD8, resulting in a mannose-enriched protein (Figure 1-3). After 

processing at the ER, core-glycosylated CFTR is sent to the Golgi apparatus where 

complex oligosaccharide chains are added to the structure resulting in a mature, 

fully glycosylated channel (Cheng et al., 1990, Glozman et al., 2009). Maturation of 

CFTR is somewhat inefficient with only 30% of the wild type CFTR synthesized into 

a fully mature glycosylated ion channel (Lukacs et al., 1994, Ward and Kopito, 

1994). CFTR conformational maturation is mediated by calnexin, calreticulin, and 

other cytosolic chaperones including Hsc70/Hsp70, Hsp40 and Hsp90. Any protein 

that is incorrectly folded may be sent for degradation. When the maturation of 

CFTR is complete, the channel is trafficked to the plasma membrane.   

1.4.3 CFTR trafficking  

CFTR current (I) is a product of N x Po x i where N is the number of channels at 

the plasma membrane, Po is the open probability and i is the single channel 

conductance. As such, the presence of CFTR at the plasma membrane is tightly 

regulated. The life cycle of CFTR is considered lengthy, with a total life cycle from 

synthesis to degradation of more than 24 hours (Lukacs, 1993). Each stage of the 

life cycle; biosynthesis, exocytosis, function at the plasma membrane, endocytosis, 

recycling and degradation, is tightly regulated. Following biosynthesis, CFTR is 

trafficked from the Golgi apparatus to the plasma membrane in coat protein 

complex (COP) II transport vesicles (Wang et al., 2004). This exocytosis occurs in a 

syntaxin 3-dependent manner. Syntaxin 3 is a vesicle fusion protein and member of 

the soluble N-ethylmalemide-sensitive fusion protein attachment protein receptor 

(SNARE) protein family (Collaco et al., 2010). Stimulation of exocytosis can occur 

in a number of different manners, for example, in addition to phosphorylating the R 

domain leading to activation of CFTR, PKA can also stimulate the exocytosis of 

CFTR to the membrane (Ameen et al., 2003). 
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At the plasma membrane, active CFTR maintains Cl- secretion allowing 

hydration of the ASL. Once CFTR has carried out its function, it is internalized by 

endocytosis. Despite the lengthy total life cycle of CFTR, chemical labelling 

demonstrated that CFTR is actually removed from the plasma membrane fairly 

rapidly, with 25% of CFTR internalized in 2.5 min (Prince et al., 1994, Lukacs et al., 

1997). The rate of CFTR internalization is comparable to that of other receptors that 

undergo clathrin-mediated endocytosis. As discussed in section 1.4.1, CFTR has a 

number of highly conserved endocytic signals on its C-terminus which assist in 

allowing CFTR to be endocytosed at such a rapid rate (Hu et al., 2001). Noticeably, 

two types of endocytic signal have been well characterized, a tyrosine-based motif 

and a di-leucine-based motif. The tyrosine-based motif has a consensus sequence 

of YXXϕ, where X is any amino acid and ϕ is a bulky hydrophobic amino acid. In 

CFTR this sequence is 1424YDSI. Deletion of the tyrosine motif in CFTR resulted in 

an increase in surface expression of CFTR suggesting that internalization of CFTR 

was diminished (Weixel and Bradbury, 2000).  Di-leucine motifs have consensus 

sequences D/EXXXLL/I and DXXLL and can be found as 1430LL in CFTR. Mutation 

of this signal increased the cell surface density of CFTR suggesting that the di-

leucine motif facilitates internalization (Hu et al., 2001).  

The above signalling motifs mediate the recruitment of CFTR to clathrin-coated 

vesicles through binding of endocytic adaptors such as adaptor protein (AP) 2 (Hu 

et al., 2001, Weixel and Bradbury, 2000). Endocytosis is integral to the regulation of 

cell surface density of many different plasma membrane receptors, transport 

proteins and ion channels. Of the different types of endocytosis; phagocytosis, 

micropinocytosis, calveolae-mediated and clathrin-mediated, clathrin-mediated 

endocytosis is best characterized. Clathrin was first discovered in 1976 (Pearse, 

1976), and has since been found to have a triskelion structure comprised of three 

clathrin-heavy chains which are linked by their C-termini (Brodsky et al., 2001). 

When the triskelia assemble into a clathrin coated vesicle they form a polygonal 

lattice which itself cannot bind to the plasma membrane. The clathrin heavy chain 

within the triskelion formation binds to clathrin light chain, which is oriented into the 

cytosol and thought to interact with many intracellular adaptor proteins which allow 

curvature of the plasma membrane and formation of a vesicle (Fotin et al., 2004). 

Once the vesicle is formed dynamin, a mechanochemical enzyme, oligomerizes in 

a ring around the plasma membrane stalk that attaches the vesicle to the plasma 

membrane. It then uses GTP hydrolysis to provide a mechanical force, which 
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severs the membrane tube allowing entry of the clathrin coated vesicle into the 

cytoplasm.  

Isolation of clathrin coated vesicles from airway epithelial cells revealed a large 

amount of CFTR present in the vehicles (Dharmsathaphorn et al., 1984). Once 

CFTR is recruited to clathrin coated vesicles, the vesicle buds off from the plasma 

membrane. Once the clathrin coated vesicle is taken into the cytosol, the vesicle 

un-coats. This energy-dependent step is carried out by cofactors including heat 

shock cognate-70 and auxillin. After un-coating, the vesicles fuse with early 

endosomes, which are enriched with phosphotidylinositol-3-phosphate and other 

protein constituents which can play a role in determining the destination of the 

contents of the endosome (Le Roy and Wrana, 2005). The early endosome is 

weakly acidic (pH 6.8-5.9) (Maxfield and Yamashiro, 1987) and has low levels of 

calcium (Gerasimenko et al., 1998). Ras related protein (rab) 5a, a protein that 

resides primarily in early endosomes, facilitates the trafficking of CFTR to the early 

endosomes (Roberts et al., 1999, Stenmark et al., 1994, Ameen et al., 2007). The 

early endosome is known as the main sorting station in the endocytic machinery 

(Helenius et al., 1983). It primarily functions to sort cargo and target its contents for 

recycling back to the plasma membrane or for degradation. The different pathways 

of endocytosis allow the cell to manage the number of CFTR molecules at the cell 

membrane. 

It has been demonstrated in Chinese hamster ovary cells and in polarized T84 

epithelial cells that forskolin-stimulated CFTR activity is maintained up to 24 h 

following stimulation, even in the presence of a protein synthesis inhibitor, 

cyclohexamide (Lukacs et al., 1993, Ameen et al., 2003). Given that exocytosis of 

nascent CFTR is slow, and endocytosis of the channel is rapid, these data provide 

evidence that internalized CFTR must be trafficked back to the plasma membrane. 

This concept of recycling has been further confirmed using cell surface 

biotinylation, demonstrating that approximately 50% of internalized CFTR is cycled 

back to the plasma membrane (Weixel and Bradbury, 2002). Recycling of 

internalized CFTR allows subapical pools of mature CFTR to form and be rapidly 

trafficked to the membrane when a dramatic increase in Cl- secretion is necessary 

(Thiagarajah and Verkman, 2003). As such, CFTR internalized to the early 

endosomes can be sent directly back to the plasma membrane through a rab4 

dependent mechanism. Alternatively, CFTR is trafficked to recycling endosomes, 

whereby rab11 functions to traffic CFTR back to the plasma membrane, or to the 

Golgi apparatus. 
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Alternatively, CFTR can be targeted for degradation. CFTR can be sorted in the 

early endosome for degradation. Early endosomes mature into late endosomes, 

which typically have an oval shape and are approximately 250 – 1000 nm (Poole 

and Black, 2006). Late endosomes are formed in the periphery of the cell, and 

move to the perinuclear region for fusion with other endosomes and lysosomes. 

Early-to-late endosome and late endosome-to-lysosome trafficking is regulated by 

Rab7. The presence of dominant negative Rab7 caused intracellular CFTR to 

accumulate since it was unable to traffic to the lysosome (Gentzsch et al., 2004). 

Upon fusing with lysosomes, the late endosomes provide a unidirectional pathway 

to degradation (Huotari and Helenius, 2011).  

Post synaptic density protein (PSD95), Drosophila disc large tumor suppressor 

(Dlg1), and zonula occludens-1 protein (zo-1) (PDZ) motifs play a role in 

polarization localization of membrane proteins, ion channel function and 

endocytosis by allowing the formation of protein-protein interactions with many PDZ 

binding proteins (Guggino and Stanton, 2006). Proteins containing PDZ domains 

often contain other protein interacting modules, and facilitate the interaction of 

many protein-protein hetero- and homo-typic interactions within macromolecular 

complexes (Guggino and Stanton, 2006). The C-terminus of CFTR contains a PDZ-

interacting motif, 1467DTRL, which binds to proteins containing PDZ domains such 

as Na+/H+ exchanger regulatory factor isoform-1 (NHERF1, otherwise known as the 

ezrin-binding protein EPB50), NHERF2, and  CFTR associated ligand  (CAL). 

NHERF1 and NHERF2 have C-terminal ERM binding domains, which provides a 

binding site for ezrin, and function to connect CFTR and other membrane proteins 

to the actin cytoskeleton (Monterisi et al., 2012). In addition to this, NHERF1 has an 

ezrin-radixin-moesin domain, which allows binding to ezrin, radixin and moesin and 

subsequently tethers CFTR to the actin cytoskeleton, thus stabilizing CFTR at the 

apical membrane (Short et al., 1998). Overexpression of CAL decreases the 

expression of CFTR at the cell membrane, and is thought to play a role in the 

trafficking of CFTR (Cheng et al., 2002). Furthermore, there is some evidence to 

suggest that the PDZ binding domain of CFTR is required for recycling of CFTR 

back to the plasma membrane (Swiatecka-Urban et al., 2002).  
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CFTR is synthesized and undergoes quality control in the endoplasmic reticulum. Misfolded proteins are 

ubiquitinated and trafficked to the proteasome for degradation. Correctly folded CFTR is transported to the 

Golgi apparatus where N-linked glycosylation occurs. Mature CFTR is trafficked to the membrane to carry 

out Cl- secretion. CFTR undergoes endocytosis and can be either recycled or targeted for lysosomal 

degradation. There are five classes of CFTR mutation which can affect different aspects of these 

processes. Class I mutations involve premature termination of the production of CFTR, leading to little or 

no functioning CFTR protein in the membrane. Class II mutations have incorrect folding and affect the 

trafficking of CFTR to the apical membrane of the cell. Class III mutations include the defective regulation 

of CFTR at the cell surface, the gating mechanism of CFTR is defective (Walsh, 1993). Class IV mutations 

reach the cell surface, but Cl- transport through the cell is impaired due to narrowing of the pore. In class V 

mutations, mRNA processing is impaired due to defects in splicing. (Image taken and adapted from Rogan 

et al. (2011). 

 

 

Figure 1-4. CFTR mutations and how they affect biosynthesis, trafficking and endocytosis. 
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1.5  When CFTR processing goes awry: Airway diseases 

As discussed above, the role of CFTR structure, trafficking, and regulation by 

different factors is crucial for effective mucocilliary clearance. Dysfunction of these 

components can lead to a variety of disease phenotypes as discussed below. 

1.5.1 Cystic fibrosis  

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in 

the CFTR gene, which cause a loss of function of the CFTR protein (Donaldson, 

2007). There are approximately 2000 identified mutations of CFTR, 242 of which 

are disease causing (US CF Foundation, 2015). There are five classes of CFTR 

mutation which lead to changes in CFTR function resulting in a disease phenotype, 

see Figure 1-4 (Rogan et al., 2011). The most common mutation of CFTR 

associated with CF is delF508, a class II inframe deletion of the phenylalanine at 

position 508 (Riordan, 1989). The deletion of phenylalanine 508 results in abnormal 

folding of CFTR during translation. The misfolded protein is recognized by 

molecular chaperones which facilitate targeting of the abnormally folded CFTR to 

proteasomes for degradation (Cheng et al., 1990). Additionally, delF508 has 

reduced open probability (Denning et al., 1992, Dalemans et al., 1991) and 

residency time in the plasma membrane upon temperature correction (Lukacs et 

al., 1993). 

Since delF508 CFTR is unable to reach the plasma membrane, secretion of Cl-  

into the ASL by CFTR is absent compared to non-CF airways. Though the loss of 

Cl- secretion contributes to CF ASL dehydration, the lack of normal CFTR leads to 

ENaC hyperactivity, which also contributes to dehydration of the airways and 

ultimately mucus stasis. The combination of both of these factors results in 

excessive absorption of Na+, Cl- and water across the epithelium, leading to 

depletion of the ASL depth. This depletion directly affects the properties of the ASL, 

resulting in increased viscosity and decreased elasticity. Mucus transport is 

impeded and mucus can begin to accumulate. This accumulation in the airways is 

further exacerbated by the hypersecretion of mucins by goblet cells and 

submucosal cells. Patients with CF experience chronic inflammation and 

colonization by microbes, which eventually lead to lung damage and mortality. 

Although del508 is the most common mutation, other mutations in CFTR can 

also cause serious disease phenotypes. Class I mutations are typically nonsense 

mutations which result in the introduction of premature stop codons into the protein. 
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This results in unstable truncated proteins, which are non-functional, and are 

unable to reach the plasma membrane. Class II mutations, like that of delF508 

CFTR, also cause CFTR dysregulation by misfolding, leading to premature 

degradation. Class III mutations are typically caused by missense mutations, 

leading to the production of CFTR proteins that are able to traffic to the plasma 

membrane, but have defects in the regulation of CFTR by phosphorylation and 

ATP. One example of a Class III mutation is G551D-CFTR. This CFTR mutant is 

folded correctly and trafficked to the plasma membrane, but the gating of the 

channel, normally regulated by NBD dimerization and ATP binding and hydrolysis, 

is defective. Class IV mutations are able to traffic to the plasma membrane, but the 

channels have decreased open probability, and reduced chloride secretion. Class V 

mutations cause dysregulation of transcription, leading to defects in splicing, and a 

reduction in the quantity of normally functioning CFTR channels at the plasma 

membrane (Rogan et al., 2011).  

Current therapies for CF patients include anti-inflammatory agents, antibiotics, 

hypertonic saline and mucolytics (Quon and Rowe, 2016). However, these 

treatments only address the symptoms rather than treat the underlying cause of the 

disease. Concerted effort has been undertaken to discover the cellular mechanisms 

underlying this disease, so that people with CF can have not only medication to 

treat the symptoms, but to increase the ability of CFTR to reach the membrane in 

its functional form, and to improve Cl= secretion across the epithelial surface. To 

this end, a number of companies within the last five years have produced 

compounds to directly treat defects of mutant CFTR. Although folding of delF508 is 

impaired, several studies have demonstrated that when delF508 is able to arrive at 

the plasma membrane it retains function, although its function is reduced compared 

to that of wild-type CFTR (Brown et al., 2014, Pedemonte et al., 2005, Denning et 

al., 1992).  

Thus, two types of drugs have been the focus in this effort thus far; potentiators 

and correctors. Potentiators are intended to improve the ability of mutant CFTR to 

secrete Cl- at the plasma membrane. This category of CFTR modulator is primarily 

targeted at CF patients with class III gating mutations, such as that of G551D. The 

first compound of this category, Ivacaftor, was approved for patient care in 2012 

after results from a randomized controlled trial showed in patients with at least one 

G551D allele, a 10.6% increase in FEV1% predicted, and significantly reduced 

pulmonary exacerbations (Ramsey et al., 2011). However, Ivacaftor alone had no 

improvements in patients with the delF508 mutation. Correctors function to fix the 
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cellular misprocessing of CFTR, allowing the protein to fold in its correct form. As 

such, patients with class II mutations such as delF508 CFTR are primary targets for 

this therapy. Despite a four-fold increase in delF508 CFTR-mediated chloride 

secretion in human bronchial epithelial cells (HBECs) (Van Goor et al., 2011), a 

phase IIa clinical trial demonstrated no improvement in delf508 CFTR homozygous 

patients (Clancy et al., 2012). A combination co-therapy using both the corrector 

and the potentiator, to not only improve delF508 CFTR trafficking to the plasma 

membrane but also to improve channel function, has been shown to have 

significant effect on CF patients. The combination therapy, Orkambi, was approved 

for clinical use in 2015, after approximately 3% improvement in FEV1% predicted in 

delF508 homozygous patients (Wainwright et al., 2015). Despite the recent 

success of these drugs in the treatment of CF, many investigations are still being 

undertaken to discover different and more sophisticated compounds for the 

correction and potentiation of CFTR, and to address different aspects of CF 

pathology, with the hope of even more improvements in the lives of patients with 

CF. 

1.5.2 COPD  

Chronic obstructive pulmonary disease (COPD) is the third leading cause of 

death in the world, with a 50% prevalence in heavy smokers (Mannino et al., 2002, 

Rennard and Vestbo, 2006). COPD is caused by long-term exposure to inhaled 

pollutants and particles, of which 90% of cases in the developed world are caused 

by smoke from cigarettes (Barnes, 2000). Two major phenotypes of COPD are 

emphysema and CB, of which CB is the most prevalent (Hogg et al., 2004).  

Clinically, CB is known to reflect a chronic productive cough, which lasts for two 

months over two consecutive years (Boucher, 2004). This productive cough is 

characterized by sputum production, mucus hypersecretion and the formation of 

mucus plugs, and can lead to progressive lung function decline and death (Hogg, 

2004).  

Smoking tobacco stimulates the innate defense system in the lung, which 

protects against aberrant stimuli. This response involves an acute inflammatory 

response (Simani, 1974) and mucocilliary clearance (Knowles and Boucher, 2002). 

Inflammation in CB is located in the central airways and is associated with an 

increased number of neutrophils, macrophages, and inflammatory mediators such 

as transforming growth factor (TGF) β (Vignola et al., 1997, Sethi et al., 2006). 
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Furthermore, the bronchial walls are thickened by the deposition of connective 

tissue (Thurlbeck and Angus, 1964).  

Mucocilliary clearance is deficient in CB and there are many different 

components that contribute to this. COPD patients undergo delayed mucus 

clearance demonstrated by reduced mucus velocity in the trachea and a slower 

removal of radio nuclear particles from the lungs (Morgan et al., 2004, Brown et al., 

2002, Moller et al., 2008). This may in part be due to mucus hypersecretion, a 

common factor of CB. Mucus hypersecretion is multifactorial, and is caused by an 

increased number of goblet cells (goblet cell hyperplasia) (Saetta et al., 2000), and 

enlarged mucus glands (glandular hypertrophy) (Reid, 1960). Accordingly, 

MUC5AC expression in the central airway is increased in patients with COPD 

(Caramori et al., 2009). Another contributor to deficient mucocilliary clearance is 

ciliary dysfunction. Patients with COPD exhibit reduced ciliary beat frequency 

(Yaghi et al., 2012), a phenomenon that is mimicked in smoke exposed subjects 

(Agius et al., 1998). Also, CS causes shortening of the cilia and impaired 

ciliogenesis (Tamashiro et al., 2009). The final component of deficient mucocilliary 

clearance to be addressed here is the hydration status of mucus. Mucus from 

patients with CB is dehydrated, as determined by increased in percent solids of the 

mucus of CB patients to ~7% compared to ~2% in normal patients (Clunes et al., 

2012, Rubin et al., 1992). When percent mucus solids increases to ~6%, mucus 

clearance slows down, and the pressure of the mucus layer on the PCL causes the 

PCL to collapse, leading to the adherence of mucus to the epithelial surface (Button 

et al., 2012). This phenomenon may be partially responsible for the formation of 

mucus plugs in the airway. 

Current treatments for COPD have centred on inhaled long-acting bronchodilators 

and corticosteroids. These drugs relax airway smooth muscle, resulting in reduced 

bronchial obstruction and airflow limitation (Cazzola, 2014). While treatment with 

inhaled long-acting bronchodilators and corticosteroids reduce exacerbations in CB 

patients, they do not completely abolish them, and long-term use of long-acting 

bronchodilators can lead to increased risk of pneumonia (Hurst et al., 2010, 

Calverley et al., 2011). Ultimately, these treatments are only palliative, and do not 

address the underlying causes of pathogenesis. Research into new therapeutics for 

CB has primarily focused on the role of inflammation in the airways in response to 

CS. Unlike in the treatment of asthma, corticosteroids have no effect on the level of 

neutrophilic inflammation, and no decrease in inflammatory mediators in COPD 

(Barnes, 2000). More recently, inhibitors of phosphodiesterase 4 (PDE4) have been 
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studied in the context of reducing inflammation in patients with COPD and CB, 

demonstrating improved lung function and reduced exacerbations (Calverley et al., 

2009, Fabbri et al., 2009, Rennard et al., 2011, Martinez et al., 2015).  

Although some progress is being made by reducing inflammation, new targets 

for pharmaceuticals are always being investigated. A new focus area for CB 

therapeutics stems from the concept that CB pathologically resembles CF. Much 

like CF, the prominent defect in CB is airflow limitation. As discussed in sections 

1.5.1 and 1.5.2, patients with CF and CB undergo mucus hypersecretion, mucus 

accumulation, and goblet cell hyperplasia. These symptoms lead to reduced 

mucocilliary clearance, chronic neutrophilic inflammation and chronic bacterial 

colonization (Sethi et al., 2006, Barnes, 2004). As such, some treatments used in 

CF, i.e. like azithromycin, have also provided marked improvements in symptoms of 

patients with COPD. On the other hand, the use of mucolytics in CF reduces 

exacerbations and improves lung function, whereas in CB mucolytics have had few 

benefits (Decramer et al., 2005, Zheng et al., 2008, Poole and Black, 2006).  

More recently, it has become apparent that patients with COPD have 

dysfunctional CFTR activity. This dysregulation of CFTR activity has been recorded 

in both nasal potential difference studies and lower airway potential difference 

studies (Sloane et al., 2012, Cantin et al., 2006b). Interestingly, healthy smokers 

and COPD smokers exhibit a more severe ablation of CFTR activity compared to 

COPD former smokers, in which the reduction of CFTR activity is less prominent. 

These data imply that CFTR deficiency in COPD is a more direct effect of smoke 

exposure, rather than a downstream effect in COPD pathology. Indeed, healthy ex-

smokers that acutely smoke a cigarette also exhibit a rapid decline in nasal 

potential difference in the presence of low Cl-/isoprenaline (Clunes et al., 2012). 

However, the effects of smoke exposure on both healthy smokers and COPD 

smokers are sustained, even in the absence of acute CS exposure, suggesting 

there may be long-term effects of CS on CFTR. As such, the expression of CFTR 

protein was much lower in the bronchial epithelium of COPD GOLD 4 patients 

(FEV1/FVC < 70%, FEV1 < 30% predicted) when compared to GOLD 0 patients 

(non-smokers, asymptomatic with normal lung function), indicating that decreases 

in CFTR function may be attributed to decreases in both mRNA and protein levels. 
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1.6  Cigarette smoke and CFTR – What do we know so far? 

1.6.1  In vitro effects of cigarette smoke on CFTR 

The effects of smoke on CFTR can not only be measured in COPD patients and 

smokers, but have also been recorded in vivo across different species. Indeed, the 

first observation that cigarette smoke (CS) affected chloride secretion was provided 

by Welsh in 1983, before the identification of the CFTR gene. Welsh demonstrated 

a decrease in short-circuit current due to an inibition in chloride secretion after 

acute CS exposure in canine trachea, both in vivo and in vitro (Welsh, 1983). The 

ability to measure the effects of CS on CFTR in vitro provides a valuable method for 

investigating the underlying causes of CS-induced CFTR dysfunction. Additionally, 

in vitro studies provide a platform for pharmaceutical manipulation of the smoke 

response, paving a first step toward the use of CFTR targeted pharmaceuticals in 

the treatment of CB. 

Since the discovery that Cl- secretion is blunted by smoke exposure in canine 

trachea (Welsh, 1983), the effects of CS on Cl- secretion and CFTR in vitro, in a 

variety of different cell types, have been the subject of an increasing number of 

studies over the last 15 years. In 2005, Kreindler and colleagues presented 

evidence in HBECs, using measurements of short-circuit current as well as ion flux 

studies, that net chloride secretion, and specifically cAMP-mediated Cl- secretion 

through stimulation by forskolin, was inhibited by CS extract (Kreindler et al., 2005). 

Sloane and colleagues repeated this work in 2012, again demonstrating a decrease 

in forskolin-stimulated Cl- secretion in HBECs by CS extract (Sloane et al., 2012). 

This data was supplemented by western blots showing that 2% CS extract caused 

a decrease in CFTR total protein expression, and ASL depth measurements 

showing that ASL depth is decreased by CS extract. Interestingly, Sloane and 

colleagues utilized ivacaftor, to potentiate CFTR, and found that both CS extract 

reduced CFTR- mediated Cl- secretion and ASL depth recovered in the presence of 

ivacaftor. However, effects of ivacaftor on CS extract exposed CFTR total protein 

levels were not determined. In 2006, Cantin and colleagues demonstrated 

diminished Cl- secretion in both Calu-3 cells, a human respiratory airway cell line, 

and T84 cells from the human intestine (Cantin et al., 2006b). Furthermore, Cantin 

and colleagues also determined that CFTR gene expression in T84 cells and Calu-

3 cells was sensitive to oxidative stress (Cantin et al., 2006a). CS itself is a known 

oxidant and decreased the levels of transcription of CFTR in Calu-3 and T84 cells 

(Cantin et al., 2006b). Changes in mRNA expression levels do not always directly 
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result in changes in levels of translated protein. In fact, the majority of studies have 

shown a weak correlation between mRNA expression data and protein levels 

(Maier et al., 2009). However, Cantin and colleagues also demonstrated by western 

blot that CFTR protein levels appear to decrease in Calu-3 cells following exposure 

to CS. This data has also been reinforced by Cormet-Boyaka’s group (Hassan et 

al., 2014), who have shown that exposure to CS extract results in a time-dependent 

decrease in both CFTR mRNA expression and protein expression levels in 

16HBE14o- cells. In 2009, Cohen and colleagues presented data in murine and 

human sinonasal epithelial cultures that forskolin-mediated Cl- secretion was 

reduced in response to CS extract (Cohen et al., 2009). This was accompanied by 

a study demonstrating that ciliary beat frequency was also diminished by CS 

extract. Finally in Xenopus Oocytes, Moran and colleagues demonstrated by whole 

cell patch clamp that CS extract induced reductions in Cl- are voltage-dependent 

(Moran et al., 2014). 

Thus, CS-induced reduction Cl- secretion has been confirmed across a number 

of different cell types, by different methods of smoke exposure. A large number of 

studies have investigated the changes in chloride secretion by CS, and subsequent 

effects on mucociliary clearance. However, the underlying cause of reduced Cl- 

secretion by CS has not been addressed. Our lab have shown using western blot 

that CFTR protein levels are reduced following smoke exposure in preparations 

with a low concentration detergent such as NP40. However, when a detergent with 

a higher concentration is utilized (1% and 10% SDS) the CFTR the reduction of 

CFTR protein levels was ablated, suggesting that rather than a decrease in CFTR 

protein expression, CFTR becomes insoluble after CS smoke exposure. 

Supplementary to this, Clunes et al. (2012) demonstrated using surface labeling 

and confocal imaging that CS causes the specific removal of CFTR from the 

plasma membrane of airway cells leading to intracellular accumulation of CFTR, 

suggesting that CFTR is internalized following CS exposure. CFTR accumulated in 

the perinuclear region of the cell, and colocalized with vimentin, an intermediary 

filament used to identify the location of aggresomes in the microtubule organizing 

center. Later work from our lab have determined that this internalization of CFTR is 

dependent on an increase in  intracellular Ca2+ caused by CS (Rasmussen et al., 

2014). Inhibition of the sarcoplasmic/endoplasmic reticulum Ca2+ ATPase inhibitor 

had no effect on CS-induced Ca2+ release, the endoplasmic reticulum was ruled out 

as a source for the rapid release of intracellular Ca2+ caused by smoke exposure. 

However, transfected with LAMP1 tagged with a  Ca2+-sensitive FRET pair 
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demonstrated increased Ca2+ concentrations in the vicinity of the lysosomes upon 

CS exposure.   

The in vitro studies presented in this section confirm that CS can directly affect 

the function of CFTR, and studies on ASL height and mucociliary transport 

(Rasmussen et al., 2014, Sloane et al., 2012) provide further evidence that CS-

diminished Cl- secretion  may be associated with the mucociliary transport defects 

observed in COPD pathology (Hogg, 2004). Thus, investigation into the the cellular 

mechanisms of CS-induced CFTR internalization will provide valuable insight into 

the   

1.6.2 Components of cigarette smoke 

In the original studies of smoke effects on Cl- secretion, Welsh employed two 

different smoke exposure protocols for in vivo versus in vitro work. To smoke the 

mongrel dogs in vivo, puffs of whole cigarette smoke were delivered through an 

endotracheal tube. In contrast for in vitro experiments, whole cigarette smoke was 

bubbled through mucosal or submucosal bathing solution. This discrepency in 

smoke exposure methods has been addressed somewhat over the last 25 years 

although inconsistencies still remain today. This is, in part, due to the complexity of 

the composition of CS, with over 7000 different compounds identified. At least 69 of 

these components are known carcinogens, and many others have been identified 

as toxicants (USDHHS, 2010). CS has two phases; a gaseous phase which 

accounts for 95% of whole cigarette smoke by weight, and a particulate phase 

which comprises the remaining 5% of whole cigarette smoke (Keith, 1965). The two 

phases of CS have different properties. For example, the gaseous phase is strongly 

oxidizing, whereas in the particulate phase the reducing properties dominate 

(Church and Pryor, 1985). 

The most common in vitro methods for smoke exposure, CS extract and CS 

condensate, isolate the gaseous phase and the particulate phase respectively. CS 

extract is produced by bubbling smoke through bathing solution or growth medium, 

whereas CS condensate is produced by smoking the cigarette through a 

Cambridge filter pad to collect particles larger than 0.1 µm. The collected 

particulates are then dissolved in a DMSO vehicle. Even within these methods, 

there are no standards in place to define how many cigarettes or how long the 

cigarettes should be smoked to produce a response. For example, in their studies 

of the effects of CS extract on Cl- secretion in HBECs, Sloane and colleagues 
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(2012) bubbled the smoke from one reference cigarette (please see section 2.6 for 

more information on reference cigarettes) through DMSO to make 100% extract, 

which was then diluted in cell media. Kreindler and colleagues (2005) bubbled 8 

reference cigarettes through warmed bath solution to produce 100% CS extract for 

their studies on CS extract reduced Cl- secretion in HBECs. For their studies on 

voltage-dependent reduction in Cl- secretion using Xenopus oocytes, Moran and 

colleagues (2014) prepared their extract by bubbling the smoke from 50 cigarettes 

through 50 mL of Frog Ringer solution. Although drastically different methods to 

produce CS extract were used, both groups observed a reduction in CFTR-

mediated Cl- secretion. Although CS extract is the most commonly used method of 

CS exposure, St-Laurent and colleagues (2009) demonstrated that the process of 

bathing HBECs in CSE produced a different inflammatory response to that of whole 

CS. Thus, in order to use a method of smoking that closely mimics that of the 

typical smoker, in this thesis, the gaseous phase of cigarette smoke was used to 

treat the cultures, without the use of a diluent. Although this method closely mimics 

that of smokers, the removal of the particulate phase by collection on a Cambridge 

filter pad prevents the cultures from exposure to chemicals only present in the 

particulate phase. According to data from our lab, the level of nicotine deposition in 

the lung is reduced following exposure to the gaseous phase of smoke compared 

to whole CS (Clunes et al., 2008). However, the removal of the particulate phase is 

necessary to allow fluorescent imaging of the cultures, since the particulate phase 

of CS contains autofluorescent particles which interfere with the signal.  
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1.7  Aims 

Over the last ten years, increasing evidence suggests that CS can have a direct 

effect on ion transport across airway epithelium. Specifically, CS causes calcium 

sensitive internalization of CFTR, resulting in a decrease in CFTR-mediated Cl- 

secretion (Clunes et al., 2012, Rasmussen et al., 2014). Given that ASL 

dehydration and inefficient mucus clearance can lead to symptoms of CB in 

smokers, elucidating the cellular mechanisms behind diminished Cl- secretion, as 

well as the effects on other plasma membrane proteins, in response to CS is an 

important step towards the discovery of potential new therapies for patients with 

COPD. To this end, the overall aims of this thesis were to: 

1) Investigate the temporal profile of CS-induced CFTR internalization. 

 

2) Elucidate the effects of CS on other plasma membrane proteins. 

 

3) Understand the cell signalling components required for CS-induced 

internalization. 

 

4) Determine the endocytic route and the terminal destination of CS-

internalized CFTR. 
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2.0 Methods and Materials 

2.1  Materials 

All cell culture flasks and plates were purchased from Corning Costar. All cell 

culture medium and supplements were purchased from Life Technologies unless 

otherwise specified. GFP-CFTR and RFP-CFTR were acquired from Bruce Stanton 

at Dartmouth College. Anoctamin 1 (Ano1)-mCherry was acquired from C. Hartzell 

at Emory University. STIM1 labelled on the c-terminus with YFP was acquired from 

T. Meyer at Stanford University. STIM1-mCherry was created by replacing the YFP 

tag with mCherry (Park et al., 2009). The following plasmids were acquired as 

bacteria in agar stabs: mRFP-clathrin light chain was a gift from Ari Helenius 

(Addgene plasmid # 14435). wt-rab5-DsRed; wt-rab11-DsRed and wt-rab7-

DsRed were a gift from Richard Pagano (Addgene plasmid # 13050, # 12679 and # 

12661, respectively); wt HA-dynamin 1 pcDNA3.1 and K44A HA-dynamin 1 

pcDNA3.1 was a gift from Sandra Schmid (Addgene plasmid # 34682 and # 34683, 

respectively); Orai1 YFP was a gift from Anjana Rao (Addgene plasmid # 19756). 

BHK cells stably expressing CFTR15SA were kindly provided by Dr Jack Riordan 

(UNC). BHK cells stably expressing wtCFTR were kindly provided by Dr Martina 

Gentzsch. 

2.2  Solutions  

Pyruvate Ringer’s solution: 120 mM NaCl, 12 mM NaHCO3, 24 mM HEPES, 1.2 

mM MgCl2, 5.2 mM KCl, 1 mM NaPyruvate, 10 mM Glucose, 1.2 mM CaCl2, 0.25 

mM EGTA, 0.1% Albumin (w/v), pH 7.4 

Phosphate-buffered saline (PBS): 2.7 mM KCl, 1.8 mM KH2PO4, 137 mM NaCl, 

9.9 mM Na2HPO4, pH 7.4 

PBS supplemented with MgCl2 and CaCl2 (PBS++): 2.7 mM KCl, 1.8 mM 

KH2PO4,  137 mM NaCl, 9.9 mM Na2HPO4, 1 mM MgCl2, 1 mM CaCl2, pH 7.4 

Pierce’s lysis buffer: 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-

40 (v/v) and 5% glycerol (v/v) 

Biotinylation lysis buffer: 0.4% sodium deoxychlorate (w/v), 50 mM EGTA, 10 

mM Tris HCl, 1% NP40 (v/v) and 1X protease inhibitor 

Borate buffer: 85 mM NaCl, 4 mM KCl, 15 mM NaB4O2 
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Tris-buffered saline with Tween 20 (TBST): 137 mM NaCl, 20 mM Tris, 0.1% 

Tween-20, pH 7.4 

2.3  Routine cell culture  

All cell culture work was performed in a sterile laminar flow hood. Cells were 

cultured in 75 cm2 culture flasks at 37°C, 5% CO2 in a sterile humidified incubator.  

Human embryonic kidney (HEK)293T cells were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) with 4.5 g/L glucose, supplemented with 100 Units/mL 

penicillin, 100 µg/mL streptomycin, and 10% foetal bovine serum (FBS, Sigma 

Aldrich, v/v). Baby Hamster Kidney (BHK) cells stably expressing wild type CFTR or 

mutated CFTR lacking all 15 PKA phosphorylation sites (CFTR15SA) were cultured 

in DMEM:F12 medium supplemented by 100 Units/mL penicillin and 100 µg/mL 

streptomycin, 10 % FBS (v/v) and 50 mg/mL methotrexate (Teva Pharmaceuticals). 

All cells were passaged every 2-4 days upon reaching confluency. Once confluent, 

the growth medium was removed and the cells were washed once with phosphate-

buffered saline (Corning) to remove excess FBS. The cells were then incubated for 

2-5 min at 37°C in 5% CO2 with 2 mL trypsin-ethylenediaminetetraacetic acid 

(EDTA)  until cells began to detach from the base of the cell culture flask. At this 

point, fresh growth medium was added to neutralize trypsin-EDTA. The cells were 

then mechanically rinsed with growth medium to form a cell suspension. The cell 

suspension was transferred to a 50 mL conical and centrifuged at 800 rpm for 5 

min to remove any remaining trypsin-EDTA. The supernatant was removed and the 

cells were resuspended in fresh growth medium. From here, continuation flasks 

were prepared with a subcultivation ratio of 1:10. Cells were counted and seeded 

directly on 6 well plates for western blots or on 22 mm number 1 glass coverslips 

(Fisherbrand) in 6 well plates for imaging as appropriate. HBECs were obtained 

from main stem and lumbar bronchi from human excess donor lungs under protocol 

previously approved by the University of North Carolina Medical School Institutional 

Review Board (Fulcher et al., 2005). Primary HBECs were seeded on collagen 

coated 0.4 µm polyester membrane semi-permeable 12 mm culture inserts 

(Corning, transwell-clears) and maintained at air liquid interface in 37°C and 5% 

CO2. The cultures were 3 weeks post-seeding after becoming fully differentiated. 
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2.4  Transfections 

Approximately 24 h after seeding, at 70-80% confluency HEK293T cells were 

transiently transfected with appropriate plasmids using Lipofectamine 2000 

(Invitrogen). The transfection mix was prepared according to manufacturer’s 

instructions in Opti-MEM (Life Technologies) using a ratio of 3 µL Lipofectamine 

2000 to every 1 µg DNA. The growth medium of the cells was switched to antibiotic 

free medium (DMEM + 4.5 g/L glucose and 10 % FBS (v/v). The transfection mix 

was added dropwise to the cultures which were then incubated at 37°C and 5% 

CO2 for 4 h prior to the replacement of antibiotic free medium with normal growth 

medium (DMEM + 4.5 g/L glucose, 10 % FBS, 1 x penicillin/streptomycin solution). 

The cultures were then returned to the incubator at 37°C and 5% CO2 for 48 h 

before experiments were performed. 

2.5  Construction of CFTR mutants 

C-terminal truncation mutants of CFTR were constructed to investigate the role 

of the C-terminal interactions in CS-induced internalization of CFTR. Human wt-

CFTR was previously tagged N-terminally with green fluorescent protein (GFP) and 

a 23 amine acid linker sequence. This construct was subcloned into vector 

pcDNA3.1 (Moyer et al., 1998).  Truncation mutations of CFTR (K1174X and 

L1254X) were created using polymerase chain reaction (PCR)-based site-directed 

mutagenesis to introduce site specific stop codons at lysine 1174 and leucine 1254. 

Site-directed mutagenesis was performed using the Quick Change Site Directed 

Mutagenesis Kit (Agilent Technologies) according to manufacturer’s instructions. 

Primers (Table 2-1) were designed using Quick Change Primer Design program 

(Agilent Technologies) and purchased from Eurofins/MWGOperon. Site-directed 

mutagenesis requires a series of thermal cycling which allows denaturing of 

plasmid DNA, annealing of the primers to introduce the mutation and the elongation 

of primers using a Pfu-based polymerase, yielding both parental DNA and daughter 

DNA complete with the mutation. Methylated parental DNA was digested with 10 µL 

Dpn 1 for 10 min at room temperature to increase the yield of mutated DNA. The 

plasmid was then transformed into XL 10-Gold Ultracompetent cells (Agilent 

Technologies) according to manufacturer’s protocol. The plasmid was then 

amplified by miniprep (Qiagen) and all mutant plasmids were subsequently verified 

by sequencing across the open reading frame before use.  
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Table 2-1. Forward and reverse primers designed for the construction of CFTR point mutations 

2.6  Cigarette smoke exposure 

Kentucky 3R4F Reference Cigarettes were used in all smoke exposure 

experiments (University of Kentucky, 2016). Kentucky Reference Cigarettes are 

produced for research purposes only. The constituents of Kentucky Reference 

Cigarettes indicated in Table 2-2 undergo tight regulation to allow for reproducibility 

between experiments. An LM1 smoke machine (Borgwaldt) was used to perform all 

CS exposure (Figure 2-1). The smoke machine functions by automated syringe 

action to draw CS from a lit cigarette. The CS is then pumped down tubing, through 

a Cambridge filter pad, into a chamber containing cell cultures. The Cambridge filter 

pad is designed to capture the particulate phase of smoke. It captures up to 99% of 

0.1 µg diameter particulates to ensure that only the gaseous phase of smoke is 

exposed to the cells.  Automation of the smoke machine allowed for reproducible 

CS puff volume, puff time, and length of time between puff. All cigarettes were 

smoked with a puff volume of 35 mL over a duration of 2 s. Approximately 13 puffs 

of CS were applied at a rate of 1 puff every 30 s until the entire cigarette was 

smoked. This volume of CS is considered standard by the International 

Organization for Standardization (ISO, 2000) and closely mimics the volume of CS 

and length of CS intake taken by the typical smoker.  

For smoke exposure experiments, HEK293T, BHKCFTR or BHK15SA-CFTR cells 

were cultured in 6 well plates on glass coverslips and transfected as described in 

section 2.4 as necessary. Transfected HEK293T cells were utilized for smoke 

exposure 48 h following transfection, and BHKCFTR and BHK15SA-CFTR were utilized 

48 h after seeding. In all CS exposure experiments, normal growth medium 

appropriate for each cell type (section 2.3) was aspirated from cultures and 

replaced with 1 mL pyruvate Ringer’s solution. All cultures were incubated at 37°C 

for 5 min to equilibrate to the experimental conditions. After incubation, the plates 

Mutation Direction Primer 
Annealing 

Temp (°C) 

K1174X Forward 
ACATGCCAACAGAAGGTTAACCTACCA
AGTCAACC 

69.4 

K1174X Reverse 
GGTTGACTTGGTAGGTTAACCTTCTGTT
GGCATGT 

69.4 

L1254X Forward 
GATCAGGGAAGAGTACTTTGTAATCAG
CTTTTTTGAGACTACT 

68.5 

L1254X Reverse 
AGTAGTCTCAAAAAAGCTGATTACAAA
GTACTCTTCCCTGATC 

68.5 
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were tipped to remove excess Ringer’s solution providing a thin film of liquid on the 

coverslips to mimic thin film conditions present in the airway. The plates were 

placed in a CS only, or air only chamber and exposed to CS as described above. 

After CS exposure, the cultures remained in the smoke chamber for a further 5 min 

before removal of the thin film and replacement of original cell media. Cells were 

then incubated in a CO2 incubator at 37°C. For internalization time course assays 

the cultures were incubated at 37°C for 0, 5, 15, 30, 60, or 120 min prior to fixation. 

All other smoke exposures were carried out with 60 min incubation at 37°C prior to 

fixation unless otherwise specified. Air exposed cells underwent the same steps, 

but were kept in an air only chamber, and no cigarette smoke was exposed. Where 

indicated, HEK293T cells were pre-treated with pharmacological agents including 

forskolin (5 µM), dynasore (80 µM), nocodazole (33 µM), U0126 (10 µM), AG1478 

(30 µM) or cytochalasin D (2 µM). Treatments were maintained throughout the 

smoke exposure and incubation periods. 

 

Cigarette 
Reference 

Tobacco 
Component 

Amount of each 
component (%) 

3R4F 

Flue Cured 35.41 

Burley 21.62 

Oriental 12.07 

Maryland 1.35 

Reconstituted (Schweitzer Process) 29.55 

Glycerine (dry-weight basis @ 11.6% OV) 2.67 

Isosweet (sugar) 6.41 
 

Table 2-2. Tobacco constituents of Kentucky Reference Cigarettes.  

The ingredients present in Kentucky Reference Cigarettes closely resemble that of commercial 

cigarettes, and are maintained from batch to batch to allow for reproducibility across experiments 

(University of Kentucky, 2016). 
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A cigarette is placed in the smoke machine and lit. CS is taken in through an automated syringe and 

pumped down output tubes, through a Cambridge filter pad and into a chamber containing the cells.  

2.7  Immunocytochemistry 

Immunocytochemistry was used to detect wt-CFTR and CFTR15SA in BHK cells 

stably transfected with each construct. Additionally, immunocytochemistry was 

used to detect natively expressed calreticulin in HEK293T cells. For labelling, cells 

were treated as appropriate and washed once in ice cold PBS prior to fixation in 4% 

paraformaldehyde (v/v) for 5 min at room temperature, or 100% methanol for 10 

min at -20°C. Following fixation, the cultures were blocked at room temperature 

with agitation for 1 h in blocking buffer consisting of 10% (v/v) normal goat serum, 

5% (v/v) bovine serum albumin and PBS. Wild-type CFTR and CFTR15SA were 

labelled with monoclonal anti-CFTR 596 IgG2b antibody, obtained via Cystic 

Fibrosis Foundation Therapeutics and were kindly provided by Dr J. Riordan 

(UNC). Antibodies were diluted 1:300 in blocking buffer for 3 h at room 

temperature. Calreticulin was labelled with polyclonal anti-calreticulin antibody 

(Affinity Bioreagents) at 1:1000 in blocking buffer for 3 h at room temperature. 

Following incubation with primary antibody, the cultures were washed using PBS 

for a minimum of 3 x 10 min prior to incubation with secondary antibody goat anti-

mouse IgG diluted at 1:300 for 1 h at room temperature. For CFTR labelling, an 

anti-mouse secondary antibody conjugated to Alexa 488 (Life Technologies) was 

utilized. For calreticulin labelling, an anti-rabbit secondary antibody conjugated to 

Alexa 647 (Life Technologies) was utilised. After labelling with secondary antibody, 

the cultures were washed for a minimum of 3 x 5 min, prior to imaging on the 

confocal microscope as described in Section 2.8.1. 

Figure 2-1. Experimental set up for cigarette smoke exposure.   
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2.8  Fluorescence microscopy 

2.8.1 Confocal microscopy 

For all internalization time course assays the cells (HEK293T and BHKCFTR) 

were seeded at 75,000 cells per well on 25 mm glass coverslips in a 6 well plate. 

The HEK293T cells were transfected 24 h after seeding with 0.5-1 µg DNA 

according to manufacturer’s instructions. Experiments were performed 48 h after 

transfection. BHKCFTR cells were used for experiments 48 h post-seeding. All cells 

were exposed to CS or air as described previously (Section 2.3). After CS or air 

exposure the cells were incubated for 0, 5, 15, 30, 60 or 120 min in 1 mL normal 

media before fixing in 4% paraformaldehyde for 5 min at room temperature or 

100% methanol for 15 min at -20°C. The cells were then washed three times with 

PBS and stored at 4°C in PBS until ready for imaging. For imaging, the coverslips 

were removed from the six well plate and mounted in a metal ring, with 400 µL PBS 

covering the cells. All cultures were imaged on a Leica SP8 confocal microscope 

using a 63x 1.40 numerical aperture (NA) plan apochromatic Leica objective. To 

quantify the internalization of plasma membrane proteins 6 images per coverslip 

were taken as indicated in Figure 2-2 A. Using Image J (NIH Freeware, 

http://rsb.info.nih.gov/ij/), 6 regions of interest (ROI) were assigned to measure the 

fluorescence intensity of the entire plasma membrane, and 6 ROIs to measure the 

fluorescence intensity of the entire cytosol were taken from all cells present in the 

image. Examples of the ROIs selected for each cell are presented in Figure 2-2B. 

The mean fluorescence intensity of the 6 plasma membrane ROIs and 6 

intracellular ROIs were calculated to provide an average plasma membrane and an 

average intracellular fluorescence intensity for each cell. To normalize the data, the 

mean fluorescence intensity of the plasma membrane and cytosol from all cells on 

air exposed control coverslips were measured and taken as a value of one, and all 

other conditions were expressed as a fraction of this value. Data presented as 

mean ± SEM unless stated otherwise. 

http://rsb.info.nih.gov/ij/
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Figure 2-2. Cell and region of interest selection for image analysis.  

A diagram outlining the method of data acquisition during confocal imaging. (A) The pink circle indicates a 

cover slip, and numbers represent the 6 areas of the coverslip in which a confocal image was taken. (B) A 

representative image taken at ROI 2. All complete cells within the frame are quantified. (C) In each cell, 6 

ROIs from the plasma membrane and 6 ROIs from the intracellular region  were measured for an average 

of fluorescence intensity of the entire plasma membrane and the entire intracellular content, respectively. 

2.8.2 Acceptor photo bleaching Förster resonance energy 

transfer 

HEK293T cells were seeded in 6 well plates on 25 mm glass coverslips at a 

density of 75,000 cells per well. The cells were co-transfected with 0.5 µg wt-GFP-

CFTR and 0.5 µg wt-RFP-CFTR 24 h after seeding (transfection performed as 

described above in section 2.4). Cultures were treated with air or CS and fixed 48 h 

after transfection as described in Section 2.6. Förster resonance energy transfer 

(FRET) experiments were performed using a Leica SP5 confocal microscope with a 

63x 1.30 NA plan apochromatic glycerol immersion objective. The donor, wt-GFP-

CFTR or Ano1-GFP, was excited at 488 nm and the emission collected between 

495 nm to 549 nm, and the acceptor, wt-RFP-CFTR or Ano1-mCherry, was excited 

at 561 nm and emission collected between 580 nm to 654 nm. Acceptor 

photobleaching FRET was measured using ImageJ by measuring a change in 

donor fluorophore fluorescence intensity after photobleaching of the acceptor 

fluorophore, using the following calculation: 

 FRET efficiency (%E) = ((donorpostbleach – donorprebleach) / donorpostbleach) x 100  

All data presented as mean FRET efficiency (%) ± (standard error of 

measurement). 
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2.8.3 Colocalization assay 

HEK293T cells were seeded at a density of 75,000 cells per well on a 25 mm 

glass coverslip. The cells were transiently co-transfected (Section 2.4) with 0.5-1 µg 

wt-GFP-CFTR and the organelle markers rab5-DsRed, rab7-DsRed, rab11A-

DsRed, mRFP-clathrin light chain, and STIM1-mCherry. The cells were exposed to 

CS 48 h after transfection, as described in section 2.4, and incubated at 37°C and 

5% CO2 for 0, 5, 15, 30, 60 or 120 min before fixing with 4% paraformaldehyde. For 

colocalization studies of CFTR and calreticulin, a marker of the endoplasmic 

reticulum, or GM130, a marker of the Golgi apparatus, the cells were fixed in the 

same manner prior to blocking in 10 % normal goat serum and 1% bovine serum 

albumin. Calreticulin was detected with anti-calreticulin polyclonal IgG antibody 

(Affinity BioReagents) and GM130 was detected with anti-GM130 D6B1 rabbit 

monoclonal IgG antibody (Cell Signalling Technology). Cells were washed a 

minimum of 3 x 10 min in PBS and incubated with secondary antibody anti-rabbit 

labelled with Alexa 633. A Leica SP8 confocal microscope was used to take 6 

images per coverslip. To measure wt-GFP-CFTR, the cells were excited at 488 nm 

and the emission collected between 495 to 549 nm. To measure the ds-Red tagged 

constructs, the cells were excited at 561 nm and the emission was collected 

between 580 and 654 nm. For mRFP the cells were excited at 555 nm and the 

emission was collected between 565 nm and 655 nm. For mCherry, the cells were 

excited at 587 nm and the emission collected between 600 nm and 662 nm. For 

cultures labelled with Alexa 633, the cells were excited at 633 nm and collected 

between 640 and 700 nm. The images were overlaid, and the percentage 

colocalization was quantified using the Leica Application Suite: Advanced 

Fluorescence (LAS AF) software. Background was set at 20%. A region of interest 

(ROI) was selected by hand around each cell, and the colocalized pixels 

(foreground) were presented as white, whilst background pixels were presented as 

black. The following calculation was automatically used by the LAS AF software to 

determine the percentage colocalization rate between colocalized areas and 

background within the ROI.  

Percent colocalization = colocalization area / area foreground, where area 

foreground = image area / area background.  

An average of each coverslip was taken and all data are presented as mean 

colocalization ± SEM.  
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2.8.4 Intracellular calcium imaging 

HEK293T cells were seeded at a density of 100,000 cells per well on 25 mm 

glass coverslips in 6 well plates. 24 h after seeding, the cells were loaded with 5 µM 

Fura-2, AM in pyruvate Ringer’s (Section 2.3) for 30 min at 37°C in 5% CO2 before 

rinsing with pyruvate Ringer’s. Briefly, Fura-2, AM is a ratiometric Ca2+-sensitive, 

membrane permeable dye. Measurements of Ca2+-stimulated fluorescence can be 

taken at excitation wavelengths of 340 and 380 nm and the emission collected at 

collected at 510 nm. The ability to excite the dye at two different wavelengths 

allows for accurate measurement of [Ca2+]i by minimizing the effects of 

photobleaching, uneven loading and cell thickness. During the load process 1 µL 

DMSO or MEK/ERK inhibitor U0126 (10 µM final concentration) was added to the 

loading solution. To measure changes in intracellular Ca2+ after CS exposure, the 

coverslips were moved to a metal imaging chamber. Pyruvate Ringer’s solution 

(150 µL) was added to mimic thin film conditions as described above, and cultures 

were exposed to air or CS as described in Section 2.6. Fura-2, AM fluorescence 

was collected using a Nikon Ti-S microscope with Orca CCD camera (Hamamatsu), 

Ludl Filter wheels and a 40x 1.3 NA plan fluor oil immersion lens. Fluorescence 

intensity was measured and presented as mean fluorescence ratio 340/380 ± SEM, 

mean area under the curve ± SEM and mean maximum change in fluorescence 

ratio 340/380 ± SEM. Data were collected using HCImageLive software, and 

GraphPad Prism 4.00 for Windows (GraphPad Software).  

2.8.5 Plate reader fluorescence intensity 

To estimate the total number of Orai1 transfected cells following CS exposure, 

HEK293T cells were seeded at a density of 75,000 cells per well on a 6 well plate, 

and were transfected with Orai1-YFP 24 h after seeding as described in section 

2.4. Cells were treated with air or CS 48 h after transfection. Fixation and 

permeablization with methanol was performed prior to staining with propidium 

iodide (20 µM) to according to manufacturer’s protocol. The fluorescence intensity 

of propidium iodide, excited at a wavelength of 535 nm and collected at a 

wavelength of 617 nm, was measured using a Tecan Infinite M1000 plate reader. 

To normalize the data, the mean fluorescence intensity of the air exposed control 

cultures were measured and taken as a value of one, and all other conditions were 

expressed as a fraction of this value. Data presented as mean ± SEM unless stated 
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otherwise. These cultures were also used for confocal imaging as described in 

Section 2.8.1.  

2.9  Cell surface biotinylation 

Biotin can bind primary amines and is not cell soluble; it can therefore be used 

to bind to cell surface proteins as a technique for the purification of plasma 

membrane bound proteins. For cell surface biotinylation of primary HBECs, cells 

were cultured at air liquid interface on semi-permeable culture inserts (Corning, 

transwell-clears) and exposed to air or CS as noted. Following air/CS exposure, the 

cultures were cooled to 4°C and washed 3x in ice cold PBS++. The cultures were 

then agitated at 4°C with 100 µg/µL biotin in borate buffer on the apical surface of 

the monolayer. FBS (10% v/v) was applied to the basolateral side and was 

maintained throughout incubation with biotin to ensure biotinylation of only the 

apical membrane. Excess biotins unable to bind to the cell surface glycoproteins 

were then quenched with 10% FBS. Cells were washed with ice cold PBS++ before 

lysis with 100 µL biotinylation lysis buffer at room temperature for 10 mins. The 

lysates were centrifuged for 5 min at 5000xg to remove cell debris. Protein 

concentrations were calculated using the Bradford assay (Pierce) and samples 

were diluted in lysis buffer to ensure the same amount of protein was loaded in 

each tube. The lysates were rotated overnight with NeutrAvidin beads 

(Thermofisher). The next day, the beads were washed 3 times with ice cold PBS 

and eluted with 10% 2-mercaptoethanol and 2x lithium dodecyl sulphate (LDS) 

buffer (Biorad; 40% glycerol (v/v), 4% lithium dodecyl sulfate, 4% Ficoll-400, 0.8 M 

triethanolamine-Cl pH 7.6, 0.025% phenol red, 0.025% Coomassie G250, 2 mM 

EDTA disodium). The membrane fractions were loaded on a gel and separated by 

western blot (for more details on western blot protocol, see Section 2.10). Briefly, 

the gel was run at 150 mV until the protein ladder reached the bottom of the gel. 

Gels were transferred wet to (polyvinylidene fluoride) PDVF membranes overnight 

at 4°C. Membranes were blocked in 5% milk for 1 h at room temperature and 

probed for total CFTR with primary anti-CFTR 596 IgG2b and for dephosphorylated 

CFTR with primary anti-CFTR 217 IgG1 acquired from the Cystic Fibrosis 

Foundation Therapeutics and kindly provided by Dr J. Riordan (UNC). The 

membranes were washed a minimum of 3 x 10 min in TBST and probed with anti-

mouse conjugated to horseradish peroxidase (Jackson ImmunoResearch). The 

PVDF membrane was visualised using a Chemidoc western blot imager (Biorad). 
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2.10  Western blot 

BHKCFTR and BHK15SA CFTR cells were seeded on six well plates (Corning) at a 

density of 75,000 cells per well. The cells were utilized for experiments 48 h after 

seeding. The cultures were lysed in Peirce’s lysis buffer. To quantify protein 

concentration, bicinchoninic acid (BCA) assay was performed according to 

manufacturer’s protocol. The BCA assay utilizes the biuret reaction (the reduction 

of Cu2+ to Cu+). The combination of two BCA molecules with one Cu+ molecule 

results in the production of a purple coloured reaction product. This product can be 

detected at an absorption of 562 nm, which is linear with protein concentration 

within the sample (Thermofisher, 2015). Total protein concentration in the sample 

was calculated from a standard curve generated from known concentrations of BSA 

(Figure 2-3). 

Lysates, or samples from biotinylation elution (Section 2.9) or were loaded on 4-

15% Mini-PROTEAN tris-glycine gel (Biorad) as well as 2 µL dual colour protein 

standard (Biorad). Gel electrophoresis was performed at 150 mV for 1 h. The gels 

were then transferred wet, overnight at 4°C, to nitrocellulose or PDVF membranes. 

Membranes were blocked in blocking buffer consisting of PBS + 0.01% Tween (v/v) 

and 3% (v/v) dried skimmed milk for 1 h at room temperature prior to incubation 

overnight at 4°C with primary anti-CFTR 596 monoclonal antibody (UNC CFTR 

Antibodies) in blocking buffer. The membrane was then washed in PBST for 3 x 5 

min at room temperature, prior to the addition of horseradish peroxidase tagged 

anti-mouse secondary antibody (Jackson ImmunoResearch) at a concentration of 

1:1000 in blocking buffer for 1 h. The membrane was then washed 3 x 5 min in 

PBST to remove any unbound secondary antibody. To detect HRP activity, two 

components of Clarity enhanced chemiluminescence (ECL) western substrate 

(Biorad), luminol/enhancer solution and peroxide solution, were combined in equal 

parts, and were added to the blot for 2 min before the blots were developed using 

the Chemidoc western blot imager (Biorad). 
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BCA protein standard curve was produced using BSA protein standards of known concentration (25, 

125, 250, 500, 750, 1000, 1500, 2000 µg/mL). This was utilized for the calculation of the concentration 

of unknown proteins using regression analysis. Data represents mean of samples ran in duplicate; r2 = 

0.9931. 

2.11 Image analysis and statistics 

Internalization, FRET assays and densiotometry of western blots were analyzed 

using ImageJ. All data were collected using Microsoft Excel 2007 (Microsoft 

Corporation, USA), and graphs were produced using GraphPad Prism 4.00 for 

Windows (GraphPad Software). All data are given as mean ± SEM unless stated 

otherwise. Where applicable, statistical significance was calculated using the 

Kruskal-Wallis test with Dunn’s multiple comparison post-test or two-way ANOVA 

with Dunn’s or Sidak’s multiple comparison post-test where appropriate. A P value 

of p < 0.05 was considered significant.  

 

 

 

 

 

 

Figure 2-3. Standard curve for BCA assay protein quantification.  
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3.0 The effect of cigarette smoke on the cellular location of 

CFTR and other plasma membrane proteins 

3.1  Introduction 

Airflow limitation and progressive loss of lung function are symptoms which 

characterize both CF and COPD. CF is an autosomal recessive disease in which 

mutations of CFTR lead to loss of function, affecting approximately 70,000 people 

worldwide (CFF., 2015). In contrast, there are more than 1 billion smokers 

worldwide, and as such, COPD also poses a prominent health risk to society 

(WHO., 2015). Genetic, epigenetic, and host factors likely contribute to the 

pathogenesis of COPD. However the primary risk factor is smoking tobacco. 

Patients with COPD can exhibit both emphysema, characterized by the destruction 

of the alveolar surface, and CB, characterized by recurrent cough, excessive 

mucus production and mucus accumulation of the airways (Kim and Criner, 2013). 

Approximately two-thirds of patients with COPD exhibit CB, which typically has a 

higher prevelence than that of emphysema (Rab et al., 2013). CB characteristically 

displays a similar phenotype to CF, with increased mucus accumulation, 

inflammation and chronic bacterial infection, indicating that there may be a 

commonality in the pathogenesis of both CF and CB.  

Our lab and others have shown blunted chloride secretion following acute CS 

exposure. This is associated with a rapid internalization of CFTR, leading to 

decreased ASL depth. Indications that internalization of CFTR and diminished Cl- 

secretion may be linked to mucus dehydration and accumulation in patients with 

COPD present an important challenge. Thus, better understanding of the cellular 

mechanisms required for this smoke response may reveal potential therapeutic 

targets to address the underlying causes of smoking related lung disease. To this 

end, the specific aims of this chapter are to: 

1) To develop a protocol to measure the kinetics of CS-induced internalization 

2) To determine the importance of the interaction of CFTR-CFTR interactions 

in CS-induced internalization 

3) To better understand the breadth of the effects CS has on plasma 

membrane proteins 
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3.2  Results 

3.2.1 Cigarette smoke causes time-dependent internalization 

of CFTR 

HEK cells are well suited for biochemical, pharmacological and genetic 

manipulation (Domingue et al., 2014), and have been shown to exhibit CS-induced 

calcium release and CFTR internalization much like that of airway epithelia 

(Rasmussen et al., 2014). This cell line has therefore been selected to carry out the 

majority of investigations in this thesis.  

To investigate the effects of CS on the cellular localization of CFTR, it was first 

necessary to establish a protocol for visualizing the internalization of CFTR after CS 

exposure. The N-terminally tagged GFP-CFTR used in this thesis exhibited typical 

plasma membrane expression and comparable activity in functional experiments to 

non-tagged CFTR (Moyer et al., 1998). To investigate the cellular location of CFTR 

following CS exposure, GFP-CFTR was transiently expressed in HEK293T cells. 

Cells were then exposed to a standard smoking protocol (see methods section 2.6) 

prior to incubation at 37°C for a series of time points, i.e. 0, 5, 15, 30, and 60 min 

after CS exposure to better understand CFTR trafficking post-CS exposure. Cells 

were fixed and visualized using confocal microscopy (Figure 3-1 A), and images 

were quantified as described in methods section 2.8.1 In Figure 3-1 B, 

quantification of each time point demonstrated no change in fluorescence intensity 

at the plasma membrane (PM; red, dashed line) or intracellularly (red, solid line) 

over 60 min following air exposure. However, following CS exposure CFTR PM 

fluorescence intensity (blue) decreased with a half-life of 10.5 min and a  of 15.2 

when fit with a single exponential with R2 value of 0.094 (n = 45 - 125 cells). 

Intracellular fluorescence intensity increased with a half-life of 27.7 min,  of 39.9 

and R2 value of 0.085 (n = 45 – 125 cells), consistent with data from Rasmussen et. 

al. which demonstrated that CFTR internalized following CS exposure. To confirm 

that the change in CFTR distribution within the cell was due to changes induced by 

CS rather than a result of expression, the transfection efficiency of GFP-CFTR was 

measured in HEK293T cells (Figure 3-1 C). The number of transfected cells was 

taken as a percentage of total cells in the frame after 15 min of air or CS exposure. 

No significant difference was observed in transfection efficiency between air and 

smoke exposed samples indicating that internalization measured is due to specific 

effects of CS rather than differences in expression. 
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Figure 3-1. Cigarette smoke-internalized CFTR accumulates intracellularly with a half-life of ~27 

min.  

HEK293T cells transfected with GFP-CFTR were exposed to CS and incubated at 37°C for specified 

time durations prior to fixation using 4% paraformaldehyde. A) Representative confocal images of 

GFP-CFTR (green) following air or CS exposure at incubation times 5, 15, 30, and 60 min.  B) Plasma 

membrane (PM; red) and intracellular (blue) fluorescence intensity over time of air (dashed lines) and 

CS (solid lines) exposed GFP-CFTR. Smoke exposed time points at the PM (r2 = 0.094) and 

intracellularly (r2 = 0.085) were fit with a single exponential (black line). n = 45 - 149 cells from four 

independent experiments. C) Percentage of cells in frame transfected with GFP-CFTR in air and CS 

exposed conditions. n = 26 – 30 images per condition.  Scale bar = 10 µm. 
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3.2.2 CFTR dissociates upon internalization by cigarette 

smoke 

CFTR can cluster into distinct microdomains with its interacting partners in the 

plasma membrane (Li and Naren, 2005). The formation of these microdomains 

allows CFTR molecules to accumulate in close proximity to one another, ensuring 

the tight regulation of CFTR and its binding partners. One technique to investigate 

the interaction of molecules within binding domains is Förster resonance energy 

transfer (FRET). FRET microscopy relies on the ability to capture fluorescent 

signals from the through-space interactions of labelled molecules (Sekar and 

Periasamy, 2003). This is based on the phenomenon that a donor fluorophore can 

become quenched by donating photons to an acceptor fluorophore, but only when 

the proximity between the two fluorophores is closer than 10 nm (100 Å). In 

acceptor-photobleaching FRET, the quenching of the donor is relieved when the 

acceptor fluorophore is photobleached, which can be measured as a change in 

apparent FRET efficiency (%).   

To investigate CS-induced changes in CFTR-CFTR interactions, the apparent 

FRET efficiency of GFP-CFTR (donor fluorophore) and RFP-CFTR (acceptor 

fluorophore) were measured at the plasma membrane of HEK293T cells after 

smoke exposure and incubation at 37oC for the previously defined time points 

(section 3.2.1). GFP- and RFP-CFTR were transiently transfected into HEK293T 

cells. 48 hours after transfection, both constructs expressed predominantly at the 

plasma membrane (Figure 3-2 A). Plasma membrane FRET levels 15, 30 and 60 

min post-CS exposure (Figure 3-2 B; 15.0 ± 1.2%, 16.2 ± 1.5%, and 10.8 ± 1.4%, 

respectively; n = 33 - 42 cells) remained unchanged compared to plasma 

membrane FRET levels of air exposed at the same time points (17.4 ± 1.6%, 12.7 ± 

1.1%, 12.3 ± 0.8%, respectively; n = 41 - 60 cells). As in previous experiments 

(Section 3.2.1), a large amount of CFTR accumulated in the perinuclear region of 

the cell following CS exposure (data not shown). However, upon measuring the 

apparent FRET efficiency of internal GFP-CFTR and RFP-CFTR post-CS 

exposure, the FRET efficiency measured at 15, 30, and 60 min (Figure 3-2 B; 4.8 ± 

0.6%, 7.6 ± 1.3%, 5.1 ± 0.5%; p < 0.001, n = 31 - 53) was significantly lower than 

plasma membrane FRET efficiency in air and smoke exposed conditions as 

reported above. It is possible that the high levels of FRET at the plasma membrane 

in both air and CS exposed conditions may be due to an overcrowding effect due to 

the overexpression of both RFP- and GFP-CFTR. To test for this, the donor 
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fluorescence intensity was plotted against the percentage FRET efficiency for each 

condition (Figure 3-3). The correlation of donor intensity and FRET efficiency in 

plasma membrane FRET efficiency after both air and CS exposure is slightly 

negative with r values of -0.47 and -0.24 respectively. A positive correlative 

relationship would indicate overcrowding, suggesting that the higher the expression 

of the proteins, the higher the FRET value observed. However, since the values 

demonstrated here are not positive, the possibility that FRET is occurring due to 

overcrowding can be ruled out. Therefore, these data suggest that intracellular 

FRET efficiency is decreased compared to plasma membrane FRET efficiency, 

suggesting that CFTR may dissociate from its macromolecular complex following 

CS exposure. 
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Figure 3-2. Cigarette smoke causes dissociation of CFTR-CFTR interactions. 

HEK293T cells co-expressing GFP-CFTR and RFP-CFTR were incubated at 37°C for 0, 15, 30 or 60 

min following smoke or air exposure prior to fixing in 4 % PFA. Acceptor photobleaching FRET was 

performed. (A) Typical confocal micrographs of GFP-CFTR (green) and RFP-CFTR (red) expressing 

air exposed cells before and after photobleaching of the acceptor fluorophore. (B) FRET efficiency of 

RFP-CFTR and GFP-CFTR measured at the PM (Red; Air = dashed line, CS = solid line) and 

intracellularly (Blue; Air = dashed line, CS = solid line) following air and CS exposure. *** = p < 0.001 

of CS PM compared to CS intracellular, ** = p < 0.001 of CS PM compared to CS intracellular, # = p < 

0.05 of air intracellular to CS intracellular, ### = p < 0.001 of air intracellular to CS intracellular, ††† = 

p < 0.001 of air PM to CS intracellular, †† = p < 0.01 of air PM to CS intracellular by two-way ANOVA 

with Sidak’s multiple comparison test. All n = 31 - 60 cells from four independent experiments. Scale 

bar = 10 µm. 
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Figure 3-3. The dependence of FRET efficiency on donor intensity.  

The FRET efficiency of donor (GFP) and acceptor (RFP) plotted in relation to donor fluorescence 

intensity after air exposure at the plasma membrane (A) and intracellularly (C) and after CS exposure 

at the plasma membrane (B) and intracellularly (D). Correlation relationships are indicated by the r 

value on each graph. Zero or negative correlation indicates that changes in FRET efficiency are not 

due to increased fluorescence intensity. 
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3.2.3 CS-induced internalization of CFTR occurs 

independent of nucleotide-binding domain 2 and the C-

terminal endocytic motifs  

The C-terminus of CFTR is host to a plethora of motifs important for CFTR 

regulation, including NBD2, C-terminal endocytic motifs, and the PDZ-binding motif. 

The PDZ-binding motif permits the interaction of CFTR to the actin cytoskeleton 

through NHERF1 and ezrin binding. In order to better understand the role of the 

actin cytoskeleton and CFTR-CFTR interactions, as well as the typical endocytic 

motifs of CFTR in CS-induced internalization, C-terminal truncation mutants of 

CFTR were constructed using site-directed mutagenesis. Premature stop codons 

were introduced to remove the PDZ-binding motif and the endocytic signals 

including tyrosine- and di-leucine-based motifs (GFP-CFTR-L1254X) and NBD2 

(GFP-CFTR-K1174X). After 48 h of expression, both mutants localized to the 

plasma membrane in HEK293T cells (Figure 3-4 A). After CS exposure, 

intracellular fluorescence intensity increased in GFP-CFTR-L1254X and GFP-

CFTR-K1174X expressing cells from 1.1 ± 0.1 to 2.5 ± 0.2 AU, and 1.2 ± 0.1 AU to 

3.4 ± 0.3 AU, respectively (p < 0.05, p < 0.01, and p < .001, n = 103 -213). These 

values were similar to that of wt-GFP-CFTR, which increased from 1.0 ± 0.1 AU to 

3.1 ± 0.3 AU following CS exposure, suggesting that removal of the C-terminal 

endocytic motifs or NBD2 had no effect on CS-induced internalization of CFTR. 
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 Figure 3-4. The C-terminus and NBD2 of CFTR are not required for CS-induced CFTR internalization.  

HEK293T cells on a glass coverslip were transiently transfected with the above constructs and exposed to air or 

CS, 48 h after transfection. Cells were fixed in 4% PFA at room temperature for 5 min and imaged on a confocal 

microscope. (A) Representative images of HEK293T cells expressing wt-GFP-CFTR, GFP-CFTR-K1174X or 

GFP-CFTR-L1254X after air and CS exposure. (B) Mean PM fluorescence intensity in air (open bars) or CS 

(grey bars) of HEK293T cells transfected with WT-, L1254X-, or K1174X-CFTR. * p < 0.05, ** p < 0.01, *** p < 

0.001 by Kruskal-Wallis test with Dunn’s multiple comparison post-test, n = 103 – 213 cells from three 

independent experiments. (C) Mean intracellular fluorescence intensity in air (open bars) or CS (grey bars) of 

HEK293T cells transfected with WT-, L1254X-, or K1174X-CFTR, * p < 0.05, ** p < 0.01, *** p < 0.001 by 

Kruskal-Wallis test with Dunn’s multiple comparison post-test, n = 103 - 213 cells from three independent 

experiments. Scale bar = 10 µm. 
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3.2.4 The effects of cigarette smoke on other membrane 

proteins 

Thus far, we have determined that C-terminal motifs including NBD2, endocytic 

domains, as well the PDZ domain of CFTR are not required for CS-induced 

internalization, and that CFTR-CFTR interactions dissociate following internalization 

by CS. For further investigation into the mechanisms behind CS-induced 

internalization, it is important to understand whether this phenomenon is specific to 

CFTR, or whether other ion channels or membrane proteins have an abnormal 

response to smoke. 

Another ion channel responsible for mediating correct hydration of the ASL is 

Ano1 (Section 1.3). Evidence provided by knockout mice have shown that Ano1 

has a distinctive role in the mediation of ASL and further to this, the CaCC has 

shown to have a minor yet important role in Cl- transport CF airway epithelia 

(Knowles et al., 1991, Mason et al., 1991, Stutts et al., 1992, Namkung et al., 

2011). Despite the reported role of CaCC in the regulation of Cl- secretion, 

observations in HBECs suggest that CS can alter the transepithelial electric 

potential difference in response to adenosine but not adenosine triphosphate (ATP) 

(Clunes et al., 2012). These data suggest that CS has a direct effect on the 

adenosine-mediated Cl- secretion by CFTR, rather than ATP-mediated Cl- secretion 

by CaCC. To investigate the effects of CS on Ano1 more directly, HEK293T cells 

co-transfected with GFP-CFTR and Ano1-mCherry were exposed to air or CS and 

incubated at 37oC for 60 min. Consistent with previous data, GFP-CFTR showed 

significant internal accumulation following CS exposure (4.0 ± 0.3 AU, p<0.001, 

n=174 cells) compared to air control (Figure 3-5 C; 1.0 ± 0.1 AU, n = 194 cells). 

However, no change in Ano1-mCherry PM fluorescence intensity was seen 

following air (1.0 ± 0.0 AU) or CS exposure (Figure 3-5 B; 1.1 ± 0.0 AU, n = 212 

cells), and no change in Ano1-mCherry intracellular fluorescence intensity was 

seen in air (1.0 ± 0.1 AU) or CS exposed conditions (1.1 ± 0.1 AU, n = 162 - 212 

cells). As no change in the plasma membrane or intracellular fluorescence intensity 

of Ano1 was observed following smoke exposure, these data suggest that the 

plasma membrane levels of Ano1 are not affected by smoke. 

In addition to internalization studies, acceptor photobleaching FRET efficiency 

was measured in cells expressing Ano1-GFP and Ano1-mCherry (Figure 3-6). 

Consistent with previous studies showing that CaCC secretion is not affected by 

CS, no change in Ano1-GFP - Ano1-mCherry PM FRET levels were measured after 
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CS exposure at all time points (Figure 3-6; baseline FRET was measured at 17.3 ± 

1.2%, n = 32). 

Another ion channel present in the airway epithelia is the calcium release-

activated calcium channel, Orai1. Store operated calcium entry was unaffected by 

CS exposure (Rasmussen et al., 2014). However, here, when HEK29T cells 

expressing Orai1-YFP, were exposed to CS, and incubated for 15 min at 37oC, 

Orai1-YFP plasma membrane fluorescence intensity decreased from 1.0 ± 0.02 to 

0.7 ± 0.02 AU (Figure 3-8 A; p < 0.001, n = 125 – 145 cells), and intracellular 

fluorescence intensity increased from 1.0 ± 0.1 AU to 3.9 ± 0.4 AU (p < 0.001, n = 

125 - 145). After a longer incubation period of 60 min, Orai1-YFP plasma 

membrane fluorescence again decreased from 0.9 ± 0.0 to 0.7 ± 0.1 AU and 

intracellular fluorescence intensity further increased from 1.1 ± 0.1 to 5.6 ± 0.7 AU 

(p < 0.001, n = 54 - 137 cells) indicating that Orai1 internalizes in a similar fashion 

to CFTR. However, in contrast to data published by Rasmussen et al. (2014) 

demonstrating that cell number did not decrease following CS exposure,  here, in 

Figure 3-8 C, the fluorescence intensity of propidium iodide stained Orai1 

transfected cultures decreased from 1.0 ± 0.1 AU (n = 9 wells) to 0.6 ± 0.1 AU (p < 

0.01, n = 9 wells) following CS exposure. The data suggest that the over-

expression of Orai1 may cause different effects to CS compared to cells over-

expressed with CFTR. 
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Figure 3-5. Cellular location of Ano1 is not affected by CS. 

HEK293T cells co-transfected with Ano1-mCherry and GFP-CFTR were exposed to smoke and 

incubated at 37°C for 60 min before fixation. (A) Representative confocal micrographs of Ano1-

mCherry (red) and GFP-CFTR (green) transfected cells following air and CS exposure. (B) Mean 

plasma membrane fluorescence intensity of Ano1-mCherry and GFP-CFTR following air (open bars) 

and CS (grey bars) exposure, normalized to air control for each construct.  (C) Mean intracellular 

fluorescence intensity of GFP-CFTR and Ano1-mCherry after air (open bars) and CS (grey bars) 

normalized to air control for each construct, *** p > 0.001 by Kruskal-Wallis test with Dunn’s multiple 

comparison post-test, n = 162 - 212 cells from four independent experiments. Scale bar = 10 µm. 
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Figure 3-6. Cigarette smoke exposure shows no effect on FRET efficiency of Ano1-GFP and 

Ano1-mCherry. 

HEK293T cells co-expressing Ano1-mCherry and Ano1-GFP were incubated at 37°C for 0, 15, 30 or 60 

min following CS or air exposure prior to fixing in 4% PFA. Acceptor photobleaching FRET was 

performed. (A) Typical confocal micrographs of Ano1-GFP (green) and Ano1-mCherry (red) expressing 

cells before and after photobleaching of the acceptor fluorophore. (B) Apparent FRET efficiency of 

Ano1-mCherry and Ano1-GFP measured at the plasma membrane (closed, open and grey bars) 

following air (open bars) and CS (closed bars). n= 39 - 45 cells from 3 independent experiments. No 

significant difference of FRET efficiency between air and smoke exposed cultures at all time points. 

Two-way ANOVA with Tukey’s multiple comparison post-test. Scale bar = 10 µm. 
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Figure 3-7. Cigarette smoke causes intracellular accumulation of Orai1. 

HEK293T cells expressed with Orai1-YFP exposed to air or CS were incubated for 15 or 60 min at 

37°C prior to fixation with 4% paraformaldehyde. Cells were stained post-fixation with propidium 

iodide (red). (A) Representative images of Orai1-YFP (green) and nuclei (red) following air or smoke 

exposure and 15 min incubation. (B) Representative images of Orai1-YFP and nuclei following air or 

smoke exposure and 60 min incubation. Scale bar = 10 µm. 
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Figure 3-8. Cigarette smoke causes intracellular accumulation of Orai1. 

HEK293T cells expressed with Orai1-YFP exposed to air or CS were incubated for 15 or 60 min at 

37°C prior to fixation with 4% paraformaldehyde. Cells were stained post-fixation with propidium 

iodide (red). (A) Mean plasma membrane fluorescence intensity of Orai-1 YFP following 15 min air 

(open bars) and CS (grey bars) exposure, normalized to air control for each construct.  (B) Mean 

intracellular fluorescence intensity of Orai1 following 60 min air (open bars) or CS exposure (grey 

bars) normalized to air control for each construct. *** p > 0.001 Kruskal-Wallis test with Dunn’s 

multiple comparison test, n =162 - 212 cells from four independent experiments. (C) Propidium iodide 

fluorescence intensity of cultures incubated with smoke or air was taken using a plate reader (Tecan), 

as an estimate of total cell number. ** p < 0.01 by Student’s t test, n = 9 wells per condition from 3 

independent experiments.   
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3.3  Discussion 

Diminished CFTR function following CS exposure has now been well 

documented, and has been attributed to internalization of CFTR as evidenced by 

surface labelling (Rasmussen et al., 2014).  To investigate the dynamics of CS-

induced CFTR internalization, in this chapter, we have developed a protocol to 

assess the temporal profile of CFTR internalization following smoke exposure. 

Furthermore, this protocol has been adapted to characterize CS-induced CFTR 

internalization by FRET and the internalization of other plasma membrane proteins. 

Thus, we have demonstrated that CFTR dissociates from its macromolecular 

complex following CS exposure, and that CS-induced CFTR internalization is 

independent of C-terminal endocytic motifs. Moreover, use of the internalization 

assay to investigate other membrane proteins revealed a similar response of Orai1 

to CS exposure.  

Rasmussen et al. (Rasmussen et al., 2014) used surface labelling of HA-tagged 

CFTR to assess internalization, however this technique requires a multistep 

protocol. The use of fluorescently tagged proteins allows the cells to be imaged 

directly after fixing, and reduces the protocol time by a number of days. Although 

surface labelling allows the tracking of the movement of CFTR from the plasma 

membrane into the cell, the technique used in this assay provides a broader 

analysis of internalization by intracellular accumulation. During the internalization 

assay, CFTR significantly accumulated intracellularly over time. Although GFP-

CFTR plasma membrane fluorescence intensity decreased steadily over time, the 

amount of GFP-CFTR reduction at the plasma membrane was far lower than the 

amount of intracellular accumulation, and the half-life for the removal of CFTR from 

the plasma membrane (10.5) was much faster than that of the half-life for CFTR to 

accumulate inside the cells (27.7 min). There are two main hypotheses for the 

reduced removal of CFTR from the plasma membrane following CS exposure. 

Firstly, the delivery of nascent or recycled CFTR to the plasma membrane may 

have increased the plasma membrane signal. Secondly, the close proximity of the 

ER, a potential destination for CS-internalized CFTR (see chapter 5.0), to the 

plasma membrane may result in plasma membrane fluorescence being intensified 

by that of ER fluorescence. Despite this limitation, intracellular GFP-CFTR 

consistently increased following CS exposure much like that seen by Rasmussen et 

al. therefore providing a quantifiable signal for measuring the effects of CS on the 

cellular localization of CFTR.  
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CFTR takes part in a variety of physical and functional interactions with different 

proteins including ion channels, transporters, kinases, phosphatases, cytoskeletal 

components and signaling factors (Li and Naren, 2005). Evidence suggests that 

CFTR and its interacting proteins are confined to specific microdomains in the 

plasma membrane. The compartmentalization of interacting proteins into 

macromolecular complexes allows for tight regulation of CFTR trafficking and 

activity, as well as the ability of CFTR to regulate other signaling pathways such as 

inflammation (Dudez et al., 2008). These macromolecular complexes not only 

function to bring CFTR in close proximity to a matrix of proteins including actin, 

NHERF1, and ezrin but also to bring CFTR molecules within close proximity to one 

another (Li, 2005). FRET, a tool to measure the proximity of proteins, functions as a 

molecular ruler, allowing the determination of distances between molecules based 

on the ability of the fluorophore to share photons with one another. Here, FRET 

efficiency of N-terminally tagged GFP-CFTR and RFP-CFTR was determined in 

HEK293T cells. Despite the previous report of no appreciable FRET efficiency 

between N- or C-terminally tagged CFP-CFTR and EYFP-CFTR (Berdiev, 2008), in 

air conditions membrane GFP-CFTR and RFP-CFTR FRET efficiency was between 

12.3 and 17.4%. The presence of different fluorescent tags may be responsible for 

the discrepancy between the reports of CFTR-CFTR FRET efficiency. Following CS 

exposure, membrane GFP-CFTR and RFP-CFTR FRET efficiency was unaffected, 

however, cytosolic CFTR-CFTR FRET efficiency was reduced compared to that of 

plasma membrane FRET efficiency air and smoke exposed samples. This data 

suggests that CFTR molecules become further apart upon internalization. In basal 

conditions, CFTR dissociates from NHERF1 within its microdomain, allowing the 

AP-2-clathrin complex to interact and leading to endocytosis of CFTR. It is 

reasonable to assume that the increased distance between the CFTR molecules is 

due to dissociation from its microdomain to allow the entry of endocytic machinery 

(Guggino and Stanton, 2006). However, the use of an agonist of endocytosis would 

give a clearer understanding of whether this phenomenon is specifically due to CS- 

induced internalization, or whether it is a feature of CFTR endocytosis in general. 

The role of actin in CS-induced CFTR internalization was further therefore 

investigated by the removal of the PDZ-binding motif, a region of CFTR that 

facilitates the interaction of CFTR with the actin cytoskeleton. The introduction of a 

stop codon at leucine 1254 produced a mutant of CFTR with the PDZ-binding motif 

removed. L1254X CFTR maintained normal levels of internalization following CS 

exposure, suggesting that the interaction of CFTR with the actin cytoskeleton is not 
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required for CS-induced internalization of CFTR. Furthermore, the C-terminus of 

CFTR is predominantly involved in the regulation of normal CFTR endocytosis. The 

L1174X CFTR mutant also had crucial endocytic motifs, including the tyrosine- and 

di-leucine based motifs, removed. Despite the necessity of the tyrosine and di-

leucine based motifs in normal endocytosis, these are not required for CS-induced 

CFTR endocytosis, suggesting that the mechanism of internalization by CS may be 

different from that of normal endocytosis. In addition to the C-terminal endocytic 

motifs of CFTR, NBDs have been implicated in maintaining the stability of CFTR at 

the plasma membrane (Cheng et al., 1990) Additional removal of NBD2 by the 

introduction of a stop codon at lysine 1174 had no effect on CS-induced CFTR 

internalization, suggesting that this domain is not necessary for CS-induced 

internalization.  

Having confirmed that the C-terminus of CFTR is not required for CS-induced 

internalization, other proteins were investigated to determine their response to CS 

exposure. CS caused reduction in ASL height, which has been attributed to 

internalization of CFTR from the plasma membrane. UTP-stimulated nasal PD was 

not affected by CS (Clunes et al., 2012), further to this CS has no effect on the 

cellular location of Ano1 at 5, 15, 30 or 60 min. Plasma membrane FRET efficiency 

of Ano1-mCherry and Ano1-GFP was not affected in air or CS conditions, 

confirming that CS has no effect on the cellular localization of Ano1. It is possible 

that much like in CF; CaCC activity provides a compensatory mechanism for 

chloride secretion in the absence of plasma membrane CFTR (Ousingsawat et al., 

2009, Rock et al., 2009)  

In native conditions Orai1 is activated by STIM1, an ER localized calcium 

sensor, following its aggregation induced by calcium store depletion. STIM1 

aggregation is unaffected by CS exposure (Rasmussen et al., 2014). In native 

conditions, Orai1 interacts with CFTR in a macromolecular complex, and the 

absence of CFTR leads to increased SOCE (Balghi et al., 2011). Despite this, 

previous research has shown that SOCE mediated by Orai1 is not responsible for 

increases in intracellular calcium observed during smoke exposure (Rasmussen et 

al., 2014). Furthermore, we have observed a rapid accumulation of Orai1 in the 

cytosol following CS exposure. A possible explanation for the CS-induced 

internalization of Orai1 observed in Section 3.2.4 is that internalization of Orai1 

functions to balance changes in SOCE caused by CFTR removal from the 

membrane by CS. However, since these cells do not endogenously express CFTR, 

it is more likely that Orai1 internalizes in response to increases in cytosolic calcium. 



66 
 

As such, Orai1 plasma membrane residence and activity is highly sensitive to 

intracellular Ca2+. For example, as previously mentioned, SOCE by Orai1 is 

stimulated by the depletion of Ca2+ by endoplasmic reticulum stores and interaction 

with STIM1. Furthermore, increases in intracellular calcium stimulate the 

recruitment of protein kinase C (PKC) β1 to the plasma membrane. PKCβ1 causes 

downregulation of SOCE by Orai1 through phosphorylation of the N-terminal sites, 

S527 and S30, of Orai1 (Hooper et al., 2015, Kawasaki et al., 2010). As CS 

exposure leads to dephosphorylation of CFTR at a PKA sensitive site (see section 

4.2.5), a literature review to reveal putative sites of phosphorylation was performed. 

Indeed, western blotting and co-immunoprecipitation of Orai1 with antibodies 

against both Orai1, and the phosphorylated consensus site RRXpS/T confirmed the 

presence of a putative site of PKA phosphorylation in this channel (Howe, 2011). 

Thus, investigation of the effects of CS on this site of phosphorylation would be 

extremely useful in determining whether Orai1 and CFTR are internalized by CS by 

a similar mechanism. In contrast to Orai1 and CFTR, Ano1 remained at the plasma 

membrane following smoke exposure. Ano1 is regulated by Ca2+/calmodulin 

dependent kinase II (Ho et al., 2001, Xie et al., 1996), and although its structure 

contains putative sites of phosphorylation by PKC, a range of inhibitors against 

PKC and PKA had no effect on Ano1-mediated chloride section (Tian et al., 2011). 

Thus, the lack of this site may provide an explanation for the lack of response of the 

channel to CS.  

The major findings of this chapter are summarized below: 

 CS causes rapid internalization of CFTR, with intracellular accumulation of 

CFTR occurring with a half-life of 27.7 min. 

 

 CFTR-CFTR interactions dissociate following internalization by CS 

exposure. 

 

 C-terminal endocytic motifs of CFTR are not required for CS-induced 

internalization, suggesting that C-terminal endocytic.  

 

 CS causes internalization of CFTR and Orai1, but not Ano1. 
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4.0 Cigarette smoke exposure causes dephosphorylation of 

CFTR leading to its internalization 

4.1 Introduction 

Despite clear evidence that CS causes rapid internalization of CFTR, little is 

known about the cell signalling pathways that initiate this phenomenon. Our lab has 

shown that CS-induced CFTR internalization is dependent on the release of Ca2+ 

from lysosomes following CS exposure (Rasmussen et al., 2014), but whether Ca2+ 

directly stimulates CFTR internalization, or works through downstream signalling 

pathways remains to be seen. 

Historically, CFTR has been considered a cAMP-mediated chloride channel 

which cannot be activated by calcium (Evans and Marty, 1986). However, more 

recently it has become known that CFTR may additionally be regulated by Ca2+. 

For example, cholinergic stimuli which mediate Ca2+ release from the endoplasmic 

reticulum cause activation of CFTR in BHK cells expressing the muscarinic receptor 

M3R (Billet et al., 2013). This response is partially due to the Ca2+-sensitive 

activation of adenylyl cyclase, which leads to phosphorylation and activation of 

CFTR by PKA. Some CFTR activity remained upon inhibition of PKA, indicating that 

Ca2+ stimulation of CFTR must additionally occur by an alternative mechanism. 

One proposed pathway suggests that Ca2+ causes upregulation of Src, a proto-

oncogene tyrosine kinase, which prevents dephosphorylation and deactivation of 

CFTR by inhibiting protein phosphatase (PP) 2A (Billet and Hanrahan, 2013). 

Furthermore, a more direct effect of Ca2+-loaded calmoduliin on CFTR has been 

reported in abstract form (Bozoky et al., 2015). 

It is therefore important to consider which Ca2+-mediated down stream effectors 

are responsible for the Ca2+-sensitive internalization of CFTR by CS.  Researchers 

have shown that CS stimulates mitogen-activated protein kinase (MAPK) pathways 

including the mitogen-activated protein kinase kinase/extracellular signal-regulated 

kinase (MEK/ERK1/2) pathway (Mercer and D'Armiento, 2006). The MAPK 

pathway is a potent regulator of cell survival and proliferation (McCubrey et al., 

2007). Furthermore, MEK/ERK can regulate the expression of ENaC through the 

interaction of E3 ubiquitin ligase Nedd4-2, resulting in the degradation of ENaC 

(Falin and Cotton, 2007, Booth and Stockand, 2003). The MEK/ERK1/2 pathway 

has been implicated in the upregulation of CFTR through INFɣ (Kulka et al., 2005). 

More recently, the Cormet-Boyaka group have demonstrated using CS extract that 
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the inhibition of MEK/ERK reduces CS-induced CFTR internalization, suggesting 

that CS-induced internalization is MAPK-dependent (Xu et al., 2015).  

The hypothesis that cytosolic kinases may regulate CFTR is not a new one. 

Hormonal stimulation of the airway epithelium activates CFTR through an increase 

in cytosolic cAMP. This increase in cAMP levels causes activation of the serine 

threonine kinase, protein kinase A (PKA) (Taylor et al., 1990). The coding 

sequence of CFTR contains many consensus sequences for PKA phosphorylation, 

many of which are located in the R domain (Figure 4-5). The phosphorylation of 

CFTR by PKA increases the affinity of CFTR to bind ATP, increases the channel 

bursting rate and increases the open probability of CFTR (Cheng et al., 1991). As 

well as PKA, a number of different kinases activate, inhibit or have a dual effect on 

CFTR including PKC (Li et al., 2007), casein kinase 2 (CK2) (Treharne et al., 2009), 

and Src (Billet et al., 2013). PKC, another serine threonine kinase, increases the 

magnitude of the PKA response (Jia et al., 1997, Liedtke and Cole, 1998, Middleton 

and Harvey, 1998, Tabcharani et al., 1991). CK2 regulates CFTR processing and 

membrane trafficking (Luz et al., 2011). Src kinase, a tyrosine kinase, activates 

CFTR by direct phosphorylation and indirectly by inhibiting PP2A (Billet et al., 

2013). Many of the kinases that regulate CFTR have been shown to be located in 

macromolecular complexes with CFTR (Luo et al., 1998). 

Several phosphatases regulate CFTR; serine and threonine phosphatases have 

two distinct functional classes, protein phosphatase (PP) 1 and PP2, and the latter 

class itself is categorised into three groups PP2A, PP2B and PP2C. All three 

classes of PP2 phosphatases interact with CFTR. PP2A can physically associate 

with CFTR via its C-terminus (1451-1476), leading to rundown of CFTR channel 

activity (Thelin et al., 2005). Not only does PP2A directly regulate CFTR, it may 

also lead to important signalling events by other proteins that regulate CFTR. For 

example, AMP-activated protein kinase (AMPK) directly interacts with both PP2A 

and CFTR and down regulates CFTR activity via residues 1420-1457 (Hallows et 

al., 2000). PP2B (otherwise known as calcineurin) is Ca2+-dependent., and 

inhibition of PP2B  with cyclosporin A and deltamethrin activates CFTR in cell-

attached patch clamp studies (Fischer et al., 1998). CFTR and PP2C co-

immunoprecipitate, and PP2C can co-purify with his-tagged CFTR using nickel 

affinity chromatography (Zhu et al., 1999), suggesting that CFTR and PP2C form a 

stable regulatory complex.  
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Investigation into the relationship of CS-induced calcium signalling and the role 

of the MAPK pathway will provide useful insights into the effects of CS on CFTR. 

Thus, the aims of this chapter were to: 

1) Determine the relationship between calcium signalling and MAPK regulation 

of CS-induced CFTR internalization. 

2) Understand the effects of CS on the phosphorylation state of CFTR. 

3) Determine which consensus sites of phosphorylation are important for CS-

induced CFTR internalization.  
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4.2  Results 

4.2.1 CS-induced internalization of CFTR is dependent on 

MEK signalling 

Activation of the MEK/ERK pathway is required for CS extract to internalize 

CFTR. (Xu et al., 2015). However, bathing cultures in CS extract has been shown 

to stimulate a number of abnormal responses compared to cells exposed to fresh 

CS. The method for fresh CS exposure developed by Phillips et al. (2005)  and 

used in this thesis is an established technique for the delivery of CS in vitro, which 

provides a similar volume and rate of smoke intake to that of human smokers. 

Therefore, to confirm the effects of MAPK inhibitors on the response of CFTR to 

gaseous CS U0126, an inhibitor of MEK, was used. HEK293T cells transiently 

transfected with GFP-CFTR were exposed to either air or CS (see methods section 

2.6) in the presence of vehicle (0.001 % DMSO) or 10 µM U0126 (Figure 4-1 A). In 

the presence of vehicle (Figure 4-1 B), plasma membrane fluorescence intensity 

significantly decreased from 1.0 ± 0.0 AU after air/vehicle exposure to 0.7 ± 0.04 

AU following CS/vehicle exposure (Figure 4-1 B; p < 0.001, n = 100 - 129 cells). 

Intracellular GFP-CFTR fluorescence intensity significantly increased from 1.0 ± 0.1 

AU after air/vehicle exposure to 4.9 ± 0.3 AU following CS/vehicle exposure (Figure 

4-1 C, n = 100 – 129 cells). However, in Figure 4-1 C, in the presence of U0126, 

the intracellular accumulation of CFTR by CS was significantly reduced by U0126 

from 4.9 ± 0.3 AU in CS/vehicle treated cells, to 1.3 ± 0.2 AU in CS/U0126 treated 

cells, consistent with data using CS extract from the Cormet-Boyaka group (Xu et 

al., 2015). However, a small but significant increase was measured in intracellular 

fluorescence intensity in CS/U0126 treated cells (1.3 ± 0.2 AU, n = 106 cells) 

compared to air/U0126 treated cells (p < 0.001, 0.8 ± 0.1 AU, n = 106 cells). 

However, the intracellular fluorescence intensity of CS/U0126 exposed cells was 

not significantly different from that of air/vehicle treated cells (1.0 ± 0.1 AU, n = 129 

cells). These data indicate that treatment with U0126 prevented CS-induced GFP-

CFTR internalization, confirming that MEK is an important regulator of CS-induced 

CFTR internalization. 

Since the CS-induced internalization of CFTR is dependent on both MEK 

activation and the release of lysosomal calcium, it was important to determine 

whether the two signalling pathways interact. To this end, we investigated the effect 

of MEK inhibitor U0126 on CS-induced calcium release in fura-2 loaded HEK293T 

cells (Figure 4-2). Following CS smoke exposure in vehicle treated cells, the mean 
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change in intracellular [Ca2+]i trended towards an increase in [Ca2+]i which was 

sustained over time, but was not significantly different  from that of air/vehicle 

treated cultures (n = 3 coverslip). CS exposed cells treated with U0126 exhibited a 

similar profile to that of vehicle/CS treated cells, suggesting that inhibition of U0126 

may not affect CS-induced Ca2+ release, but again the trend in increase of 

U0126/CS treated cells was not significantly different from U0126/air treated cells. 

Thus, increasing the number of cultures measured may reduce variability, and 

further clarify the effect of U0126 on CS-induced Ca2+ release.  
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Figure 4-1. Exposure to the MEK inhibitor, U0126, inhibits CS-induced CFTR internalization. 

HEK293T cells transiently transfected with GFP-CFTR were pre-treated for 30 min with vehicle 

(0.01% DMSO) or 10 µM U0126 prior to exposure to air or CS exposure. Following exposure, cells 

were incubated at 37°C for 60 min before fixation with 4% PFA. (A) Representative confocal images of 

GFP-CFTR in all conditions. (B) Mean plasma membrane fluorescence intensity in air (open bars) or 

CS (grey bars) of cells treated with vehicle or 10 µM U0126. (C) Mean intracellular fluorescence 

intensity in air (open bars) or CS (grey bars) of cells treated with vehicle or 10 µM U0126, *** p < 

0.001 by Kruskal-Wallis test with Dunn’s multiple comparison post-test. n = 106 - 120 cells from 3 

independent experiments. Scale bar = 10 µm. 
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4.2.2 The epidermal growth factor receptor regulates plasma 

membrane expression of CFTR 

The epidermal growth factor receptor (EGFR), an upstream regulator of the 

MAPK pathway, is endogenously expressed in low levels in HEK293T cells 

(Maegawa et al., 2009). Activation of EGFR by the binding of EGF leads to 

autophosphorylation of the receptors C-terminus. Phosphorylation at this site allows 

the downstream binding of docking proteins such as growth factor receptor bound 

protein 2 (GRB2) and son of sevenless (SOS). SOS promotes the binding of Ras to 

GTP, allowing its interaction with RAF, and subsequent activation of MEK (Ullrich 

and Schlessinger, 1990). Unlike MEK/ERK, EGFR has no reported effects on the 

activity or trafficking of CFTR. Therefore, the effects of AG1478 an EGFR 

antagonist on the cellular location of CFTR in both control and CS conditions were 

investigated. Inhibition of EGFR with AG1478 significantly increased the amount of 

GFP-CFTR at the plasma membrane in air control conditions (Figure 4-3 A and B; 

1.1 ± 0.1 AU, n = 117 cells) compared to vehicle (p < 0.01, 1.0 ± 0.0 AU, n = 101 

cells). These data suggest that EGFR may play a role in CFTR plasma membrane 

trafficking and surface density. Consistent with data demonstrating that CS can 

cause resistance of EGFR to AG1478 (Filosto et al., 2012), following CS exposure 

(Figure 4-3 B), AG1478 treatment no longer increased GFP-CFTR plasma 

membrane fluorescence intensity. Furthermore, plasma membrane fluorescence 

intensity was reduced to levels consistent with that of cells undergoing CS-induced 

CFTR internalization (Figure 4-3 B). Despite this, inhibition of EGFR with AG1478 

partially reduced intracellular accumulation of CFTR. The fluorescence intensity of 

intracellular GFP-CFTR following smoke exposure with was reduced from 5.7 ± 0.4 

AU (n = 82 cells) in CS/vehicle treated cells to 4.3 ± 0.3 AU (p < 0.001, n = 113 

cells). Thus, despite the resistance of EGFR to AG1478 in the presence of CS, 

some inhibition of internalization was recorded.  
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Figure 4-3. The EGFR regulates levels of CFTR in the plasma membrane and may influence CS-

induced CFTR internalization. 

HEK293T cells transiently transfected with GFP-CFTR were pre-treated for 30 min with vehicle (0.1 % 

DMSO) or 30 µM AG1478 prior to exposure to air or CS. Cells were subsequently incubated at 37°C 

for 60 min before fixation with 4% PFA. (A) Representative confocal images of GFP-CFTR in all 

conditions. (B) Mean plasma membrane fluorescence intensity in air (open bars) or CS (grey bars) of 

cells treated with vehicle or 30 µM AG1478. (C) Mean intracellular fluorescence intensity in air (open 

bars) or CS (grey bars) of cells treated with vehicle or 30 µM AG1478. ** p < 0.01, *** p < 0.001 by 

Kruskal-Wallis test with Dunn’s multiple comparison post-test. n = 82 - 117 cells from 3 independent 

experiments. Scale bar = 10 µm. 
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4.2.3 Forskolin inhibits CS-induced CFTR internalization 

Given that kinases play an important role in CFTR internalization by CS, we 

next investigated the role of phosphorylation in CS-induced CFTR internalization. 

PKA phosphorylation activates CFTR (Anderson et al., 1991a), and has been 

identified as an agonist of endocytosis in T84 cells expressing CFTR (Bradbury et 

al., 1992). Forskolin, an adenylyl cyclase agonist, stimulates the phosphorylation of 

CFTR through the production of cAMP, leading to maximal phosphorylation of the 

channel by PKA (Anderson et al., 1991a). GFP-CFTR was predominantly located at 

the plasma membrane in HEK293T cells in the presence of both vehicle (0.05 % 

DMSO) and 5 µM forskolin (Figure 4-4 A). Following air exposure, no significant 

difference in plasma membrane expression levels were observed in the presence 

of forskolin (Figure 4-4 C, 1.0 ± 0.0 AU, n = 180 cells) compared to vehicle (1.00 ± 

0.03 AU, n = 192 cells). As previously reported, GFP-CFTR accumulated internally 

following CS exposure (Figure 4-3 D, p < 0.001, 2.9 ± 0.1 AU, n = 137 cells) 

compared to air (1.0 ± 0.1 AU, n = 192 cells). However, in the presence of forskolin, 

there was no significant difference in plasma membrane GFP-CFTR fluorescence 

intensity in air conditions (1.0 ± 0.0 AU, n = 180 cells) compared to CS exposed 

cells (1.0 ± 0.0 AU, n = 142 cells). Additionally, in the presence of forskolin, no 

significant difference in intracellular GFP-CFTR fluorescence intensity was 

measured following CS exposure (1.4 ± 0.1 AU, n = 143 cells) compared to air (1.1 

± 0.1 AU, n = 180 cells). Therefore, phosphorylation of CFTR prevents CS-induced 

internalization. These results suggest that CFTR is likely to be in a 

dephosphorylated state to undergo CS-induced internalization. 
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Figure 4-4. Forskolin-dependent phosphorylation of CFTR prevents CS-induced internalization. 

HEK293T cells transiently transfected with GFP-CFTR were pre-treated for 30 min with vehicle (0.05 

% DMSO) or 5 µM forskolin prior to exposure to air or CS exposure. Next, cells were incubated at 

37°C for 60 min before fixation with 4% paraformaldehyde. (A) Representative confocal micrographs 

of GFP-CFTR in the presence of 5 µM forskolin in air and CS exposed conditions. (B) Mean plasma 

membrane fluorescence intensity in air (open bars) or CS (grey bars) of cells treated with vehicle or 5 

µM forskolin. (C) Mean intracellular fluorescence intensity in air (open bars) or CS (grey bars) of cells 

treated with vehicle or 5 µM forskolin. *** p < 0.001 by Kruskal-Wallis test with Dunn’s multiple 

comparison post-test. n = 137 - 192 cells from 3 independent experiments. Scale bar = 10 µm. 
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4.2.4 PKA-unresponsive CFTR has an altered pattern of 

expression 

CFTR has a plethora of conserved phosphorylation sites, with a large 

proportion of sites located in the R domain (Figure 4-5). Many of these sites are 

specific to PKA phosphorylation (Hegedus et al., 2009). As discussed in section 

4.1, phosphorylation of CFTR by PKA plays an important and complex role in the 

activation of CFTR. The removal of any one of the PKA consensus phosphorylation 

sites does not abolish PKA-mediated CFTR activity. However, when multiple 

consensus sites were mutated, PKA-mediated CFTR activity was reduced 

(Hegedus et al., 2009). Previously, the Riordan group demonstrated that 

replacement of all nine serine/threonine sites in the R domain with the addition of a 

tenth site in NBD1 to alanine residues (10SA CFTR) failed to remove all PKA-

mediated CFTR activity (Chang et al., 1993). However, further replacement of an 

additional five sites of serine/threonine PKA phosphorylation (CFTR15SA, Figure 4-5 

A) resulted in a CFTR channel that is unresponsive to PKA (Hegedus et al., 2009).  

Here, BHK cells stably expressing wt-CFTR or CFTR with 15 sites of 

phosphorylation replaced with alanine residues (CFTR15SA, see methods section 

2.3) were used to investigate the role of PKA phosphorylation in CS-induced CFTR 

internalization. Western blot was performed to characterize expression of WT- and 

CFTR15SA. The same amount of protein was loaded for each sample (15 µg), and 

total expression of CFTR15SA was significantly higher (43 %) than wt-CFTR (Figure 

4-5 B, p < 0.05 by student’s t-test, n = 3). The expression of band C (mature, fully 

glycosylated CFTR) and band B (immature, core glycosylated CFTR) was 

measured as a percentage of total CFTR expression (Figure 4-5 C). Both WT and 

CFTR15SA demonstrated significantly more band C expression than band B (p < 

0.001, n = 3). However, no change was observed in the proportion of band C to 

band B in either wt-CFTR (73.9 ± 1.1 % and 26.5 ± 1.1 %, respectively) and or 

CFTR15SA (80.2 ± 3.4 % and 19.8 ± 3.4 %, respectively), suggesting that the 

maturation of CFTR15SA is not different from that of wt-CFTR. 

To investigate the effects of CS on the cellular localization of 15SA-CFTR, BHK 

cells expressing wt-CFTR or CFTR15SA were exposed to CS, incubated for 60 min, 

and fixed in 100% MeOH (methods section 2.6). The cells were blocked in bovine 

serum albumin and normal goat serum, prior to probing with anti-CFTR (596) and 

anti-mouse Dylight 488. In Figure 4-6 A, wt-CFTR expressed primarily at the 

plasma membrane after air exposure, and was internalized following CS exposure. 
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The expression pattern of CFTR15SA was similar to that of wt-CFTR following CS 

exposure (Figure 4-6A), suggesting that phosphorylation may have important role 

in maintaining CFTR at the plasma membrane. The intracellular fluorescence 

intensity of CFTR15SA did not increase following CS exposure, rather the 

fluorescence intensity significantly decreased from 1.4 ± 0.04 AU in air conditions to 

1.1 ± 0.1 AU (p < 0.01, n = 80 - 236 cells) following CS exposure, implying an 

important role of the 15 sites of PKA phosphorylation in the CS-induced 

internalization of CFTR.  
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Figure 4-5. PKA-unresponsive CFTR has a different expression pattern and response to CS 

exposure compared to wt-CFTR. 

(A) A schematic showing fifteen consensus sites of serine/threonine phosphorylation in CFTR which are 

mutated to alanine residues to produce CFTR15SA. (Adapted from Billet et. al. (2015)). (B) BHK cells stably 

expressing wt-CFTR (WT) or CFTR15SA (15SA) were seeded at a density of 100,000 cells per 35 mm dish. 

The cells from three 35 mm dished were lysed in Pierce lysis buffer and combined. Protein concentration 

was measured using BCA assay and 15 µg per sample was loaded on a 7-15 % gel (Biorad, USA). The 

gel was transferred to PDVF by wet transfer and the blots were blocked for 1 hr in 3% milk and TBST, and 

probed with anti-CFTR (596) (1:1000). Blots were washed 3 x 5 min in TBST and probed with HRP 

conjugated anti-mouse secondary antibody and developed using the Chemidoc (Biorad, USA). Bands 

shown are representative of three individual experiments. (C) Densiotometry of WT and CFTR15SA band C 

(mature) and band B (un-glycosylated). Combined Band C and Band B expression was measured as total 

CFTR expression. Expression of Band C and Band B were calculated as a percentage of total CFTR 

expression. n = 3. Statistics were calculated using Kruskal-Wallis test with Dunn’s multiple comparison 

post-test. n = 137 - 192 cells from 3 independent experiments 
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Figure 4-6. PKA-unresponsive CFTR has a different expression pattern and response to CS 

exposure compared to wt-CFTR. 

BHK cells stably expressing either wt-CFTR or CFTR15SA were exposed to air or CS prior to 60 min 

incubation at 37°C and 5% CO2. The cells were fixed and permeablized in methanol. Cells were 

blocked for 1 h in 5 % normal goat serum and 1 % bovine serum albumin in PBS. The cells were 

incubated with primary antibody (anti-CFTR 596) for 3 h at room temperature, followed by three 

washes with PBS, and labelling with anti-mouse secondary antibody conjugated to Dylight 488. (A) 

Representative confocal micrographs of wt- and CFTR15SA in air and CS exposed conditions. (B) 

Ratios of CS/air at the plasma membrane and intracellularly were calculated for each condition. (C) 

Mean plasma membrane fluorescence intensity in air (open bars) or CS (grey bars) of cells 

transfected with WT- or CFTR15SA. (D) Mean intracellular fluorescence intensity in air (open bars) or 

CS (grey bars) of cells transfected with WT- or CFTR15SA. * p < 0.05, *** p < 0.001 by Kruskal-Wallis 

test with Dunn’s multiple comparison post-test., n = 80 - 236 cells from three independent 

experiments. Scale bar = 10 µm. 

  



82 
 

4.2.5 Cigarette smoke exposure causes dephosphorylation 

of CFTR 

Having established the importance of kinases and phosphorylation by PKA in 

CS-induced internalization of CFTR, we employed primary human bronchial 

epithelial cells (HBECs) and an R domain specific antibody whose epitope binding 

is sensitive to phosphorylation by PKA to investigate the phosphorylation state of 

CFTR. HBECs were exposed to whole CS generated from 0-3 cigarettes, and 

plasma membrane CFTR was recovered by surface biotinylation. Consistent with 

previous findings (Rasmussen et al., 2014), total surface membrane CFTR 

(measured by anti-CFTR 596) decreased after CS exposure. However, the amount 

of inactive, dephosphorylated CFTR measured by probing with phosphorylation 

sensitive anti-CFTR 217 antibody increased following CS exposure, suggesting that 

CS causes CFTR dephosphorylation which is potentially linked to internalization.  
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Figure 4-7. Cigarette smoke causes dephosphorylation of CFTR. 

HBECs cultured at the air liquid interface on semi-permeable culture inserts (Corning, transwell-

clears) were biotinylated, with FBS on the basolateral side. The cells were then lysed in Pierce’s lysis 

buffer and were then spun down to remove cell debris. The remaining lysates were rotated overnight 

with neutravidin beads. Protein concentrations were calculated using Bradford assay and samples 

were diluted to ensure the same amount of protein was loaded in each tube. Beads were centrifuged 

at 14,000xg and pellet was collected. The beads were denatured with sample buffer and 2-

mercaptoethanol at 37°C for 1 h. Membrane fractions were loaded on a biorad gel and ran at 150 mV 

until the protein ladder reached the bottom of the gel. Gels were transferred wet to PDVF membrane 

overnight at 4°C. Membranes were blocked in 5 % milk and probed for dephosphorylated CFTR with 

primary anti-CFTR 217 antibody. The membranes were washed a minimum of 3 x 10 min and probed 

with anti-ms conjugated to horseradish peroxidase. The PVDF membrane was visualised using a 

Biorad Chemidoc (USA). This work was carried out by Dr Chong Da Tan at the University of North 

Carolina, at Chapel Hill. 
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4.3  Discussion 

Recently, studies into the effects of cigarette smoke on airway epithelia have 

lead to the discovery that CS causes the release of lysosomal calcium, leading to 

internalization of CFTR (Rasmussen et al., 2014). This internalization causes 

dehydration of the airway surface liquid, which is hypothesized to be an important 

risk factor for mucus accumulation in smokers and patients with COPD (Clunes et 

al., 2012). In the previous chapter, it was determined that the normal motifs which 

signal CFTR for endocytosis are not necessary for its internalization by smoke. 

Thus understanding the cell signaling pathway(s) that do lead to CS-induced 

calcium release and CFTR internalization are important steps towards the 

development of new therapeutics for COPD. The aims of this chapter were to better 

understand the relationship between the CS response and the MAPK pathway, and 

to determine how CS-induced calcium release and CFTR internalization is affected 

by phosphorylation of CFTR. 

The Cormet-Boyaka group have provided evidence that CS extract, produced 

by bubbling whole CS through growth medium, can directly activate the MAPK 

pathway. CS-induced internalization of CFTR is dependent on the activation of this 

pathway (Xu et al., 2015). Our lab has previously demonstrated using nicotine as a 

marker of CS, that the effects of smoke on the airway epithelium differ depending 

on the preparation technique of the smoke (Clunes et al., 2008). Furthemore, whole 

CS exposure using the exposure chambers as developed by Phillips et al. (2005), 

exposes the epithelia to concentrations of nicotine comparable to nicotine levels in 

vivo (Clunes et al., 2008). To this end, we assessed the effects of the MAPK 

pathway on CS-induced CFTR internalization using whole CS. Consistent with 

results from Estelle Cormet-Boyaka’s group (Xu et al., 2015), U0126, an antagonist 

of MEK, diminished the internalization of CFTR by CS thus confirming that CS-

induced CFTR internalization is reliant on the activation of MEK. Furthermore,  

although the CS-induced change in [Ca2+] trended towards an increase in [Ca2+]i, 

these results were not significantly different from air exposed cells. Despite this, CS 

exposure cultures treated with U0126 displayed a remarkably similar [Ca2+]i profile 

to that of CS/vehicle treated cells. These data lead to the speculation that 

MEK/ERK may evoke its effects on CFTR downstream of CS-induced Ca2+ release. 

However, further investigation into this matter must be performed. Furthermore, in 

collaboration with the Cormet-Boyaka group, it was observed that the CS-induced 

phosphorylation and activation of ERK (Xu et al., 2015) is calcium-dependent 
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(personal communication with Estelle Cormet-Boyaka, data not shown), further 

confirming that the MAPK pathway is downstream of calcium signaling, and 

upstream of CFTR internalization.  

The MAPK pathway is upregulated by EGFR, a tyrosine kinase receptor. To 

investigate the possibility that the tyrosine kinase receptor may be an important 

factor in the MAPK regulation of CS-induced CFTR internalization, AG1478, an 

inhibitor of tyrosine kinase receptors was used to investigate CS-induced CFTR 

internalization. Although the EGFR has been shown to regulate trafficking of the 

Na+/K+-ATPase (Lee et al., 2015),  extensive search of the literature revealed that 

EGFR has no known effects on CFTR trafficking. In the present study, AG1478 

treatment alone increased plasma membrane expression of CFTR compared to 

vehicle control. This effect could be due to a number of different aspects of CFTR 

trafficking including reduced CFTR trafficking to the plasma membrane, a decrease 

in native endocytosis, or reduced recycling. Since CS can cause EGFR to exhibit 

resistence to some tyrosine kinase inhibitors such as AG1478 (Filosto et al., 2012), 

in the presence of CS, AG1478 no longer increased the plasma membrane 

abundance of CFTR, rather the levels of plasma membrane CFTR resembled that 

of smoke exposed CFTR in vehicle conditions. In the presence of AG1478, CS 

caused significant internalization of CFTR. However, the level of this internalization 

was slightly reduced compared to vehicle control, suggesting that EGFR may have 

a role in CS-induced CFTR internalization. One explanation for the slight inhibition 

of CS-induced internalization by AG1478 despite the CS-induced resistance of 

EGFR to this drug may be provided by the high concentration of AG1478 (30 µ) 

utilized in this experiment. Thus, it is apparent that EGFR plays a significant role in 

CFTR trafficking in both control and CS exposed conditions. However, future 

experiments will need to determine the true extent of the role of EGFR in CS-

induced CFTR internalization. Since the resistance of EGFR to AG1478 can be 

prevented by PP1 and PP2 (Filosto et al., 2013), inhibitors of Src. These inhibitors 

could therefore be used to further investigate the role of EGFR in CFTR trafficking. 

However, since Src itself has been demonstrated to directly effect CFTR (Lepple-

Wienhues et al., 2001, Davenport et al., 1996), it is possible that the inhibition of 

Src may itself play a role in CS-induced internalization of CFTR. Therefore, a more 

reliable way to investigate the role of EGFR would be to use different antagonists of 

EGFR, express a dominant negative EGFR, or knockdown EGFR using siRNA. 

Additionally, stimulation of the cells with exogenous EGF would provide further 
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insight into the role of the EGFR in CFTR trafficking in both native, and CS exposed 

conditions. 

Given that kinases play an established role in CS-induced CFTR internalization, 

and that PKA is critically involved in the activation of CFTR, the role of 

phosphorylation by PKA in the CS response was investigated. Forskolin has 

previously been identified  as an antagonist of endocytosis, and that endocytosis 

can be regulated in a cAMP-dependent fashion (Bradbury et al., 1992). Bradbury 

and colleagues (1992) performed this investigation using T84 cells in which CFTR 

is natively expressed. However, their studies addressed the effects of global 

endocytosis by measuring fluid-phase uptake, and the direct effects of forskolin on 

the specific internalization of CFTR were not identified. Our data suggest that the 

phosphorylation of CFTR by PKA had inhibitory effects on CS-induced 

internalization of CFTR, and that phosphorylation of CFTR by PKA reduces the 

ability of CS to cause internalization of CFTR.  

To further investigate the effects of PKA phosphorylation on CFTR trafficking 

and CS-induced internalization, a PKA-unresponsive CFTR15SA with 15 sites of PKA 

phosphorylation mutated to alanine residues was used. The expression of wt-CFTR 

and PKA-unresponsive CFTR15SA in BHK cells was investigated using western 

blotting and confocal microscopy. The relative expression of both band C and band 

B CFTR were not signifcantly different in 15SA-CFTR compared to wt-CFTR, 

suggesting that the maturation of CFTR15SA is similar to that of wt-CFTR. Billet et. 

al. (2013) demonstrated that plasma membrane levels of surface biotinylated 

CFTR15SA were similar to wt-CFTR. However, here the level of immunolabelled 

plasma membrane CFTR15SA was slightly reduced compared to that of wt-CFTR 

following air exposure, and intracellular CFTR15SA was significantly increased 

compared to that of wt-CFTR. The expression pattern of CFTR15SA exposed to air 

was therefore remarkably similar to that of CS exposed wt-CFTR, suggesting that 

PKA phosphorylation may play an important role in maintaining CFTR at the 

plasma membrane, and that dephosphorylation of the PKA consensus sites may 

drive internalization of CFTR. Furthermore, the effects of CS on the cellular location 

of CFTR were investigated using confocal imaging. Compared to wt-CFTR, the CS-

induced internalization of CFTR15SA was reduced. Together, these data suggest 

that the lack of PKA phosphorylation on the R domain of CFTR causes 

internalization, and prevents further internalization of CFTR15SA by CS.  
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Since CS-induced CFTR internalization was inhibited by forskolin, and the 

removal of PKA phosphorylation sites causes a shift in the equilibrium to favor 

internalization of CFTR, the phosphorylation state of CFTR following CS exposure 

was investigated using a CFTR antibody specific to the R domain that conveys 

sensitivity to phosphorylation at the epitope. Total CFTR decreased with an 

increasing number of cigarettes. However, using cell surface biotinylation the 

amount of dephosphorylated plasma membrane CFTR increased following CS 

exposure, suggesting that CS causes dephosphorylation of CFTR. Since the 

phosphorylation-sensitive antibody used to detect dephosphorylated CFTR (anti-

CFTR 217) specifically recognizes amino acids  807-819, and the removal of 15 

sites of PKA phosphorylation caused CFTR endocytosis, it is possible to pinpoint 

CS-induced dephosphorylation to phosphorylation concensus sites present within 

the 807-819 region. There are three highly conserved phosphorylation sites in the 

807-819 region of the R domain; serine 809, serine 813 and serine 816. Further 

investigation of these sites by mutation to alanine, or mutation to a negatively 

charger amino acid such as glutamate would provide further information on the 

specific role of dephosphorylation at these sites.  Since maximal phosphorylation of 

CFTR by forskolin prevented internalization, and the removal of 15 sites of CFTR 

phosphorylation caused the accumulation of intracellular CFTR, suggesting that the 

phosphorylation state of CFTR, and specifically dephosphorylation, may be a novel 

physiological regulator of CFTR residence time in the plasma membrane. This data 

will be of general interest for both CS-mediated CFTR dysfunction, as well as other 

CFTR diseases such as CF.  

To better understand CS-induced dephosphorylation of CFTR, it is important to 

consider the mechanics of this dephosphorylation event. Dephosphorylation could 

be caused by activation of a phosphatase, inactivation of a kinase or the relative 

change in the activation levels of both. There are many kinases and phosphatases 

known to affect CFTR. PP2A is an important regulator of CFTR, causing its 

dephosphorylation at the apical surface or airway epithelia (Thelin et al., 2005). 

PP2A does not require the binding of any cofactors for its activation. However, CS 

increases the activity of PP2A in vivo and in patients with emphysema (Wallace et 

al., 2012). PP2A interacts with CFTR through its C terminus (1451-1476) (Thelin et 

al., 2005). However, in the previous chapter (Section 3.2.3) the removal of the C-

terminus of CFTR had no effect on CS-induced CFTR internalization, suggesting 

that dephosphorylation by PP2A does not underly the CS-mediated CFTR 

response. Assuming that dephosphorylation of CFTR leads to its internalization, we 
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can eliminate PP2A as a phosphatase of interest based on this information. PP2B 

is a Ca2+ dependent phosphatase whose inhibition in Calu-3 and 3T3 cells leads to 

the activation of CFTR (Fischer et al., 1998). The activation of PP2B by Ca2+ makes 

this phosphatase an interesting candidate for the dephosphorylation of CFTR by 

CS, and further investigation into the role of PP2B, and other kinases and 

phosphatases, in CS-induced CFTR internalization should be performed 

The major findings of this chapter are summarized below and in Figure 2-2. 

 CS-induced CFTR internalization is inhibited by MEK/ERK inhibitors but 

not through inhibition of CS-induced Ca2+-release.  

 CS causes dephosphorylation of CFTR leading to its internalization. 

 CS-induced CFTR internalization is inhibited by maximal phoshorylation 

of CFTR by forskolin. 

 The removal of 15 consensus sites for phosphorylation resulted in 

intracellular accumulation of CFTR, suggesting that dephosphorylation 

of CFTR may be a stimulus for internalization. Furthermore, the removal 

of these sites reduced the amount of CS-induced internalization 

compared to wt-CFTR. 

   

Figure 4-8. A proposed model for the effects of CS on the phosphorylation status of CFTR. 

(A) In air conditions, endogenous agonists stimulate the phosphorylation and activation of CFTR to 

maintain normal Cl- secretion. (B) In the presence of CS, CFTR is dephosphorylated resulting in 

augmented CFTR endocytosis, and decreased Cl- secretion. 
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5.0 Cigarette smoke-internalized CFTR takes an abnormal 

endocytic path 

5.1  Introduction 

The work presented in the previous chapter (4) of this thesis focused primarily 

on determining the cell signalling pathways leading to cigarette smoke induced 

CFTR internalization. Thus, CS caused dephosphorylation of CFTR, and maximal 

phosphorylation of CFTR by forskolin prevented its internalization by CS. The focus 

of this chapter is to examine CFTR post-internalization, and to determine the 

destination of CS-internalized CFTR. Thus far, data published by our lab 

demonstrates that CFTR total protein levels decrease in western blot studies 

following CS exposure. However, when high concentrations of detergent were 

utilized, CFTR total protein levels did not decrease in the presence of CS. 

Furthermore, colocalization studies of CFTR and LAMP1, a lysosomal marker, 

demonstrated that CFTR does not localize to the lysosomes following CS exposure 

(Rasmussen et al., 2014). These data suggest that CFTR is not degraded upon 

rapid internalization by smoke, and that CFTR remains in the cytosolic fraction in an 

insoluble form upon CS exposure. Studies by the Cormet-Boyaka group have 

determined that CS-internalized CFTR colocalizes with lysosomes upon inhibition 

of lysosomal activity with chloroquin (Xu et al., 2015). However, these experiments 

were performed with by bathing cultures in 100% CS extract, produced using 

cigarettes with no filter, which may explain the discrepancy between the two 

publications. CS-internalized CFTR internalizes to the perinuclear region of the cell 

(Clunes et al., 2012). Immunolabeling of vimentin, an intermediary filament which is 

known to play a role in aggresome formation, demonstrated a similar expression 

pattern to that of CS exposed CFTR (Clunes et al., 2012). However, no present 

data investigates the pathway of CFTR trafficking from the plasma membrane to 

the perinuclear region of the cell.  

Thus, it remains unclear whether CS-induced CFTR internalization occurs through 

the constitutive clathrin-mediated pathway, or whether it is endocytosed through an 

alternative mechanism. As such, the aims of this chapter were to:  

1) Determine the pathway of endocytosis of CS-induced CFTR internalization 

2) Determine the terminal location of the perinuclear accumulations of CFTR  
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5.2  Results 

5.2.1 CS-induced internalization of CFTR is reduced by 

inhibitors of endocytosis 

Hypertonic sucrose has been shown to inhibit endocytosis by causing reduction 

in the size and number of clathrin-coated pits and is associated with the formation 

of microcages of clathrin, which deplete the levels cytoplasmic clathrin necessary 

for endocytosis (Heuser and Anderson, 1989). To investigate the role of the 

endocytic machinery in the CS-induced internalization of CFTR, HEK293T cells 

were pre-treated with hypertonic sucrose (0.45M sucrose) for 15 min before 

exposure to air or CS. Hypertonic sucrose significantly reduced both the increase in 

intracellular fluorescence intensity and decrease in plasma membrane fluorescence 

intensity associated with CS-induced CFTR internalization (Figure 5-1). The post-

CS intracellular fluorescence intensity was significantly reduced from 1.5 ± 0.2 AU 

(n = 172 - 182) in CS/vehicle conditions to 0.7 ± 0.1 AU (p < 0.001, n = 91 - 147) in 

the presence of CS/hypertonic sucrose. Hypertonic sucrose treated levels of 

plasma membrane fluorescence intensity were not significantly different to that of 

air/hypertonic sucrose treated cells (n = 172 – 182). However, CS/hypertonic 

sucrose treated cells exhibited a small but significant increase in intracellular 

fluorescence intensity (1.5 ± 0.2 AU) compared to air/hypertonic sucrose (p < 0.01, 

0.7 ± 0.1 AU). These data suggesting that while hypertonic sucrose significantly 

reduces CS-induced CFTR internalization, it does not fully ablate it. 
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Figure 5-1. Hypertonic sucrose, an inhibitor of endocytosis, reduces CS-induced CFTR 

internalization. 

HEK293T cells were transfected with wt-GFP-CFTR. The cells were pre-treated 48 h after transfection 

with vehicle (pyruvate Ringer’s solution) or 0.45 M sucrose at 37°C for 15 min. The cells were then 

treated with CS and incubated at 37°C for 60 min before fixing in 4% PFA. A) Representative confocal 

images of GFP-CFTR in the presence of 0.45 M hypertonic sucrose in air and CS exposed conditions. 

(B) Mean plasma membrane fluorescence intensity in air (open bars) or CS (grey bars) of cells treated 

with vehicle or 0.45 M sucrose. (C) Mean intracellular fluorescence intensity in air (open bars) or CS 

(grey bars) of cells treated with vehicle or 0.45 M sucrose. ** p < 0.01, *** p < 0.001 by Kruskal-Wallis 

test with Dunn’s multiple comparison post-test. n = 91 - 182 cells from 3 independent experiments. 

Scale bar = 10 µm. 
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5.2.2 CS-internalized CFTR is taken in to the cell by clathrin 

coated vesicles 

CS-induced CFTR internalization was reduced by hypertonic sucrose, a 

chemical inhibitor known to prevent clathrin-dependent endocytosis. Since 

hypertonic sucrose is known to inhibit other types of endocytosis, including 

calceolate-mediated endocytosis in addition to clathrin-mediated endocytosis, 

colocalization studies with clathrin light chain were performed to further determine 

the internalization pathway of CS-exposed CFTR. As such, HEK293T cells were 

transiently co-transfected with GFP-CFTR and clathrin light chain tagged with the 

fluorescent marker mRFP (see methods section 2.8.3). Exposure to air or CS 

revealed a significant increase in colocalization of GFP-CFTR with clathrin light 

chain-mRFP after 5 minutes of CS exposure compared to air controls (Figure 5-2 B; 

p < 0.01, n = 49 - 84 cells). This increase was sustained across all time points and 

peaked at 60 min at 55.8 ± 1.9%, but was no longer maintained at 120 min. These 

data indicate that more CFTR is internalized in a clathrin-dependent manner 

following CS exposure, and that CS-induced CFTR internalization is therefore 

clathrin-dependent. 
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5.2.3 CS-induced CFTR internalization is dynamin-

dependent 

Dynamin is required for clathrin-mediated endocytosis, and inhibition of 

dynamin GTPase activity with dynasore provides a well-studied method for 

endocytic inhibition. To further investigate the endocytic path of CS-internalized 

CFTR, HEK293T cells transfected with GFP-CFTR were pre-treated with 80 µM 

dynasore for 30 min. The post-CS plasma membrane fluorescence intensity was 

significantly increased from 0.8 ± 0.04 AU in air/vehicle control conditions to 1.13 ± 

0.1 AU in CS/dynasore treated cells (Figure 5-3; p < 0.001, n = 122 - 172). 

Additionally, dynasore prevented the increase in intracellular fluorescence intensity 

typically seen following CS exposure. The post-CS intracellular fluorescence 

intensity was reduced from 1.5 ± 0.2 AU in CS/vehicle conditions to 0.6 ± 0.1 AU in 

the presence of CS/dynasore (p < 0.001, n = 123 - 172 cells). No changes were 

observed in air/dynasore or CS/dynasore plasma membrane or intracellular 

fluorescence intensity.  

Although dynasore is widely used across the literature to identify dynamin-

mediated endocytosis, it has low specificity due to its ability to inhibit the activity of 

other GTPases within the cell. To confirm the role of dynamin in CS-induced CFTR 

internalization a dominant negative dynamin plasmid, dynaminK44A, was transiently 

co-transfected with GFP-CFTR into HEK293T cells. In the presence of dynaminK44A, 

CS-induced CFTR internalization was inhibited as demonstrated by a reduction in 

both CS-stimulated plasma membrane removal and intracellular accumulation of 

CFTR (Figure 5-3 a). Post-CS exposure plasma membrane fluorescence intensity 

was increased from 0.70 ± 0.0 AU in GFP-CFTR only control cultures compared to 

0.093 ± 0.06 AU in cells co-transfected with dynaminK44A. Intracellular fluorescence 

intensity post-CS was decreased from 2.52 ± 0.2 AU in GFP-CFTR only control 

cultures compared to 1.1 ± 0.1 AU in cultures co-transfected with dynaminK44A. 

Furthermore, similar results were demonstrated in cultures co-transfected with wt-

dynamin and GFP-CFTR, in which post-CS exposed plasma membrane 

fluorescence intensity was increased from 0.8 ± 0.1 AU in wt-dynamin transfected 

cultures, compared to 0.9 ± 0.1 (p < 0.01, n = 63 – 105) in dynaminK44A expressing 

cultures. Post-CS exposed intracellular fluorescence intensity was decreased from 

2.2 ± 0.1 AU in wt-dynamin transfected cells to 1.1 ± 0.1 AU (p < 0.01, n = 63 – 

105). Together, these data suggest that dynamin GTPase activity is required for 

CS-induced CFTR internalization. 
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Figure 5-3. Dynasore, an inhibitor of dynamin, prevented the CS-induced internalization of 

CFTR. 

HEK293T cells were transfected with GFP-CFTR. The cells were pre-treated 48 h after transfection 

with 80 µM Dynasore at 37°C for 30 min. The cells were then exposed to CS or air and incubated at 

37°C for 60 min before fixing in 4% PFA. (A) Representative confocal images of GFP-CFTR in the 

presence of vehicle or 80 µM dynasore in air and CS exposed conditions. (B) Mean plasma 

membrane fluorescence intensity in air (open bars) or CS (grey bars) of cells treated with 80 µM 

dynasore. (C) Mean intracellular fluorescence intensity in air (open bars) or CS (grey bars) of cells 

treated with vehicle or 80 µM dynasore (n = 101 - 182 cells from three independent experiments, *** p 

> 0.001 by Kruskal-Wallis test with Dunn’s multiple comparison post-test). Scale bar = 10 µm.
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5.2.4 Endocytic trafficking of CS-exposed CFTR requires an 

intact cytoskeleton 

Microtubules have been implicated in the bidirectional long-range movement of 

both clathrin coated vesicles and recycling, early and late endosomes across 

different cells types (Soldati and Schliwa, 2006). However, in the context of CFTR 

most research has focused around the role of microtubules in the recycled delivery 

of CFTR to the plasma membrane. For example, in Xenopus laevis oocytes (Weber 

et al., 2001), colonic T-84 cells (Tousson et al., 1996) and the airway epithelial cell 

line 9HTEo- (Schwiebert et al., 1994), disruption of microtubule polymerisation by 

nocodazole reduced cAMP-mediated CFTR current by preventing intracellular 

pools of CFTR from returning to the plasma membrane. However, contradictory 

data  has been presented in both Calu3 cells (Loffing et al., 1998) and HEK293T 

cells (Domingue et al., 2014). In these latter cell types, cAMP-stimulated CFTR 

currents were unaffected by nocodazole, suggesting that microtubules do not play 

a role in CFTR exocytosis nor endocytosis in these cell types. In agreement with 

these data, no effect was observed on the cellular location of CFTR in the presence 

of nocodazole (Figure 5-5). However, when HEK293T cells were pre-treated with 

33 µM nocodazole, the accumulation of intracellular GFP-CFTR following CS 

exposure was reduced from 3.8 ± 0.4 AU (n = 122 cells) in CS/vehicle conditions to 

2.5 ± 0.3 AU (p < 0.001, n=90 cells) in the presence of nocodazole (Figure 5-5 c). 

Despite the reduction in post-CS intracellular fluorescence intensity after 

nocodazole treatment, this value was still significantly higher than the intracellular 

fluorescence intensity of air exposed vehicle treated cells (1.0 ± 0.2 AU; p<0.001, n 

= 120), suggesting that whilst CS-internalization of GFP-CFTR is reduced by 

nocodazole, it is not completely abolished in the presence of nocodazole. 

Furthermore, the reduction in plasma membrane fluorescence intensity in vehicle 

control cells following smoke exposure (from 1.0 ± 0.0 AU in air exposed conditions 

to 0.68 ± 0.0 AU in CS exposed conditions; p < 0.01, n= 120 - 122 cells) is not 

affected by nocodazole (Figure 5-5 B; 1.0 ± 0.03 AU air to 0.8 ± 0.03 AU CS; p < 

0.001, n = 90 - 120 cells). These data suggest that nocodazole does not fully 

prevent CS-induced removal of CFTR from the plasma membrane. However, given 

that post-CS internal fluorescence intensity of GFP-CFTR was partially reduced in 

the presence of nocodazole, and the expression pattern of internal GFP-CFTR 

(Figure 5-5 A) was different from that of vehicle treated post-CS cells, microtubules 

may be required for CS-induced CFTR internalization and the disruption of 
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microtubules with nocodazole may result in CFTR following an alternative 

internalization pathway to that of vehicle treated post-CS cells. 

Actin, through NHERF1 and ezrin, forms interactions with CFTR and plays an 

important role in regulating the ion channel. The presence of actin within CFTR 

microdomains and its effects on CFTR are well understood. In 1996, Cantiello’s 

group showed that organization of the actin cytoskeleton is necessary for the 

cAMP-dependent activation of CFTR (Prat et al., 1995). Furthermore, actin 

disassembly dramatically decreases the expression of CFTR at the plasma 

membrane, and upregulates its internalization (Ganeshan et al., 2007, Okiyoneda 

and Lukacs, 2007). Thus, cytochalasin D a potent inhibitor of actin polymerization 

was used to investigate the role of actin in CS-induced CFTR internalization. To this 

end, HEK293T cells transfected with GFP-CFTR were pre-treated with vehicle 

(0.02 % DMSO) or 2 µM cytochalasin D for 15 min and exposed to CS prior to 

fixation. As previously reported in control conditions, GFP-CFTR was located 

predominantly at the plasma membrane and internalized following CS exposure 

(Figure 5-6 A). However, in the presence of cytochalasin D, GFP-CFTR expressed 

predominantly in the cytosol in air control conditions (Figure 5-6 A), suggesting that, 

consistent with previously published data (Ganeshan et al., 2007, Okiyoneda and 

Lukacs, 2007), actin is important for the normal cellular distribution of CFTR. In the 

presence of cytochalasin D, no changes were observed in plasma membrane 

fluorescence intensity following air/cytochalasin D exposure (1.0 ± 0.0 AU) 

compared to CS/cytochalasin D exposure (0.8 ± 0.1 AU, n = 77 - 104 cells). 

Additionally, no changes were observed in intracellular fluorescence intensity 

following air/cytochalasin D exposure (2.9 ± 0.4 AU) compared to CS/cytochalasin 

D exposure (3.3 ± 0.2 AU, n = 77- 104 cells). These data demonstrate that 

cytochalasin D has a distinct effect on the distribution of CFTR in control conditions. 

Furthermore, CS-induced internalization of CFTR was ablated by cytochalasin D. 
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Figure 5-5. Disruption of microtubules alters the course of internalization of CS-exposed CFTR. 

HEK293T cells transfected with GFP-CFTR were pretreated with vehicle (0.1% DMSO) or 33 µM 

nocodazole at 37°C for 30 min. The cells were then exposed to CS or air and incubated at 37°C for 60 

min before fixing in 4% PFA. A) Representative confocal images of GFP-CFTR in the presence of 

vehicle or 33 µM in air and CS exposed conditions. (B) Mean plasma membrane fluorescence 

intensity in air (open bars) or CS (grey bars) of cells treated with vehicle or 33 µM nocodazole. (C) 

Mean intracellular fluorescence intensity in air (open bars) or CS (grey bars) of cells treated with 

vehicle or 33 µM nocodazole (n = 90 - 163 cells from 3 independent experiments). *** p < 0.001 by 

Kruskal-Wallis test with Dunn’s multiple comparison post-test. Scale bar = 10 µm. 
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Figure 5-6. Disruption of the cytoskeleton by cytochalasin D prevents CS-induced CFTR 

internalization. 

HEK293T cells were transfected with wt-GFP-CFTR. The cells were pre-treated 48 h after transfection 

with vehicle (0.02 % DMSO) or 2 µM cytochalasin D at 37°C for 30 and 15 min respectively. The cells 

were then exposed to air or CS and incubated at 37oC for 60 min prior to fixing in 4 % PFA. A) 

Representative confocal images of GFP-CFTR. B) Mean plasma membrane fluorescence intensity in 

air (open bars) or CS (grey bars) of cells treated with vehicle or 2 µM cytochalasin D. (C) Mean 

intracellular fluorescence intensity in air (open bars) or CS (grey bars) of cells treated with vehicle or 2 

µM cytochalasin D (n = 76 – 163 cells from 3 independent experiments, *** p > 0.001 by one-way 

ANOVA with Tukey’s post-test). Scale bar = 10 µm. 
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5.2.5 More CS-internalized CFTR traffics through the early 

endosomes than the late or recycling endosomes 

In typical CFTR endocytosis following uptake by clathrin coated vesicles, CFTR 

is trafficked to the early endosomes, and from here is sorted to the late or recycling 

endosomes (Gentzsch et al., 2004). To the understand effects of CS on this 

pathway of internalization, colocalization assays utilizing a series of endosomal and 

organelle markers were performed. Rab5A, a protein primarily expressed in the 

early endosomes, was transiently co-transfected with GFP-CFTR in HEK293T cells. 

Following CS exposure, the percentage of GFP-CFTR and rab5A colocalization 

significantly increased compared to air exposure over time (Figure 5-7). This CS-

induced increase was sustained at all time points and peaked at 120 min at 52.3 ± 

3.0% (Figure 5-7 B; p < 0.001, n = 71 - 100 cells). The colocalization rate of air 

exposed control cells was maintained between 28.6-35.4% across all time points. 

These data suggest increased uptake of CFTR by early endosomes following 

smoke exposure. Colocalization of GFP-CFTR with rab7-DsRed, a marker of late 

endosomes, increased significantly from 23.4 ± 2.6% following air exposure to 32.9 

± 2.1% 30 min following CS exposure and was sustained throughout the 120 min 

duration (Figure 5-8 B, p < 0.01, n = 73-81 cells). Furthermore, at all time intervals 

the percent colocalization of GFP-CFTR with the recycling endosome marker rab11 

was not affected by smoke exposure, suggesting that CS-internalized CFTR does 

not undergo increased recycling, despite increased levels of endocytosis (Figure 

5-9). The increase in colocalization of CFTR at the early endosomes post-CS was 

significantly higher than that of both rab7 and rab11 at all time points (Figure 5-10, 

p < 0.001), indicating that significantly more CFTR traffics through the early 

endosomes than the late and recycling endosomes.  
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Compiled data from Figure 5-7, Figure 5-8, and Figure 5-9 demonstrates significantly more GFP-CFTR 

colocalization with rab5A-DsRed than rab7-DsRed or rab11-DsRed. *** = p < 0.001 of early endosomes 

(EE) CS compared to EE air, * = p < 0.05 of EE CS compared to EE air, † = p < 0.05 of late endosomes 

(LE) CS compared to air, ### = p < 0.001 of EE CS compared to LE CS,  = p < 0.001 EE CS compared 

to recycling endosome (RE) CS, two-way ANOVA with Sidak’s multiple comparison test n = 25 - 108 cells. 

 

 

 

 

 

 

 

 

Figure 5-10. More CS-internalized CFTR traffics through the early endosomes than the late or 

recycling endosomes. 
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5.2.6 CFTR colocalizes with ER and Golgi markers following 

CS exposure – A hypothesis for retrograde transport 

To assess the colocalization of GFP-CFTR in the Golgi apparatus an antibody 

specific to the cis-Golgi protein, GM130, was utilized. Colocalization of GFP-CFTR 

with the Golgi apparatus significantly increased following CS-exposure compared to 

air controls from 0-60 min (Figure 5-11; p < 0.01, p < 0.001, n =43 - 135 cells). To 

assess the colocalization of CFTR in the ER, HEK293T cells were transiently co-

transfected with GFP-CFTR and STIM1-mCherry. Although STIM1 is present 

primarily in the ER (Smyth et al., 2010), it is not typically used as an ER marker. For 

this reason, these cultures were immunolabelled with anti-calreticulin, a secondary 

marker of the ER, to further assess colocalization. Post-CS exposure, both STIM1 

(Figure 5-12; p < 0.01 at 0 min and p < 0.001 through 5-120 min, n = 59 - 143) and 

calreticulin (Figure 5-13; p < 0.01 at 0 min and p < 0.001 through 5-120 min, n = 81 

- 142) had increased colocalization with GFP-CFTR from 0 – 60 min compared to 

air controls. Furthermore, the colocalization of both ER markers did not significantly 

differ from one another (Figure 5-14), suggesting that STIM1 provides a robust 

marker for the ER. Although CFTR colocalization was significantly increased in both 

the Golgi and the ER, there was a significantly higher percentage colocalization of 

CFTR with both ER markers (between 40.0 ± 2.3% and 49.5 ± 2.2%) compared to 

the Golgi (Figure 5-14; between 17.2 ± 1.3% and 24.6 ± 1.5%). 
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Figure 5-14. CFTR colocalizes significantly more with markers of the endoplasmic reticulum than 

the Golgi apparatus. 

Compiled data from Figure 5-7, Figure 5-8, and Figure 5-9 demonstrates significantly more GFP-CFTR 

colocalization with rab5A-DsRed than rab7-DsRed or rab11-DsRed. *** = p < 0.001 of EE CS compared to 

EE air, * = p < 0.05 of EE CS compared to EE air, † = p < 0.05 of LE CS compared to air, ### = p < 0.001 

of EE CS compared to LE CS,  = p < 0.001 EE CS compared to RE CS two-way ANOVA with Sidak’s 

multiple comparison test. n = 25 - 108 cells. 
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5.3  Discussion 

Substantial research has been carried out into the endocytic pathway of CFTR 

as described in section 1.4.3. However, the endocytic machinery required for the 

rapid internalization of CFTR by CS has yet to be determined. Thus, in this chapter 

the abnormal endocytic pathway of GFP-CFTR following CS exposure was 

investigated.  

Pre-treatment of HEK293T cells expressing GFP-CFTR with hypertonic sucrose 

had no effect on the cellular distribution of CFTR in air exposed control cells, but 

did blunt the CS-induced internalization of CFTR. Although hypertonic sucrose has 

been shown to disrupt the formation of clathrin lattices, it is also known to prevent 

endocytosis by other pathways including calveolae-mediated endocytosis and 

pinocytosis. Thus, the role of clathrin in CS-mediated CFTR internalization was 

assessed using colocalization studies. Colocalization of overexpressed 

fluorescently tagged CFTR and clathrin light chain increased significantly following 

CS exposure. Furthermore, inhibition of dynamin, a GTPase involved in the 

scission of clathrin coated-vesicles from the plasma membrane, ablated the 

internalization of CFTR by CS. These data were complemented by the use of 

dominant negative K44A-dynamin. Although these data provide clear evidence that 

CS-induced CFTR internalization is mediated by clathrin and dynamin, the data 

was limited by the fact that no inhibitors specific to calveolae-mediated endocytosis 

were utilized. Thus, whilst clathrin and dynamin are necessary for clathrin-mediated 

endocytosis, other endocytic pathways such as calveolae-mediated endocytosis 

cannot be ruled out.  

CFTR plasma membrane stability, activity, endocytosis and recycling is 

sensitive to changes in both microfilament and microtubule regulation. Although 

nocodazole was unable to prevent the removal of CFTR from the plasma 

membrane by CS, the internalized portion of CFTR was significantly reduced, and 

internal CFTR displayed a different pattern of expression to that of vehicle exposed 

CFTR. While it is obvious that CFTR can still be internalized by CS when the 

microtubule network is disrupted, the pathway taken by the internalized CFTR is 

altered, and may be explained by the reliance of endosomal trafficking on the 

microtubule cytoskeleton. When HEK293T cells expressing GFP-CFTR, were pre-

treated with cytochalasin D, an inhibitor of actin polymerization, GFP-CFTR was 

located internally. This data is consistent with published data by the Ganeshan 

group (2007), showing that CFTR is not trafficked correctly after disruption of the 
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actin cytoskeleton. Firstly, like microtubules, the actin cytoskeleton is involved in the 

function and trafficking of the endosomal pathway (Gauthier et al., 2007, Tanabe et 

al., 2011). Thus, disruption of the actin cytoskeleton may prevent movement of CS-

exposed CFTR through the CS specific endocytic pathway. Secondly, the presence 

of large amounts of intracellular CFTR in the presence of cytochalasin D alone may 

overload the internalization pathway, and thus prevent further internalization of 

CFTR by CS. 

Internalized CFTR has been shown to localize in early, late and recycling 

endosomes (Gentzsch et al., 2004). Here, significantly more CFTR accumulated in 

the early endosomes compared to the late and recycling endosomes following CS 

exposure, suggesting that CS may cause disruption of the normal maturation of 

early endosomes, leading to abnormal intracellular accumulation of CFTR. 

Interestingly, upon overexpression of Rab11, the images of CFTR following CS 

exposure appear to show increased localization of CFTR to the plasma membrane, 

suggesting that the presence of increased levels of Rab11 may assist in the 

recycling of CS-internalized CFTR to the plasma membrane. This thesis has 

specifically focused on underpinning the mechanisms behind internalization of 

CFTR through endocytosis. However, these data suggest that normal levels of 

recycling are not enough to return CS-internalized CFTR to the plasma membrane. 

There are a number of hypothesis that could explain this recycling effect. Firstly, the 

recycling pathway may be dysfunctional after CS exposure, preventing CFTR from 

reaching the recycling endosomes, but the function is restored upon 

overexpression of rab11. Secondly, since a large accumulation of CFTR in the 

early endosomes is observed, the defect could be further upstream in the endocytic 

pathway, i.e. at the early endosomes, preventing CFTR from leaving the early 

endosomes in its typical manner. Lastly, simply the large volume and rate of CFTR 

internalized by CS may overwhelm the recycling system, preventing efficient 

recycling of CFTR back to the plasma membrane. Further investigations into the 

effect of CS on recycling may reveal important information regarding the 

intracellular accumulation of CFTR and reduced potential Cl- secretion by smoke. 

Unexpectedly, CFTR dramatically increased colocalization with two different 

markers of the endoplasmic reticulum following CS exposure, suggesting that CS 

causes internalized CFTR to reside in the endoplasmic reticulum. Transport of 

plasma membrane proteins to the ER, termed retrograde transport, can occur via 

three different pathways. At the early endosome, the secretory and endocytic 

routes of plasma membrane proteins converge. A large body of evidence suggests 
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that endosomes form contact sites with the ER to exchange cholesterol and to 

allow the endocytic cargo to be modified by proteins located in the plasma 

membrane of the ER (Friedman et al., 2013). Furthermore, contact between early 

endosomes and the ER can be maintained as the organelles are trafficked along 

microtubules (Friedman et al., 2010). These direct contact sites may also allow the 

transport of plasma membrane CFTR to the ER to allow the modification of any CS-

mediated structural changes. However, despite the documented contact sites 

between the early endosomes and the ER, transfer of mammalian proteins from the 

plasma membrane directly to the ER has not been recorded. Further experiments, 

including immunolocalization by confocal and super resolution microscopy, would 

determine whether CS increases endosomal-ER contact sites and give more insight 

into this phenomenon.  

The second potential pathway of retrograde transport from the plasma 

membrane to the ER may be explained by the observed colocalization of CFTR 

with the cis-Golgi marker GM130 following CS exposure. Retrograde transport 

between the endosomes (early and late) and the Golgi apparatus has been well 

documented, primarily in the context of bacterial toxins, transmembrane enzymes 

and cargo proteins. The trans-Golgi network receives approximately 5% of 

glycoproteins from the plasma membrane (Duncan and Kornfeld, 1988). In 

mammalian cells, transmembrane enzymes and cargo proteins such as furin and 

the mannose-6-phosphate receptor are shuttled bi-directionally between early and 

late endosomes and the Golgi apparatus. Furthermore, in S. cerevisiae, chitin 

synthase-III has been shown to cycle between the plasma membrane, the 

endosomes and the Golgi apparatus, allowing regulated expression of the enzyme. 

Not only does retrograde trafficking occur between the plasma membrane, the 

endosomes and the Golgi, bidirectional trafficking between the Golgi and the ER is 

also well documented, and is thought to be dependent on COPI and COPII 

vesicles. Thus, a prospective pathway of CFTR internalization by CS may begin by 

clathrin-mediated endocytosis at the plasma membrane, followed by trafficking to 

the early endosomes. From here, CFTR can either be trafficked through the late 

endosomes or directly to the Golgi apparatus, and finally to the endoplasmic 

reticulum.  

Either of the two pathways of retrograde transport, through early endosome-

endoplasmic reticulum contacts, or through the Golgi apparatus are plausible 

hypotheses for the deposition of plasma membrane internalized CFTR at the 

endoplasmic reticulum. There are two theories as to how CS could cause such an 
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abnormal endocytic response. Firstly, in addition to the dephosphorylation of CFTR 

by CS identified in Chapter 4.0, CS may further modulate the structure of CFTR in 

such a way that leads to the retrieval of CFTR to the endoplasmic reticulum for 

correction. Secondly, as discussed previously, overloading of internalized CFTR at 

the early endosomes and/or dysfunction of the early or recycling endosomes may 

prevent CFTR from being cleared in its normal manner by recycling to the plasma 

membrane, or degradation at the lysosomes. We have previously shown that CS 

causes release of calcium from lysosomes (Rasmussen et al., 2014) as well as an 

increase in lysosomal pH (unpublished data). These phenomena may be 

responsible for dysfunction of the lysosomes which could prevent CFTR delivery to 

the lysosomes for degradation, and subsequently cause upstream dysfunction of 

endosomal trafficking.  

Despite the clear colocalization of CFTR at the endoplasmic reticulum following 

CS exposure, the data presented here is limited in that it is assumed that the 

intracellular accumulation of CFTR has been internalized from the plasma 

membrane. This is likely correct due to the thorough work of Clunes et al. (2012), 

who demonstrated by tracking plasma membrane CFTR through surface labelling, 

that CFTR is rapidly internalized by smoke. Surface labelled internalized CFTR in 

BHKCFTR cells by Clunes and colleagues presented an identical expression pattern 

to that seen here of smoke exposed GFP-CFTR transfected HEK293T cells, thus 

allowing the conclusion that the internal CFTR present in HEK293T transfected 

cells is internalized. This is further confirmed by a reduction in cell surface 

biotinylated CFTR in CS exposed HBECs in section 4.2.5.  

Further experiments must therefore be performed in order to confirm the 

retrograde trafficking of CFTR to the endoplasmic reticulum by CS. For example, if 

CFTR is internalized from the plasma membrane to the endoplasmic reticulum, the 

presence of mature, fully glycosylated CFTR in the endoplasmic reticulum would 

provide a clear indication that retrograde trafficking had occurred. In fact, mature, 

fully glycosylated CFTR is found in the sarcoplasmic reticulum of airway smooth 

muscle, and is reported to play a role in the regulation of airway smooth muscle 

tone (Cook et al., 2016). However, they did no determine the pathway of mature 

CFTR into the sarcoplasmic reticulum. Ultimately, pulse chase experiments to allow 

the tracking of CFTR through the cellular compartments after smoke exposure 

would provide the clearest indication of the retrograde pathway undertaken by 

smoke exposed CFTR.  
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The major findings of this chapter are summarised below and in Figure 5-15.  

 Inhibition of CS-induced CFTR internalization by hypertonic sucrose and 

increased colocalization of CFTR with clathrin light chain following 

smoke exposure suggest that CS-internalized CFTR is taken up by 

clathrin coated vesicles. 

 

 CS-induced CFTR internalization was blunted by dynasore and 

overexpression of a dominant negative dynamin plasmid, suggesting 

that CFTR internalization by CS is dynamin-dependent. 

 

 Nocodazole and cytochalasin D did not ablate CS-induced CFTR 

internalization but did result in an altered pathway of internalization. 

 

 CS-internalized CFTR colocalized predominantly in the early and late 

endosomes, the Golgi apparatus, and the endoplasmic reticulum, but 

not in recycling endosomes. 
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6.0 General discussion 

6.1  Summary of main findings 

In this thesis, I sought to investigate the cellular mechanisms behind CS-

induced CFTR internalization. The majority of the experiments used in this study 

were performed using transfected HEK293T cells to observe the effect of CS on 

CFTR trafficking. I found that not only is CS-induced CFTR internalization traceable 

over time, but it can also be manipulated by mutation of CFTR, and by a series of 

pharmacological inhibitors. The data provided in this thesis contributes to the 

growing knowledgebase centred on understanding the diminution of Cl- secretion 

by CS in a variety of cell types, patients with COPD, and smokers (Kreindler et al., 

2005, Welsh, 1983, Cantin et al., 2006b, Sloane et al., 2012, Clunes et al., 2012).  

Previous work from our laboratory has demonstrated that CS caused a rapid 

internalization of CFTR in BHK cells stably expressing CFTR, HEK293T cells, Calu-

3 cells and in polarised HBECs. The reduction of plasma membrane CFTR leads to 

a decrease in Cl- secretion and ASL depth (Clunes et al., 2012). Here, the 

internalization of GFP-tagged CFTR was followed over time, and quantified by 

taking measurements of both plasma membrane, and intracellular fluorescence 

intensities. CFTR indeed internalized rapidly, plasma membrane fluorescence 

intensity decreased with a half-life of 10.5 min, and intracellular fluorescence 

intensity increased with a half-life of 27.7 min. In an effort to define the cellular 

processes that were necessary for CS-induced internalization, FRET was utilized to 

determine the importance of CFTR-CFTR interactions. Since CFTR is thought to 

become insoluble inside the cell following smoke exposure (Clunes et al., 2012), it 

was hypothesized that CFTR-CFTR FRET efficiency would increase post-CS 

exposure, like that of other aggregated proteins such as nocodazole-treated P23H-

rhodopsin (Rajan et al., 2001). Interestingly, intracellular FRET efficiency was 

decreased compared to that of plasma membrane FRET efficiency in both air and 

CS exposed conditions, indicating that the CFTR molecules actually decrease in 

proximity upon internalization or change their orientation. However, whether a 

decrease in CFTR-CFTR interactions upon internalization is specific to the smoke 

response, or if it is a function of normal endocytosis remains to be seen. 

To determine the domains of CFTR required for CS-induced internalization, two 

truncation mutants of CFTR were produced to remove the endocytic motifs, and to 

additionally remove NBD2 from the structure of CFTR. Interestingly, these 
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mutations had no effect on the CS-induced removal of CFTR from the plasma 

membrane, or the intracellular deposition of the mutants compared to wt-CFTR, 

suggesting that NBD2, and the C-terminal endocytic motifs in this region of CFTR 

are not required for CS-induced internalization. This data is interesting in that the 

tyrosine-based motif has been identified as a necessary signal on the C-terminus of 

CFTR for AP2 recruitment of clathrin coated vesicles (Weixel and Bradbury, 2000). 

As the data in Chapter 5 identify clathrin coated vesicles as the main form of 

vesicle for the uptake of CS-internalized CFTR into the cell, the fact that the typical 

endocytic motifs are not required leads to the speculation that another form of 

signalling, specific to CS-induced CFTR internalization, may be required for the 

uptake of CFTR into clathrin coated vesicles. Interestingly, in Chapter 4, CS caused 

dephosphorylation of CFTR. Furthermore, phosphorylation of CFTR by PKA 

prevented CS-induced internalization. As discussed in section 4.3, forskolin-

induced PKA activity has been previously been identified as an antagonist of 

endocytosis in CFTR expressing T84 cells (Bradbury et al., 1992). Thus, these data 

suggest that dephosphorylation of CFTR may in fact be a signal for CS-induced 

internalization by clathrin-mediated endocytosis. 

The data indicating that CFTR is dephosphorylated by smoke was verified by 

the use of a CFTR mutant with 15 consensus sites removed from the R domain and 

NBD1 and is not phosphorylated by PKA. Interestingly, immunostaining of these 

cells with a CFTR specific antibody after air exposure (control) demonstrated a 

large amount of intracellular CFTR15SA present within the cytosol. Furthermore, 

internalization of CFTR15SA was actually reduced compared to that of wt-CFTR. 

These data provide further evidence that dephosphorylation may be an important 

signalling factor for internalization, and lead to the speculation that 

dephosphorylation of CFTR may be a signal for internalization  

The effects of CS on the trafficking of other plasma membrane ion channels 

was also investigated. Interestingly, Ano1 remained at the plasma membrane upon 

smoke exposure, while Orai1 was internalized. Given that dephosphorylation of 

CFTR may be an important signalling event leading to the internalization of CFTR 

by smoke, and that Orai1 has putative phosphorylation sites for both PKA (Howe, 

2011) and PKC (Kawasaki et al., 2010), whilst Ano1 inhibitors of PKA and PKC had 

no effect on Ano1-mediated Cl- secretion (Tian et al., 2011), it is convenient to 

speculate that CS may cause changes to the phosphorylation status of Orai1, but 

not Ano1. 
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As mentioned previously, inhibition of CS-induced CFTR internalization with 

hypertonic sucrose, and colocalization with clathrin light chain identified clathrin-

mediated endocytosis as a potential major pathway for CS-induced CFTR 

internalization. Internalization was also dependent on dynamin. Once taken up by 

the cell, colocalization assays with endosomal markers revealed that a large 

amount of CFTR accumulated in the early endosomes compared to the late and 

recycling endosomes. Furthermore, CFTR colocalization with markers of the 

endoplasmic reticulum, STIM1 and calreticulin, dramatically increased following CS 

exposure leading to the speculation that internalized CFTR is trafficked retrograde 

from the plasma membrane to the endoplasmic reticulum. As discussed in section 

5.3, presence of CFTR in the late endosomes and Golgi apparatus give some 

indication that the retrograde pathway of internalization may be from the early 

endosomes, and either directly to the Golgi, or through the late endosomes from 

the Golgi, and finally from the Golgi to the endoplasmic reticulum. Although the 

concept of CFTR retrograde trafficking through direct contact points between the 

early endosomes and the endoplasmic reticulum cannot be ruled out. Data from our 

laboratory demonstrates that CS causes lysosomal calcium release (Rasmussen et 

al., 2014) and an increase in lysosomal pH (unpublished data). These data provide 

first insights into the concept that dysregulation of the lysosomal and endosomal 

pathway may play a role in the abnormal endocytic route of CFTR to the 

endoplasmic reticulum following CS exposure. Additionally, both the microtubule 

and the actin cytoskeleton are important for the movement and function of the 

endosomal pathway. Inhibition of both of these components caused disruption of 

CS-induced CFTR internalization pathway, further implicating the importance of 

endosomal function in CS-induced CFTR internalization.  

6.2  Clinical relevance of findings for patients with cigarette smoke 

related airway disease 

CS exposure leads to diminished CFTR-mediated Cl- secretion in smokers and 

patients with COPD alike. This decrease in Cl- secretion is associated with ASL 

dehydration, an increase in mucus percent solids content, mucus accumulation, 

and reduced mucocilliary clearance. This phenotype, as described in section 1.5.2, 

closely resembled that of patients with CF. Given the recent success of CFTR 

specific correctors and potentiators in the treatment of CF patients, and the 

identification of dysregulated CFTR as a potential cause for COPD, the use of 

CFTR potentiators and correctors in patients with COPD may improve Cl- secretion 
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and improve the mucus defects observed in these patients. To this effect, Sloane 

and colleagues have demonstrated that the use of ivacaftor, a CFTR potentiator, 

increases CFTR currents in both vehicle control and CS extract treated cells. 

Furthermore, ivacaftor increases the CS extract-induced reduction in ASL height 

and improves mucocilliary transport rates measured by assessing the mobility of 

fluorescent beads on primary epithelial cells. These data provide robust primary 

evidence for the use of therapeutics to improve Cl- transport and mucocilliary 

clearance in patients with Cl- secretion compromised by smoke. However, studies 

by Martina Gentzsch’s group demonstrated that while ivacaftor improved function in 

G551D cells, ivacaftor reduced wt-CFTR levels and function (Cholon et al., 2014). 

Furthermore, ivacaftor is an extremely expensive drug, with per patient costs of 

almost $300,000 per year (Condren and Bradshaw, 2013). Thus, the search for 

cheaper and more potent treatments to improve CFTR function in patients with 

COPD continues. As such, several compounds in this thesis function to reduce 

CFTR internalization by CS, and would therefore provide potential therapies of 

smoking related disease. For example, in section 4.2.3, forskolin blunted 

intracellular accumulation of CFTR by approximately 48%. Forskolin is an FDA 

approved compound used in the treatment of asthma (Gonzalez-Sanchez et al., 

2006). Thus, the use of forskolin in patients with CS diminished Cl- may provide a 

novel treatment for improved ASL hydration and mucocilliary clearance. 

6.3  Future experiments 

Inevitably, there are a wide range of future experiments that could be performed 

that would provide further insight into the effects of CS on CFTR trafficking, and 

strengthen the conclusions made in this thesis. A large majority of experiments in 

this thesis were performed using overexpression of CFTR in HEK293T cells. While 

this cell line provides a convenient model for the genetic and pharmacological 

manipulation of overexpressed proteins, there are a number of limitations that stem 

from the interpretation of data from immortalized cell lines. For instance, even 

within the same cell type, differing protocols can produce variability in results. For 

example, CFTRinh172 is able to fully abolish FSK-mediated CFTR currents in 

transiently transfected HEK293 cells (Mondini et al., 2012). However, in stably 

transfected HEK293 cells, CFTRinh172 is able to blunt forskolin-mediated CFTR 

currents but not fully abolish it  (Domingue et al., 2014). Furthermore, HEK293T 

cells provide a reductionist model for the study of CFTR. That is, many endogenous 

proteins that found in vivo in airway epithelial cells are not expressed in HEK293T 
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cells. While HEK293T cells provide an excellent platform for studying the effects of 

CS on CFTR in isolation, the lack of endogenous secretory and absorptive ion 

channels, as well as differential expression of regulatory proteins may induce a 

dissimilar response to that of native epithelia. Thus, reproduction of these data on a 

fully differentiated airway epithelial cell line would provide robust validation that the 

mechanisms of CFTR internalization identified in this thesis are recapitulated in 

native cells. Furthermore, measurement of ASL depth to test the effects of 

pharmacological inhibitors used in this study, such as dynasore, forskolin, and 

hypertonic sucrose, on CS-induced ASL dehydration would provide a first step to 

understanding the functional effects of inhibiting CS-induced CFTR internalization 

in secretory airway epithelial cells. Additionally, testing the inhibition of CS-induced 

CFTR internalization in vivo would provide valuable insight into whether the use of 

these inhibitors would prevent CS-induced reduction in Cl- secretion, and 

subsequently a relief from symptoms associated with this response including 

mucus accumulation and inflammation.   

Much of the work in this thesis was obtained by confocal microscopy. Previous 

studies of CFTR internalization performed using cell surface biotinylation 

demonstrated that normal endocytic rates of CFTR internalization are between 5-

7% per minute (Lukacs et al., 1997, Prince et al., 1994, Silvis et al., 2003). A time 

course of CS-induced CFTR internalization by cell surface biotinylation would thus 

allow the comparison of native and CS-induced endocytosis. In a study in 

Furthermore, direct comparison between the rate of CS-induced internalization in 

HEK293T cells versus polarized airway epithelial cells would provide further 

evidence to confirm that HEK293T cells are an appropriate model for monitoring 

the CS effects on CFTR.  

Confocal imaging of fluorescently tagged proteins is limited in that it is difficult to 

track a particular pool of CFTR over time. Moreover, the CS-induced decrease of 

CFTR from the plasma membrane measured during confocal imaging of GFP-

tagged CFTR was substantially smaller than the increase in intracellular 

accumulation of CS exposed CFTR. These data lead to the speculation that the 

removal of CFTR from the plasma membrane may be masked by recycling of 

subapical CFTR back to the plasma membrane, and/or by the delivery of nascent 

CFTR to the plasma membrane. There are a number of experiments that could be 

performed to dissect the CS effects on CFTR trafficking. Firstly, the use of 

cyclohexamide to inhibit protein synthesis of nascent CFTR would reveal whether 

the removal of CS-exposed CFTR from the plasma membrane is masked by 
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exocytosis. Secondly, an interesting study by Gergley Lukacs group utilized the pH-

sensitive fluorophore FITC conjugated to anti-mouse Fab
 and anti-HA primary 

antibody to label surface CFTR. The internalization of CFTR at real time in live cells 

was imaged. The presence of pH sensitive FITC allowed for the differentiation of 

the endocytic compartments by their specific internal pH (Barriere et al., 2009). This 

technique would be extremely useful to further analyze the internalization pathway 

of CS exposed CFTR in real time. Furthermore, monitoring the internal pH would 

provide critical information towards the function of these vesicles following CS. 

Since our laboratory has demonstrated that lysosomal pH is increased following CS 

exposure (unpublished data), determining pH changes in other endocytic vesicles 

would be extremely informative. Colocalization of CFTR with markers of the 

endoplasmic reticulum following CS exposure suggest that CFTR may be trafficked 

in retrograde manner from the plasma membrane to the endoplasmic reticulum. 

Surface labeling CFTR in this manner would also allow the visualization of 

retrograde trafficking of CFTR to the endoplasmic reticulum.  

Additionally, the presence of mature CFTR in the endoplasmic reticulum could 

be investigated by isolating the endoplasmic reticulum by differential centrifugation. 

Only immature, core glycosylated CFTR is typically found in the endoplasmic 

reticulum, so identification of mature, fully glycosylated CFTR here would be 

indicative of retrograde transport. However, it cannot be ruled out that CS may 

cause the removal of complex glycans from the extracellular face of CFTR, which 

would prevent the differentiation of nascent CFTR, and CFTR that has been 

trafficked to the plasma membrane and affected by smoke. Thus, control 

experiments, testing for the effects of CS on complex glycosylation must 

additionally be performed. 

Data in this thesis demonstrated that both CFTR and Orai1 are internalized by 

smoke, whilst Ano1 remains at the plasma membrane. Reproducing the data 

presented with Orai1 would allow determination of the cellular mechanisms behind 

Orai1 internalization and would determine whether Orai1 is internalized by the 

same mechanisms as CFTR, or whether the CS response of different plasma 

membrane proteins is more complex. Furthermore, although it has been 

determined previously that CS exposure does not affect SOCE (Rasmussen et al., 

2014). Functional experiments to determine the effects of Orai1 internalization on 

primary airway epithelial cells and in vivo may reveal pathologic effects of Orai1 

dysregulation in smokers and patients with COPD. 
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The constituents of CS are extremely complex with over 7000 compounds 

present in CS (USDHHS, 2010). It is therefore not surprising that the results 

presented in this study regarding the effects of CS on CFTR are themselves 

complex. Individual components of CS have been shown to have differing effects 

on CFTR and other CS-mediated responses (Alexander et al., 2012, Rennolds et 

al., 2010). For example, exposure of primary murine nasal septal epithelial cultures 

to concentrations of acrolein representative of concentrations of acrolein in the 

airways of smokers (~100 µM) surprisingly caused a significant increase in apical 

chloride secretion. However higher concentrations of acrolein (300 µM) actually 

inhibited FSK-mediated CFTR current (Alexander et al., 2012). Furthermore, 

cadmium decreases both total CFTR protein expression and biotinylated surface 

levels of CFTR in Calu-3 cells (Rennolds et al., 2010). CS is highly oxidizing 

(Cantin et al., 2006b), and oxidative stress decreases CFTR function (Cantin et al., 

2006a). Thus, screening other compounds found in CS should be performed to 

determine which constituents of CS are responsible for CS-induced internalization. 

Particularly since the mechanisms of CFTR internalization in response to smoke 

are extremely complex, as highlighted in this thesis, differing responses of CFTR to 

individual components of CS may provide further elucidation of the different cellular 

and endocytic components of CS-induced CFTR internalization. In addition to 

traditional cigarettes, new and emerging tobacco products are being produced at 

an extremely fast rate. E-cigarettes are becoming an extremely common form of 

smoking. They are promoted as safer than generic traditional cigarettes, and are 

even used as a tool to quit smoking in some countries (Rowell and Tarran, 2015). 

Investigation into the effect of e-cigarette smoke on CS-induced internalization 

would provide important predictions for the effects of e-cigarettes on lung function 

and mucus accumulation. 
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6.4  Final conclusions 

The present work has focused on assessing of the cellular mechanisms leading to 

internalization of CFTR by CS. Thus, we conclude that CS-induced internalization 

of CFTR is rapid, with a half-life of intracellular accumulation of 27.7 min. 

Furthermore, internalization of CFTR by CS does not require C-terminal endocytic 

motifs. However, an alternative signal by dephosphorylation of the protein leads to 

its internalization, which is preventable by forskolin-mediated phosphorylation. 

Much like native CFTR, CS-induced CFTR internalization occurs through a clathrin- 

and dynamin-dependent pathway, but once internalized, CFTR is trafficked in a 

retrograde manner, through the early and late endosomes and the Golgi apparatus 

to the endoplasmic reticulum. Further investigation of these mechanisms on the 

function of CFTR in a primary airway epithelial cell line or in mammalian tissue 

would provide useful insight into the role of these pathways in a more system which 

is more representative of CFTR pathophysiology in vivo, and provide a platform for 

the production of therapeutics to allow treatment CFTR dysfunction in smoking 

related airway disease.  
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