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Preface 

Cystic Fibrosis (CF) is the most common autosomic recessive disorder in the 

Caucasian population. It affects 1 in every 2500 to 6000 live births and the 

carrier frequency is of 1 in 25-30 individuals. The disease is characterized by 

progressive lung dysfunction (the main cause of mortality), pancreatic 

insufficiency, elevated sweat electrolytes and male infertility. Although lethal, 

life expectancy of CF patients has been greatly increased over the past 

decades due to better symptomatic treatments.  

The gene responsible for the disease was identified in 1989 and encodes 

the CF transmembrane conductance regulator (CFTR) protein. CFTR is a 

multi-functional protein that is present at the apical membrane of epithelial 

cells of the airways, intestine, sweat glands, pancreas and several other 

exocrine glands, where its major function is cAMP-activated chloride (Cl-) 

transport  

More than 1900 CFTR gene mutations have been associated with CF, but 

the predominant mutation, present in approximately 70% of CF 

chromosomes worldwide, is the deletion of a trinucleotide resulting in the 

loss of phenylalanine at position 508 (F508del) of the polypeptidic chain. 

Discovery of the CFTR gene has improved our understanding of CF 

pathophysiology and helped diagnosis, but has also shown the complexity of 

this disease, making CF one of the most intensively studied monogenic 

disorders.  

Despite the great advances in CF research, further studies on the 

expression, localization and traffic of CFTR are required for a full 

understanding of the mechanisms of the disease, for a better diagnosis and 

prognosis and ultimately for the finding of a cure. 
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The principal motivation when we started the present doctoral work was to 

gain further knowledge on CF pathophysiology through a contribution to the 

elucidation of the biogenesis, processing and trafficking of CFTR. The 

proposed studies aimed at the identification and characterization of the role 

of novel CFTR interacting proteins upon the cellular processes of trafficking 

and function, which could constitute novel therapeutic targets. In particular, 

we studied: Casein kinase II (CK2); Spleen tyrosine kinase (SYK); Lemur 

tyrosine kinase 2 (LMTK2); and ER-localized stress-associated protein 1 

(SERP1). 

Ultimately the findings included in this thesis add more knowledge to the CF 

field, highlighting new potential therapeutic targets for patients with cystic 

fibrosis and possibly also for other human disorders related to membrane 

proteins. 

 

A detailed overview of the literature is given in Chapter I. It focuses briefly on 

the history and clinical aspects of CF. Current research on the structure, 

function, localization, biosynthesis and trafficking pathways of the CFTR 

protein is also summarized. Finally the CFTR interacting proteins and the 

objectives of this work are presented. 

Chapter II presents the material and methods used in this work, mainly 

production of expression vectors to study CFTR and its interactors and 

biochemical analysis to characterize the processing and trafficking of the 

produced variants. 

The results obtained are presented in Chapter III, separated into three parts, 

one for each protein partner/set of partners studied: Part 1 - Casein kinase II 

(CK2) and Spleen tyrosine kinase (SYK); Part 2 - Lemur tyrosine kinase 2 

(LMTK2); and Part 3 - ER-localized stress-associated protein 1 (SERP1). 
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Chapter IV, the last of this thesis, provides a general discussion of the 

results, putting them in perspective. Perspectives for future work are also 

highlighted in this chapter. 

We conclude by putting the obtained results in a global perspective and by 

proposing continuation of these studies in future work. 
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Summary 

Cystic Fibrosis (CF) is the most common lethal monogenic autosomal 

recessive disease in the Caucasian population and is caused by dysfunction 

of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) 

protein, usually located at the apical membrane of epithelial cells. The most 

common disease-causing mutation, F508del, causes CFTR protein to be 

retained at the endoplasmic reticulum (ER) and targeted to proteasomal 

degradation. 

Despite great efforts to elucidate the mechanisms and the molecular 

partners involved in CFTR biogenesis, intracellular localization, trafficking 

and function, many processes are not fully understood. Protein kinases and 

phosphatases have long been known to regulate CFTR function. However, 

the role of phosphorylation in CFTR biogenesis and trafficking remains 

uncertain. In this doctoral work, we aimed at the identification and 

characterization of the role of four CFTR interacting proteins (three of which 

are novel interactors) upon the cellular processes of trafficking and function. 

In the first part of this work, we characterized the role of Casein Kinase II 

(CK2) in CFTR biogenesis. Our studies allowed us to identify CFTR tyrosine 

residue 512 (at NBD1) as a substrate for phosphorylation by SYK, a novel 

CFTR interactor in human epithelial respiratory cell lines whose 

phosphorylation is responsible for removing CFTR from the cell surface. 

However, this effect was shown to be partially reverted by WNK4 (Mendes et 

al., 2011). As inhibition of SYK also downregulates proinflammatory 

molecules, SYK is a potential new target to be knocked-down for CF.  

In the second part of this work, we studied another CFTR interacting partner: 

LMTK2, a kinase previously to phosphorylate CFTR residue S737 (Wang 

and Brautigan, 2006), and to interact with myosin VI, promoting the 

endocytic recycling pathway (Chibalina et al., 2007; Inoue et al., 2008). 
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Myosin VI and Dab2 also facilitate CFTR endocytosis by a mechanism that 

requires actin filaments (Swiatecka-Urban et al., 2004). Here we found that 

LMTK2 facilitates CFTR endocytosis and that this event may be related with 

the decision step between membrane recycling and targeting for degradation.  

Finally, SERP1 was found to be not only a novel negative regulator of ENaC 

but also a positive regulator of CFTR Expression.  

Altogether, these findings lead us to add further insight into the vast CFTR 

interactome (Hutt and Balch, 2010; Kunzelmann, 2001) and how each one of 

these partners regulates CFTR. We added new evidence to the role of 

phosphorylation in the “fine tuning”/modulation of CFTR levels at the plasma 

membrane. 

The usage of this mechanistic molecular knowledge is fundamental to 

identify relevant therapeutic targets and may thus contribute to the 

development of small molecules with the purpose of modulating their activity 

to the ultimate benefit of CF patients. 

 

Key words: CFTR, Cystic Fibrosis, Phosphorylation, Trafficking, 

Endocytosis, CK2, SYK, LMTK2, SERP1  
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Resumo 

A Fibrose Quística (FQ) é a doença autossómica recessiva letal mais 

comum na população Caucasiana com uma incidência de cerca de 1 em 

2500-6000 nascimentos e com uma frequência de portadores de 1 em 25 

indivíduos. Esta doença é caracterizada pela grave disfunção pulmonar 

causada pela acumulação de muco que tende a obstruir as vias 

respiratórias, resultando em infecções bacterianas recorrentes (descrito 

para >95 % dos pacientes). Para além destes ciclos de infecção 

característicos, que são a principal causa de morte, os sintomas incluem 

frequentemente insuficiência pancreática (~85 % dos pacientes), ileus 

meconial (5-10% dos pacientes), infertilidade masculina quase universal e 

elevadas concentrações salinas no suor. Esta última característica, que já 

era utilizada antes de ser clonado o gene responsável pela doença, 

mantém-se ainda hoje como o principal método de diagnóstico inicial 

indicativo de doença. 

A FQ é causada por mutações no gene CFTR (do inglês Cystic Fibrosis 

Transmembrane Conductance Regulator) que codifica para a proteína com 

o mesmo nome. A proteína CFTR é um membro da família dos 

transportadores ABC (ATP-Binding Cassette) e a sua função principal é o 

transporte de iões Cl- na membrana apical das células epiteliais de vias 

respiratórias, intestino, pâncreas e  glândulas de suor. 

Desde a clonagem do gene CFTR em 1989, foram já identificadas mais de 

1900 mutações causadoras de doença, embora o efeito celular/molecular da 

maior parte dessas mutações seja ainda desconhecido.  

Tal como os outros membros da família de transportadores ABC, a CFTR é 

uma proteína complexa, com múltiplos domínios. A cadeia polipeptídica é 

constituída por 1480 resíduos de aminoácidos que se agrupam em: (i) dois 

domínios transmembranares (MSD1 e MSD2), cada um com seis hélices α 
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que atravessam a membrana, responsáveis pela formação do poro do canal 

através do qual passam os iões Cl-, (ii) dois domínios de ligação a 

nucleótidos (NBD1 e NBD2) com capacidade de heterodimerização, que 

controlam a função do canal, e (iii) um domínio regulador (único na família 

de transportadores ABC) que contém numerosos resíduos fosforiláveis, 

mecanismo necessário para a ativação da CFTR. 

A função da proteína CFTR como canal de iões Cl- é regulada pelos níveis 

de ATP disponíveis no meio intracelular e pelo seu estado de fosforilação, 

catalisada pelo proteína cinase A (PKA), que por sua vez é regulado pelos 

níveis de cAMP.  

A mutação mais comum na FQ, encontrada em ~90 % dos pacientes em 

pelo menos um dos alelos, consiste na deleção de três nucleótidos, 

resultando assim na perda de um único resíduo de fenilalanina na posição 

508 da cadeia polipeptídica (F508del). A proteína mutada é retida no 

retículo endoplasmático, provavelmente devido à dificuldade em adquirir a 

sua conformação nativa e por isso em ultrapassar os mecanismos de 

controlo de qualidade que avaliam o estado de folding no retículo 

endoplasmático (RE). Esta retenção no retículo endoplasmático leva à sua 

rápida degradação pelo sistema ubiquitina-proteasoma. 

Uma vez que a proteína F508del-CFTR é parcialmente funcional quando 

consegue alcançar a membrana, um dos principais objectivos consiste em 

tentar ultrapassar o defeito de tráfego da proteína mutada, sobretudo 

através da identificação dos componentes moleculares responsáveis pela 

sua retenção no RE. A regulação do tráfego intracelular e da atividade da 

proteína normal e mutada implica uma complexa rede de proteínas, que 

incluem chaperones moleculares, glicosidases, cinases, transportadores e 

canais bem como a maquinaria basal de tráfego (GTPases, SNAREs e 

proteínas PDZ). 
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Neste estudo pretendeu-se identificar e caracterizar o papel de diferentes 

proteínas que interatuam com a proteína CFTR, afetando a sua biogénese, 

processamento, trafego e função.  

A primeira parte deste trabalho focou-se no papel do cinase II da caseína 

(CK2) e do tirosina cinase do baço (SYK) no tráfego e função da proteína 

CFTR.  A inibição do cinase CK2 leva não só a uma redução da função da 

CFTR como canal de cloreto, mas também a um decréscimo no 

processamento da proteína CFTR selvagem (não mutada).  

No presente trabalho, foram caracterizadas três possíveis locais de 

fosforilação da CFTR pelo CK2. Os resultados obtidos sugerem que a 

fosforilação no resíduo S422 contribui para a ativação do canal CFTR. Além 

disso, a possível fosforilação por este cinase em outros dois resíduos (S511 

e T1471) poderá ser responsável também pela regulação da CFTR. Dados 

bioquímicos indicam que o resíduo S511 não afeta nem o processamento 

nem a degradação da CFTR. No entanto, o resíduo T1471 parece ser critico 

para estes processos já que variantes CFTR com mutações neste resíduo 

parecem comprometer o tráfego da proteína CFTR para a membrana celular. 

Neste estudo, identificou-se também o tirosina cinase do baço (SYK) como 

um novo interatuante da CFTR. Observou-se ainda que o SYK fosforila in 

vitro o domínio NBD1 isolado no resíduo Y512. In vivo, esta fosforilação 

parece regular os níveis de CFTR na membrana celular, uma vez que 

mutantes CFTR neste levam a um aumento da quantidade de CFTR na 

membrana. A este resultado acresce o facto da inibição deste cinase 

provocar um aumento nas correntes de Cl-, indicando assim que a 

fosforilação por este cinase promove a remoção da proteína CFTR da 

membrana. Mais ainda se verificou que variantes do resíduo Y512 

aumentam a sensibilidade da CFTR a um inibidor específico da CK2, 

sugerindo assim uma interação funcional entre a SYK e a CK2, promovida 

por uma possível fosforilação hierárquica. Estes dados vêm assim indicar o 

cinase SYK como um possível novo alvo terapêutico para a CF, dados que 
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reforçam observações anteriores que indicam a inibição do SYK diminui a 

produção de moléculas pro-inflamatórias.  

Na segunda parte deste trabalho, pretendeu-se estudar o papel de um novo 

cinase, o tirosina cinase 2 de lemur (LMTK2), assim chamado dado a sua 

longa cauda intracelular, no tráfego da CFTR. Observações anteriores 

indicavam que este cinase fosforilava o resíduo S737 no domínio R. Além 

disso, a interacção já documentada do LMTK2 com a miosina VI sugeria um 

papel na endocitose da CFTR. Os resultados obtidos indicam que, para 

além deste cinase interatuar com a CFTR em células do epitélio respiratório 

humano, a diminuição dos seus níveis celulares (com siRNA) ou da sua 

atividade (por sobre-expressão de um mutante dominante negativo) reduz a 

taxa de endocitose da proteína CFTR e consequentemente aumenta os 

níveis de proteína na membrana celular.  Estas observações são 

confirmadas por dados com variantes CFTR mutadas no S737. Os 

resultados sugerem assim que o cinase LMTK2 facilita a endocitose da 

CFTR e que esta fosforilação pode eventualmente estar relacionada com o 

passo de decisão entre o reenvio para a membrana pelas vias de 

reciclagem ou  envio para degradação. 

Por último, estudou-se o papel da SERP1 (proteína associado ao stress do 

retículo endoplasmático) na biogénese da CFTR. Foi demonstrado que a 

SERP1 para além de diminuir a função do canal de sódio epitelial (ENaC) 

também reduz os seus níveis na membrana. Para além disso, os resultados 

deste trabalho mostram que a proteína SERP1 interage com a proteína 

CFTR e promove a sua ativação/estabilização. Estes resultados indicam 

assim que esta proteína é um bom alvo terapêutico já que neutraliza a 

hiperabsorção do ião sódio (Na+) – característica da fibrose quística - 

enquanto promove a secreção de Cl- através da CFTR. 

Em resumo, este trabalho doutoral demonstra a importância de 4 parceiros 

moleculares (3 dos quais aqui identificados pela primeira vez) para a 
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biogénese, tráfego e função da CFTR. O cinase CK2 e a proteína SERP1 

regulam da biogénese da CFTR e dos primeiros passos do seu tráfego ao 

longo da via secretora. Os passos mais tardios do tráfego da CFTR, em 

particular a modulação da quantidade de proteína presente na membrana 

celular, são regulados  pelos cinases SYK e LMYK2. E por último a função 

da proteína é regulada também pelos cinases CK2 e SYK. Neste trabalho a 

fosforilação é apresentada não só como um processo envolvido na ativação 

do canal mas também na biogénese, tráfego e, especialmente, estabilização 

na membrana. 

Os resultados aqui contidos contribuem para um maior e melhor 

conhecimento do interactoma da CFTR, permitindo a identificação de 

possíveis alvos terapêuticos, que possam vir a ser explorados e utilizados 

para a melhoria da qualidade de vida dos doentes com fibrose quística. 

 

Palavras-chave: CFTR, Fibrose Quística, Fosforilação, Tráfego, Função, 

CK2, SYK, LMTK2, SERP1. 
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Abbreviations 

% v/v Percentage expressed in volume/volume 

% w/v Percentage expressed in weight/volume 

A  Adenine residue 

aa Aminoacid 

ABC ATP-binding cassette 

AFT  Arginine-framed tripeptide 

AMPK  AMP-dependent protein kinase 

AP-2 Adaptor protein - 2 

ASL Airway surface liquid 

ATP  Adenosine triphosphate 

Band B Core-glycosylated CFTR, ER-specific 

Band C Fully-glycosylated CFTR, post-ER 

BHK Baby hamster kidney cells 

Bis-acrilamide N,N’-methylene-bis-acrilamide 

BSA Bovine serum albumin 

BT Biotinylated 

C Cytosine residue 

C-terminal Carboxyl-terminal 

CAL CFTR-associated ligand 

Calu-3 Human submucosal gland 

cAMP  Cyclic Adenosine monophosphate 

CAPs Channel-activating proteases 

cDNA mRNA-complementary DNA 

CF Cystic Fibrosis 

CFBE Cystic Fibrosis Bronchial epithelial cell line 

CFTR Cystic Fibrosis transmembrane condutance regulator protein 

CFTR  Gene encoding CFTR protein 

CHIP C terminus of HSC70-Interacting Protein 

Chk1 Checkpoint kinase 1 

Ci Curie unit 

CK2 Casein Kinase 2 
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Cl- Chloride ion 

COP Coat Protein Complex 

CTRL Control 

Dab2 Disabled homolog 2 

DAPI 4’-6-diamidino-2-fenilindone 

del Deletion 

DMAT 2-dimethylamino-4,5,6,7-tetrabromo-1H-benzimidazole  

DMEM Dulbecco's Modified Eagle Medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

dNTP Deoxynucleoside triphosphate 

DOC Sodium deoxycholate 

DOX Doxycycline 

dsDNA Double-stranded DNA 

DTT Dithiothreitol  
dTTP Deoxythymidine triphosphate 

E. Coli Escherichia coli 

ECL Extracellular loops 

EDEM ER degradation enhancer  

EDTA Ethylenediaminetetraacetic acid 

ENaC Epithelial sodium (Na) channel  

ER Endoplasmic reticulum 

ERAD Endoplasmic reticulum associated degradation 

ERQC ER quality control 

EtBr Ethidium bromide  

F508del Deletion of phenylalanine (F) residue at position 508 

FBS Fetal bovine serum  

FITC  Fluorescein isothiocyanate 

FL Full Length 

G Guanine residue 

GRASP Golgi reassembly stacking proteins 

GSH L-glutathione 

H441 Human bronchial epithelial cells 

hNBD1 Human NBD1 
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HRP Horseradish peroxidase 

Hsc heat shock cognate 

Hsp heat shock protein 

IB Immunoblot 

IBMX 3-isobutyl-1-methylxanthine 

ICL Intracellular loops 

IP Immunoprecipitation 
kb Kilobase (1000 base pairs) 

KD Kinase dead 

kDa Kilodalton 

LMTK2 Lemur Tyrosine Kinase 2 

MBD Myosin VI Binding Domain 

MCC Mucociliary clearance 

MEM Modified Eagle Medium 

MM Molecular Mass 

MMBD Minimal Myosin VI Binding Domain 

mRNA  Messenger RNA 

MSD Membrane spanning domain 

MTX  Methotrexate 

N-terminal Amino-terminal 

Na+  Sodium ion 

NBD Nucleotide binding domain 

NDPK Nucleoside diphosphate kinase  

NHE3 sodium–hydrogen exchanger 3 

NHERF1/2  Na+/H+ exchanger regulatory factor ½ 

PAGE Polyacrilamide gel electrophoresis  

PBS Phosphate buffer saline 

PCR Polymerase chain reaction 

PDZ PSD-95 – DLG-1 – ZO-1 

PKA Protein Kinase A 
PKC Protein Kinase C 

PM Plasma membrane  

RAMP4 Ribosome associated membrane protein 

RNA Ribonucleic Acid  
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RT Room temperature 

RT-PCR Reverse transcriptase polymerase chain reaction 

SDS Sodium dodecyl sulphate 

SERP1 Stress-associated endoplasmic reticulum protein 1 

siRNA  small interfering RNA 

SNARE 
Soluble N-ethylmalemide-sensitive factor attachment  

protein receptor 

SYK Spleen Tyrosine Kinase 

T Timine residue 

TBB tetrabromobenzotriazole, specific CK2 inhibitor 

TCA Trichloroacetic acid 

TD Tail Domain 
TEMED N,N,N,N’-tetramethylethylenediamine 

TER Transepithelial resistance 

TM Transmembrane domain 

Tris Tris(hydroxymethyl)aminomethane 

Tween 20 Polyoxyethylene (20) sorbitan monolaurate 

UGGT UDP-glycoprotein glucosyltransferase  

UPP Ubiquitin–proteasome pathway  

UV Ultraviolet 

VTC Vesicular-tubular clusters 

WB Western blot tecnique 

WCL Whole cell lysate 

wt Wild type 
YDSI Tyrosine-based internalization motif 
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Chapter I – Introduction 

1. Cystic Fibrosis 

Cystic Fibrosis (CF) is the most common lethal autosomic recessive disorder 

in the Caucasian population, affecting 1 in 2500 to 6000 new-borns, being 

the carrier frequency of 1 in 25 to 40 individuals (Collins, 1992). 

The most predominant clinical features of CF are dominated by involvement 

of the respiratory tract, with obstruction of the airways by thick, and viscous 

mucus and subsequent bacterial infection, especially with Pseudomonas 

species (Collins, 1992). The defect in mucociliary clearance, caused by the 

thickness of the mucus, leads to recurrent bacterial infections that together 

promote a chronic inflammatory state of the airways. Altogether, these 

events contribute to progressive respiratory disease and lung failure and 

ultimately to death (Zielenski and Tsui, 1995). There are other CF symptoms 

also related to mucus obstruction in the duct of different organs. 85% of the 

patients exhibit pancreatic insufficiency as a result of the obstruction of the 

pancreatic ducts that leads to the destruction of exocrine function. Moreover, 

5 to 10% of CF newborns present a form of intestinal obstruction called 

meconium ileus, which has to be surgically treated (Collins, 1992). In adult 

patients, infertility is almost universal in males and quite frequent in females 

(Collins, 1992; Davies et al., 2007). Furthermore, CF patients have an 

abnormally high concentration of salt in the sweat, which is the basis for the 

most common method of diagnosis, the sweat test (Davies et al., 2007). 

Although many aspects related with CF had been described for centuries, 

the first detailed clinical description of CF came out in the 1930’s, when 

Dorothy Andersen completely described the disease, its symptoms and the 

changes it causes in different organs (Zylberberg and Delchier, 1993). In the 

following years, interest in CF research increased and it was shown that the 

balance of salt and water absorption is important in the regulation of the 
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airway surface liquid (ASL) layer, contributing to the mucus composition. 

Nasal and bronchial epithelia of CF patients were described as having 

abnormalities that reflect an altered ion transport, especially, in the decrease 

of chloride (Cl-) permeability across the sweat gland duct as well as in 

respiratory epithelial cells (Knowles et al., 1983). 

However, the major step was achieved in 1989, with the identification of the 

gene responsible for CF. This gene encodes a protein named cystic fibrosis 

transmembrane conductance regulator (CFTR) (Riordan et al., 1989). CFTR 

was later shown to function as a chloride (Cl-) channel (Welsh et al., 1992), 

confirming that CF is caused by a defect in Cl- transport across the epithelial 

tissues. Up to this moment, there are more than 1900 mutations described in 

CFTR gene, most of which presumed to be CF-causing 

(http://www.genet.sickkids.on.ca/StatisticsPage.html). However, a single 

mutation – the deletion of the phenylalanine (Phe) residue at position 508  

(F508del) – is present in 90% of CF patients in at least one allele, thus 

constituting the most common disease-causing mutation.  

Since the identification of the gene, significant progress has been made in 

understanding the molecular mechanisms of the disease in order to draw up 

better therapeutic strategies. Current therapies treat the symptoms of CF 

disease, including antibiotics, anti-inflammatory agents, mucolytics, 

nebulized hypertonic saline, pancreatic enzyme replacement, and lung 

transplantation. However, there is an increased interest in therapies that 

treat the pathogenic mechanisms of CF or correct the basic defect 

responsible for the loss of CFTR function (Cuthbert, 2011; Lukacs and 

Verkman, 2012). 
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2. CFTR 

The CFTR gene is located at band 31 in the long arm of chromosome 7 

(7q31). It is a very long gene, comprising 27 exons and spanning a region of 

approximately 190 kb.  This gene is transcribed into a 6.2 kb mRNA, 

responsible for the synthesis of a protein with 1480 amino acid (aa) residues 

(Zielenski and Tsui, 1995). 

According to its structure, CFTR is a member of the ATP-Binding Cassette 

(ABC) transporter family. Typically ABC transporters use ATP hydrolysis 

energy to pump different substrates, such as ions, vitamins, drugs, toxins, 

peptides, proteases, etc, across biological  membranes. CFTR protein is the 

only inorganic ion channel in this family, and exhibits an atypical ABC 

transporter structure resulting in a tightly regulated Cl- channel at the apical 

membrane of exocrine epithelial cells (George and Jones, 2012; Higgins, 

1992). 

 

2.1. Structure and Folding 

Similarly to other ABC transporters, CFTR is composed of two nucleotide 

binding domains (NBDs), termed NBD1 and NBD2, that contain sequences 

predicted to interact with ATP, and two membrane spanning domains 

(MSDs), MSD1 and MSD2, each one composed of six transmembrane 

segments and responsible for the formation of the channel pore (Kim Chiaw 

et al., 2011). MSDs are linked by 6 extracellular loops (ECL) (the fourth of 

which possesses two consensus N-glycosylation sites) and 4 intracellular 

loops (ICL).  

CFTR is however distinct in that it possesses a regulatory domain, R domain, 

between NBD1 and MSD2, containing multiple consensus phosphorylation 

sites and a large proportion of charged aminoacid residues (Figure I.1).  
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Figure I.1: Model of the CFTR protein structure at the plasma membrane. (from 
(Kim Chiaw et al., 2011)) 

 

CFTR biogenesis occurs at the endoplasmic reticulum (ER), and requires 

coordinated folding of individual domains. The correct assembly of MSDs 

and NBDs into the final folded structure of CFTR is facilitated by many 

cytosolic and luminal chaperones (Amaral, 2004). If CFTR fails to achieve its 

native fold, it is disposed of by ER-associated degradation (ERAD) via the 

ubiquitin–proteasome pathway (UPP). (Section 3.1 Biogenesis, Processing 

and Trafficking).  

Molecular modelling, using bacterial ABC transporters as templates, has 

provided insights into the three dimensional domain-swapped architecture of 

CFTR (Mornon et al., 2009; Serohijos et al., 2011). In accordance with that, 

CFTR exhibits a complex domain swap structure in which two MSDs are 

twisted around a central ion-conducting pore (Figure I.2a) (Kim and Skach, 

2012) 
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Figure I.2: CFTR predicted structure and folding model. (a) Homology model of 
human CFTR in the outward-facing configuration. The NBDs, R domain and MSDs 
of CFTR are color coded, and the F508 amino acid residue is indicated. The 
interface between the NBDs and the MSDs formed by the intracellular loops (ICLs) 
1–4 are shown in the insert. (from (Lukacs and Verkman, 2012) (b)  Step-wise 
CFTR folding pathway. WT CFTR proper folding from co-translationally folding as 
individual domains to mature tertiary structure. F508del CFTR disturbs interactions 
between NBD1 and ICL4, compromising domain–domain assembly (from (Kim and 
Skach, 2012)). 
 

 

a. 

b. 
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Moreover, it is predicted that the different ICLs interact with NBDs. More 

specifically, the helixes of intracellular loops 4 (ICL4) and 1 (ICL1) in MSD2 

and MSD1, respectively, establish an interaction with NBD1 while NBD2 

associates with ICL2 and ICL3 of MSD1 and MSD2, respectively (Figure I.1 

and I.2a) (Lukacs and Verkman, 2012). These interfaces not only serve to 

relay ATP-dependent conformational changes of the NBDs to the MSDs, 

which are involved in chloride channel gating, but also appear to have a 

crucial role in CFTR biogenesis. 

It is now evident that correct folding of individual CFTR domains is required 

for proper domain assembly, and vice versa. Among these processes, NBD1 

folding, which is disrupted by F508del CFTR, has received particular 

attention. Incorrect folding of CFTR bearing F508del is predicted to occur 

through disruption of the NBD1-ICL4 and ICL1 interface, that leads to an 

improper domain assembly with conformational destabilization of the MSDs 

and NBDs (Figure I.2b) (Lukacs and Verkman, 2012).  

 

2.2. Function 

Even before the cloning of the gene, CF was already associated with a 

defect in Cl- secretion. Since then, CFTR has been described to be involved 

in several other cellular activities, among which Cl- transport is still the most 

relevant. 

2.2.1. CFTR as an ion channel 

CFTR plays a critical role in fluid and electrolyte transport across epithelial 

membranes. Chloride flow through the CFTR pore is controlled by the 

balance of kinase and phosphatase activity within the cell and by cellular 

ATP levels (Sheppard and Welsh 1999).  The opening and closing of the 

CFTR Cl- channel is firstly caused by phosphorylation of multiple serine 

residues within the R domain, by cAMP-dependent protein kinase (PKA). 
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Once the R domain is phosphorylated, CFTR function and channel gating is 

regulated by a cycle of ATP hydrolysis at the NBDs. Finally, protein 

phosphatases dephosphorylate the R domain and return the channel to its 

quiescent state. (Hwang and Sheppard, 2009; Kirk and Wang, 2011; 

Sheppard and Welsh, 1999) (Figure I.3).  

 

Figure I.3: Simplified model for CFTR-dependent Cl- ion permeation through 
the plasma membrane. The CFTR Cl- channel is regulated by phosphorylation and 
intracellular ATP. This simplified model shows a CFTR Cl- channel under quiescent 
and activated conditions. P- phosphorylation of the R domain; Pi- Inorganic 
phosphate; PKA- cAMP-dependent protein kinase; PPase- protein phosphatase 
(from (Hwang and Sheppard, 2009)) 
 

CFTR also plays an important role in HCO3
− secretion because it is 

permeable to the anion and because it probably stimulates Cl−/HCO3
− 

exchangers. The most obvious manifestation of the loss of this function is 

the impaired pancreatic HCO3
− secretion in patients, but also a reduction in 

the pH of the epithelial surface liquid of other tissues (Riordan, 2008; Wright 

et al., 2004). 
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2.2.2. Other functions of CFTR 

In addition to its well-established function as an ion channel, CFTR has been 

proposed to have many other roles with either direct or indirect impact on a 

variety of different cellular proteins. The most well-known channel regulated 

by CFTR is the Epithelial Na+ Channel (ENaC). ENaC is believed to be 

involved in the continued or enhanced Na+ absorption, primarily responsible 

for the dehydration of the airway surface, which impairs mucociliary 

clearance (Riordan, 2008). When CFTR is activated, the expected increase 

in Cl– conductance is paralleled by a decrease in the amiloride-sensitive Na+ 

conductance. This suggests that activation of CFTR down-regulates ENaC 

and that this down-regulation is affected in CF. Currently, several 

hypotheses which might account for these findings are being examined: (1) 

direct ENaC-CFTR binding; (2) interaction via a third protein and (3) 

regulation by a cytosolic ion sensor (Collawn et al., 2012; Faria et al., 2012; 

Greger et al., 2001). 

CFTR has also been shown to be involved in the regulation of other ion 

channels, such as potassium (K+) channels and water channels such as 

aquaporins. Other events to which CFTR seem to be somehow related are 

the regulation of exocytosis/ endocytosis and the regulation of ATP export 

(Greger et al., 2001).  

 

3. CFTR life cycle – from biogenesis to degradation 

Like most membrane proteins entering the secretory pathway, CFTR 

assembly begins with synthesis and folding in the ER where it is core-

glycosylated (Cheng et al., 1990). The immature ER form of CFTR, usually 

termed band B on Western blots, has a molecular mass of about 140 kDa 

(Figure I.4). Once checked for its correct folding, the core-glycosylated form 

of wild type CFTR (wt-CFTR) traffics to the Golgi complex where it 
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undergoes further glycosylation and gradually reaches its mature form, 

known as band C (170-180 kDa) (Figure I.4). (Cheng et al., 1990) 

 

 
 
Figure I.4 – Western blot of CFBE41o- cells expressing wt- and F508del-CFTR. 
Cartoons with permission, Amaral M.D., unpublished; own blot images. 
 
 

Because F508del CFTR results in a misfolded protein that leads to its 

retention in the ER and early degradation, biogenesis, processing and 

intracellular trafficking of CFTR have been extensively studied (Gentzsch et 

al., 2004).   

 

3.1. Biogenesis, processing and trafficking  

Co-translational folding of CFTR that starts at the ER (Farinha et al., 2002; 

Glozman et al., 2009) is an inefficient, slow and complex process whereby 

the nascent polypeptide is concomitantly folded and inserted into the ER lipid 

bilayer. Not surprisingly, ~55-80% of the newly synthesized wild-type CFTR 

protein is improperly folded and targeted to the cytoplasmic proteasome for 

degradation in human cells (Amaral, 2005) 
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During the co- and post-translational folding, CFTR binds to several cytosolic 

and ER resident molecular chaperones as well as ubiquitin ligase enzymes. 

Interaction with chaperones and co-chaperones not only prevents the protein 

from aggregation, but also facilitates its folding, as well as the degradation of 

non-active conformers (Barriere et al., 2006; Farinha et al., 2002). 

The chaperones Hsc70 (Heat shock cognate, 70 kDa) and Hsp70 (Heat 

shock protein, 70 kDa) bind to the polypeptidic chain, co-translationally, and 

assist the protein to acquire the proper folding. (Figure I.5). The presence of 

Hsp40 is required for CFTR stabilization and the prolonged retention of 

unfolded protein (F508del-CFTR, for instance) in the Hsc70 system targets it 

to degradation at an early folding checkpoint, involving CHIP and UbcH5a. 

(Farinha and Amaral, 2005; Farinha et al., 2002).  

CHIP promotes ubiquitylation and degradation of misfolded CFTR in 

association with the cytosolic E2 ubiquitin conjugating enzyme UbcH5a. 

(Ameen et al., 2007) 

It seems to be particularly difficult for CFTR to achieve a conformational 

state that fulfils all criteria that are necessary to proceed through the 

secretory pathway. While other ABC transporters, such as P-glycoprotein, 

mature and reach the membrane with great efficiency, CFTR matures 

inefficiently, with only 30% achieving the mature form in heterologous 

expression systems (Riordan, 2008), a proportion that is, however, 

dependent on the cellular model used. 

The core glycosylation of CFTR, that occurs co-translationally, consists in 

the addition of a 14-unit oligosaccharidic branched structure to ER lumen-

exposed consensus sequences (Asn-X-Ser/Thr) in the nascent polypeptidic 

chain. These glycans are responsible for the interaction between the protein 

and different lectins (in particular, calnexin), most of which participate in the 

ER quality control (ERQC). (Amaral, 2005; Glozman et al., 2009)  
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Export from the ER involves additional checkpoints, namely the arginine 

framed tripeptide (AFT)-mediated retrieval/retention. In fact, it was shown 

that simultaneous mutation of 4 AFTs present in CFTR sequence allows 

F508del-CFTR to partially escape to the plasma membrane. (Figure I.5) 

(Amaral, 2005; Cheng et al., 1999; Farinha and Amaral, 2005; Roxo-Rosa et 

al., 2006). Finally, CFTR exit from the ER is also dependent on the presence 

of a di-acidic motif that is essential for its association with Sec23/24, from the 

COPII machinery, and thus inclusion in trafficking vesicles (Roy et al., 2010; 

Wang et al., 2004). 

If CFTR is correctly folded it proceeds to the secretory pathway, while 

misfolded CFTR is identified by the ERQC and degraded by the ubiquitin-

proteasome pathway (UPP). (Amaral, 2005) 

 

Figure I.5. Model of CFTR Biogenesis. CFTR is inserted in the ER membrane and 
binds Hsc70/Hsp40, and retention leads to proteasomal degradation, mediated by 
Hsc70-Chip-UbcH5a. Several rounds of glucose binding/release constitute the 
second checkpoint. When correctly folded, CFTR leaves the ER and proceeds to the 
secretory pathway, after being accessed for its folding at the last checkpoint. 
Adapted from (Farinha and Amaral, 2005) 
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The secretory pathway of eukaryotic cells is the sequential movement of a 

protein transported from the ER through the cis, medial and trans cisternae 

of the Golgi apparatus. Conventionally, CFTR and other proteins of the 

secretory pathway interact with components of the COPII coat machinery 

forming vesicular-tubular clusters (VTCs), which are then delivered at cis-

Golgi. At this state VTC-dependent recycling or COPI-independent retrieval 

may occur. However, the transport of cargo from VTCs along the Golgi is 

controversial, and Bannykh et al suggested that VTCs may bypass the cys- 

and medial-Golgi and reach the trans-Golgi or even endosomes (Bannykh et 

al., 2000). Recently, it was proposed that ER stress-associated signals and 

Golgi reassembly stacking proteins (GRASPs) play critical roles in the 

unconventional surface transport of core-glycosylated wild-type (WT) and 

F508del -CFTR. In this study GRASPs were proposed to be one of the 

tethering factors that (1) are involved in the ER stress-induced 

unconventional secretion, (2) specifically associate with cargo molecules 

through their PDZ domains, and (3) are activated by specific upstream 

kinases (Gee et al., 2011). 

 

3.2. Endocytosis, Recycling and degradation 

The population of wt-CFTR that reaches Golgi and post-Golgi compartments 

is quite stable. The CFTR pool at the cell membrane results from a balance 

between internalization through clathrin-coated endocytic vesicles, that 

occurs rapidly at a rate of 10% per minute, and recycling to the cell surface 

or targeting to lysosomal degradation (Riordan, 2008; Sharma et al., 2004) 

(Figure I.6). 
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Figure I.6: Model showing involvement of various proteins in CFTR (orange 
oval ring) endocytosis and recycling from (Guggino and Stanton, 2006)	  

 

Both wild type or membrane-rescued mutant protein that have reached the 

cell surface are endocytosed, the later much more rapidly than the former. 

The biochemical half-life of plasma membrane F508del-CFTR is about 4 

hours whereas the biochemical half-life of plasma membrane wild-type 

CFTR exceeds 48 hours. This instability must be due to more rapid 

internalization of mutant protein and/or its selective targeting for rapid 

degradation. Moreover, F508del-CFTR recycling is attenuated by nearly 

fivefold as compared with the wt, suggesting that misfolding CFTR has a 

major impact on the sequestration of CFTR at the early endosome (Heda et 

al., 2001; Sharma et al., 2004; Swiatecka-Urban et al., 2005). 

CFTR endocytosis from the apical plasma membrane occurs through a 

clathrin dependent process that requires dynamin (for vesicle fission) and 

the µ subunit of the AP-2 adaptor complex which mediates interaction 

between the YDSI endocytic motif on CFTR and the clathrin lattice. The 
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endocytosis of CFTR also requires myosin-VI, a molecular motor that drives 

cargo to the minus (i.e., inwardly directed) end of F-actin (Weixel and 

Bradbury, 2001). 

Many membrane transport proteins are rapidly recycled between intracellular 

vesicles and the cell surface, whereas others have a long residence on the 

plasma membrane. Recycling of membrane proteins serves several 

functions: (i) it allows receptors to internalize ligands, such as nutrients, 

hormones and toxins, (ii) recycling also allows cells to regulate the steady-

state levels of proteins by altering the relative rates of endocytosis and 

exocytosis and (iii) recycling of membrane proteins also protects them from 

degradation, allowing them to return to the plasma membrane (Ameen et al., 

2007) 

CFTR trafficking is also modulated by several members of the RabGTPase 

family , as well as PDZ (termed for the first 3 proteins containing these motifs 

- postsynaptic density-95, discs large, zona occludens-1) binding proteins 

that have been described to inhibit CFTR endocytosis from the plasma 

membrane, and to facilitate recycling of internalized CFTR from early 

endosomes (Ameen et al., 2007; Guggino and Stanton, 2006). Recently 

Moniz et al showed that restoration of F508del-CFTR at plasma membrane 

by correctors can be dramatically improved through a novel pathway 

involving stimulation of signalling by the endogenous small GTPase Rac1 via 

hepatocyte growth factor (HGF) (Moniz et al., 2012), that stabilizes CFTR at 

the membrane. 

Degradation of the membrane forms of CFTR, that occur subsequently to its 

internalization, is mediated by Rab7 GTPase that brings CFTR from the 

early endosome to the lysosome (Figure I.6) (Ameen et al., 2007; Guggino 

and Stanton, 2006). 

In summary, in the CFTR “life cycle”, there are four groups of events that can 

be identified (Figure I.7): (i) CFTR is translated in the endoplasmic reticulum 
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(ER) where core sugars are added to the protein. Wild type CFTR traffics to 

the trans Golgi network where the core sugars are modified into complex 

carbohydrates, and then trafficked to the apical plasma membrane; (ii) CFTR 

is efficiently removed from the cell surface by clathrin mediated endocytosis 

using trafficking signals embedded in the amino acid sequence of CFTR; (iii) 

from endosomes, CFTR can recycle back to the cell surface in a direct 

manner, or via recycling endosomes; (iv) internalized CFTR can be directed 

to lysosomes for degradation; (v) most F508del-CFTR is recognized as 

misfolded by the ER quality control and targeted for proteosomal 

degradation. 

 

 

Figure I.7: Model showing main trafficking pathways taken by wild-type and 
F508del-CFTR (Ameen et al., 2007). 
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4. CFTR Interacting Proteins 

Physical and functional interactions between CFTR and an ever-increasing 

number of proteins, including transporters, ion channels, receptors, kinases, 

phosphatases, signaling molecules, and cytoskeletal elements is extensively 

documented. In fact, several of these binding partners have been shown to 

play an important role in regulating not only CFTR-mediated transepithelial 

ion transport but also its biogenesis and trafficking. Most of this knowledge 

comes from individual studies identifying and characterizing the role of 

several protein partners in CFTR biogenesis and function (see below) but 

also large scale studies aimed at characterizing global protein interactions 

involved in CFTR trafficking and function in the exocytic and endocytic path-

ways (Wang et al., 2006). 

 

4.1. Chaperones and ER quality control machinery 

The first proteins included in the so-called CFTR interactome are related to 

its early biogenesis, folding and maturation (see above section 3.1.). During 

CFTR synthesis, transmembrane domains are integrated into the ER 

membrane by the Sec61 translocon, and cytosolic/lumenal chaperones 

initiate binding to the nascent unfolded polypeptide. ATP-dependent 

Hsp40/70 cycling results in the recruitment of HOP, p50/Cdc37, and p23, 

which stimulate loading of client-specific (Amaral, 2004; Farinha and Amaral, 

2005; Farinha et al., 2002; Skach, 2006) Hsp90 complexes that facilitate 

maturation of the CFTR fold. Hsp90 ATPase activity is stimulated by Aha1 

and late complexes are released to allow CFTR packaging into ER export 

vesicles (Skach, 2006; Wang et al., 2006).  

Glycosylation-related chaperones are also relevant among CFTR interactors 

at the ER, particularly calnexin (Rosser et al., 2008). Monoglycosylated 

CFTR interacts with calnexin, passing through the calnexin cycle. In general, 
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folding status of glycoproteins can be assessed by UDP-glycoprotein 

glucosyltransferase (UGGT), that is able to promote its reglucosylation and 

thus reentry into the cycle (Dejgaard et al., 2004).  Prolonged presence in 

this cycle may cause misfolded CFTR to be recognized by a lectin ER 

degradation enhancer (EDEM), that targets it to proteasomal glycoprotein 

endoplasmic reticulum-associated degradation (GERAD) (Farinha and 

Amaral, 2005).  

 

4.2. Golgi glycan processing enzymes and trafficking 
machinery 

CFTR is exported from ER to the Golgi in Coat protein complex-II (COPII)-

dependent vesicles. Binding of COPII to F508del-CFTR is another step that 

was described to be disrupted, further contributing to the lack of membrane 

expression of the misfolded protein (Wang et al., 2004). 

During its trafficking through the Golgi, CFTR is substrate for multiple 

glycosidases and glycosyltransferases that modify its glycan moieties 

(Jackson, 2009), resulting in the formation of complex glycans, associated 

with an increase in protein molecular weight.  

Trafficking through the Golgi is also regulated by CAL (CFTR-associated 

ligand), a Golgi associated PDZ protein. CAL was shown to interact with a 

SNARE protein (Syntaxin 6), suggesting its involvement in vesicle trafficking 

(Cheng et al., 2004). Furthermore, CAL reduces CFTR currents and surface 

expression of CFTR, suggesting that CAL causes a reduction in the number 

of CFTR channels in the plasma membrane and facilitates trafficking of 

CFTR to lysosomes (Guggino and Stanton, 2006; Li and Naren, 2010).   
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4.3. Membrane stability and cytoskeleton 

Among the multiple reported CFTR interactions, many seem to be mediated 

through physical interaction with the cytosolic amino and carboxyl terminal 

tails of CFTR, especially the ones involved in regulating CFTR stability at the 

plasma membrane (Li and Naren, 2010) (Figure I.8). 

 

 

Figure I.8: CFTR interacting proteins that regulate its activity at the plasma 
membrane. Several proteins interact directly or indirectly with CFTR, including 
protein phosphatase-2A (PP2A), AMP kinase (AMPK), syntaxin-1A (SYN1A), 
synaptosome-associated protein, 23 kDa (SNAP23) and Munc-18a. These proteins 
inhibit channel activity and reduce CFTR-mediated Cl– secretion across the apical 
plasma membrane in epithelial cells. Other CFTR-interacting proteins that enhance 
CFTR activity, either directly or indirectly, include Na+/H+ exchanger regulatory factor 
isoform-1 (NHERF1), receptor for activated C-kinase-1 (RACK1), protein kinase C 
(PKC), protein kinase A (PKA) and ezrin. ERM (ezrin, radixin, moesin binding 
domain) PIP2, (phosphatidylinositol bisphosphate) from (Guggino and Stanton, 2006) 
 
 

SNAREs (Soluble N-ethylmalemide- sensitive factor attachment protein 

receptors) are a group of proteins that mediate membrane fusion and vesicle 

trafficking by assembling into complexes between two specific vesicular and 

target SNAREs. The two SNARES SNAP23 and SYN1A have been 

described to interact with the N terminus of CFTR (Figure I.8). The N 

terminus of CFTR modulates PKA-mediated CFTR activation by interacting 

with the R domain and NBD1 of CFTR – and these interactions cooperatively 
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reduce the capacity of PKA to activate CFTR, thus down-regulating its 

function (Li and Naren, 2005). Another member of the t-SNARE sub- family, 

SYN8, binds to the N terminus and perhaps to the R domain of CFTR and 

inhibits exocytosis, thereby reducing the levels of CFTR in the plasma 

membrane (Guggino and Stanton, 2006). Therefore, SNAREs have an 

important physiological role in the regulation of CFTR activity, by reducing 

either the capacity of PKA to activate CFTR and the abundance of CFTR at 

plasma membrane. 

Besides this role of the amino terminal tail in coupling CFTR to the 

membrane traffic machinery proteins, the opposing extreme carboxyl 

terminal tail is also essential for CFTR membrane stability, due to the 

presence of a motif that binds to proteins that contain a PDZ domain (Li and 

Naren, 2011). 

PDZ domains are one of the most common modules found in mammalian 

proteins and mediate protein–protein interactions by binding to short peptide 

sequences, most often in the C termini of target proteins. Interaction with 

PDZ proteins influence the localization of many proteins in polarized cells, 

control channel and transporter function and regulate endocytic trafficking 

(Guggino and Stanton, 2006). 

Different PDZ proteins have been reported to bind to the C-terminal tail of 

the CFTR polypeptide with various affinities: Na+/H+ exchanger regulatory 

factor isoform-1 (NHERF1, also known as ezrin-binding protein), NHERF2, 

CAP70 (CFTR-associated protein, also known as NHERF3) etc. (Li and 

Naren, 2005). It has been reported that the ERM domain within the C-

terminal tails of NHERF1 and NHERF2 tether NHERF1 and NHERF2 to the 

cortical cytoskeletal elements via binding to ezrin (Moniz et al., 2012). 

Moreover, NHERF1 and CAP70 increase the single-channel activity of CFTR 

and stimulate CFTR Cl– permeability by stimulating CFTR dimerization 
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facilitating CFTR intermolecular interactions, which will alter channel 

conformation and activity (Li and Naren, 2005). 

Another class of CFTR interactors, relevant for its stability at the plasma 

membrane are Rab GTPases (see above section 3.2).  At the endosomes, 

Rab-7 negatively regulates its channel activity by physically interacting with it 

and impairing it from reaching the plasma membrane, thus increasing 

internal or cytosolic CFTR pool (Guggino and Stanton, 2006). Moreover, 

CFTR is delivered to the cell surface mainly via Rab-4 and/or Rab-11 -

dependent mechanisms (Gentzsch et al., 2004; Saxena and Kaur, 2006). 

Endogenous Rab-11 also forms a complex with Myosin Vb which facilitates 

recycling of CFTR from recycling endosomes to the apical plasma 

membrane in polarized epithelial cells.(Swiatecka-Urban et al., 2007) 

Thus, interactions of CFTR with different components of the trafficking 

machinery regulate either the number of functional CFTR channels at the 

apical membranes, the functional activities of those channels within this 

membrane, or both. 

	  
4.4. Role of phosphorylation in CFTR 

Besides all the physical interactions occurring at N- and C-terminal sites of 

CFTR and those regulating specific steps of its biogenesis and trafficking, 

interactions with protein kinases and protein phosphatases have long been 

known to regulate CFTR function.  

Phosphorylation of CFTR (mainly at the RD) is required for its activation and 

it involves protein kinases A (PKA) and C (PKC) (Alzamora et al., 2011). 

CFTR gating requires both PKA-dependent phosphorylation of the R domain 

and ATP binding and subsequent hydrolysis at the NBDs. Furthermore, 

PKC-dependent phosphorylation at multiple sites is necessary for full PKA-

dependent activation of CFTR. Conversely, the metabolic sensor AMP-
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activated protein kinase (AMPK) binds to the C-terminal tail and 

phosphorylates CFTR, which inhibits PKA-stimulated CFTR channel gating. 

Furthermore, an inhibitory PKA site on the R domain of CFTR, Ser768, 

appears to be the dominant site of AMPK phosphorylation in vitro. (Alzamora 

et al., 2011; Guggino and Stanton, 2006; Hegedus et al., 2009). Together 

with PDZ domain-containing proteins, CFTR phosphorylation is responsible 

for the formation of multiprotein signalling complexes that provide spatial and 

temporal specificity to its function (Guggino and Stanton, 2006). 

 

Overall, CFTR is more than an ion channel as it regulates epithelial ion 

transport in many organs. Thus, it is crucial to maintain CFTR at the plasma 

membrane and for this the cells exhibit an accurately regulated trafficking 

machinery in order to control CFTR density at the cell surface. CFTR 

interactors are the main “regulators” of CFTR trafficking and membrane 

stability. Many of these interactors are kinases and phosphatases. CFTR 

phosphorylation may thus not only regulate its function directly but may also 

alter protein interactions and thereby affect the distribution of CFTR between 

the membrane and intracellular compartments. Therefore, it is very important 

to characterize specific components of trafficking machinery involved in 

CFTR “life-cycle”, thus contributing to the identification of potential 

therapeutic targets whose modulation might ultimately be manipulated for 

the benefit of CF patients.  
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5.  Objectives 

Many processes that involve CFTR during its complex “life-cycle” within the 

cell and the specific interactors that regulate those processes are still poorly 

understood. Thus, the present doctoral work aimed at characterizing new 

molecular partners involved in the biogenesis, processing and trafficking of 

CFTR.  

In order to achieve this overall goal, work was carried out focussing on the 

characterization of the role of novel CFTR interacting proteins, in particular: 

a. Casein kinase II (CK2) and Spleen tyrosine kinase (SYK);  

b. Lemur tyrosine kinase 2 (LMTK2); and 

c. Stress-associated endoplasmic reticulum protein 1 (SERP1). 

These studies are expected to contribute to the elucidation of the role of 

novel molecular switches for CFTR, either at the cell membrane or at prior 

steps along the secretory pathway – possibly as relevant links in a complex 

network of protein interactions.  

Furthermore, clarification of these steps involving the biogenesis, ER exit, 

trafficking and membrane activity of CFTR will give insight into the 

correspondent mechanisms for other membrane proteins. This contribution 

will add more knowledge to the discovery of new potential therapeutic 

targets for the treatment of patients with cystic fibrosis or other human 

disorders related to membrane proteins. 
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Chapter II – Materials and Methods 

1. Production of Expression Vectors to Study CFTR and 

LMTK2 

1.1. Plasmid vectors 

Wt- and F508del-CFTR cDNA were introduced into pNUT vector (Appendix 

I) by ligation into Sma I restriction site. All the other CFTR variants were 

produced by site-directed mutagenesis. 

LMTK2 cDNA constructs (LMTK2 TM+KD and LMTK2 FL) were introduced 

in pcDNA3.1 vector (Invitrogene) (Appendix II) and engineered in order to 

have a N-terminal FLAG tag. All the other LMTK2 variants were produced by 

site-directed mutagenesis. 

1.2.  Mutagenesis 

Point mutations were introduced into pNUT-wt or F508del-CFTR and 

pcDNA3-LMTK2-TM+KD using a combination of the QuickChange® Site-

Directed Mutagenesis Kit (Stratagene) and the KOD Hot Start Kit (Novagene, 

Darmstadt, Germany) with complementary pairs of custom designed HPLC-

purified mutagenic primers (Thermo Electron Corporation, Waltham, MA, 

USA). 

Amplification was confirmed by agarose gel electrophoresis and the resultant 

mutant plasmid was digested with DpnI (Invitrogen, Carlsbad, CA, USA), a 

restriction enzyme that specifically hydrolyzes methylated and hemi-

methylated DNA, thus removing all parental bacterial DNA.  

After bacterial transformation (Escherichia coli (E.coli) - XL1-Blue 

(Stratagene, La Jolla, CA, USA)) and amplification, plasmid DNA was 
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extracted and the presence of each mutation was confirmed by automatic 

DNA sequencing (section 1.3 from this Chapter). 

The primers used in the mutagenesis reactions are presented in the 

following table. (Table 1.1) 

 

Table 1.1: Primers for mutagenesis reaction. In the table only the “sense” primers 
are included. For each one, a complementary “anti-sense” primer was also used. 

 

Name Sequence 

Annealing 
temperature/ 

number of 
cycles 

S422A 5’- CAATAACAATAGAAAAACTGCTAATGGTGATGACAGCC -3’ 52ºC / 24 cycles 

S422D 5’- CAATAGAAAAACTGATAATGGTGATGAC -3’ 52ºC / 24 cycles 

 S511A 5`- TCATCTTTGGTGTTGCCTATGATGAATAT -3` 49ºC / 18 cycles 

S511D 5`- ATATCATCTTTGGTGTTGACTATGATGAATATAG -3` 49ºC / 18 cycles 

S737A 5`- CTTTAGAGAGAAGGCTGGCCTTAGTACCAGATTC-3` 53ºC / 23 cycles 

S737D 5`- CTTTAGAGAGAAGGCTGGACTTAGTACCAGATTCTG-3` 53ºC / 23 cycles 

Y512A 5’-CATCTTTGGTGTTTCCGCTGATGAATATAGATACAGAAGCGTC-3’ 55ºC / 20 cycles 

Y512D 5’- CATCTTTGGTGTTTCCGATGATGAATATAGATAC -3’ 55ºC / 20 cycles 

Y512E 5’- CATCTTTGGTGTTTCCGAGGATGAATATAGATACAG -3’ 53ºC / 23 cycles 

Y512F 5’-CATCTTTGGTGTTTCCTTTGATGAATATAGATACAG-3’ 53ºC / 23 cycles 

T1471A 5’-GCTGCTCTGAAAGAGGAGGCAGAAGAAGAGGTGCAAG-3’ 42ºC / 24 cycles 

T1471D 5’-CTGCTCTGAAAGAGGAGGACGAAGAAGAGGTGCAAG-3’ 55ºC / 24 cycles 
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1.3.  DNA Sequencing  

Plasmid DNAs were purified with the JETquick Plasmid Miniprep (Genomed). 

The sequencing reactions were performed using the ABI Prism BigDye 

Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, 

USA) according to the manufacturer’s instructions. The products were 

analyzed by automated sequencing. 

Normally, only forward primers were used in the sequencing reactions. The 

following tables summarize the primers used in the sequencing reactions 

(Tables 1.2 and 1.3). 

 

Table 1.2: Primers for CFTR cDNA sequencing reactions. 

 

Name Sequence 
Annealing 

position in CFTR 
mRNA 

CF-5'NC-f 5’- GCA TTA GGA GCT TGA GCC CA -3’   72-96 

CF Ex5.F 5’- CTC CTT TCC AAC AAC CTG AAC -3’ 679-699   

B3R 5’- AAT GTA ACA GCC TTC TGG GAG -3’   1318-1338 

C2R 5’- AGC AGT ATA CAA AGA TGC TG -3’   1812-1831 

D1R 5’- GAC AAC AGC ATC CAC ACG AA -3’   2490-2509 

E1R 5’- AGA TTC TCC AAA GAT ATA GC  -3’   3055-3074 

Ex18.F 5’- AAC TCC AGC ATA GAT GTG G  -3’   3574-3592 

Ex 22.F 5’- AGC AGT TGA TGT GCT TGG C -3’   4184-4202 
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Table 1.3: Primers for LMTK2 cDNA sequencing reaction. 

 

Name Sequence 
Annealing 

position in CFTR 
mRNA 

LMTK2-519F 5’- TTT AAG GAA TTT GAA GAT -3’ 226-243 

LMTK2-609R 3’- ACT TTC AGT ACC AAA TA -5’ 337-221 

LMTK2-1059F 5’- ATG CAC AAG CTG CAC TT-3’ 766-782 

LMTK2-1599F 5’- CTG CTG ACT TAC CTG CGG-3’ 1306-1322 

LTMK-2004F 5’- CTG CTC ACA ACC GAC ATG-3’ 1711-1728 

LMTK-2499F 5’- TTG TCC AGC AAA GAA  -3’ 2206-2220 

LMTK-2994F 5’- TCT GTT CTT GCT GAT GA  -3’ 2701-2717 

LMTK2-3444F 5’- ACC GCA GAC TCA GAA C-3’ 3151-3166 

LMTK2-4029F 5’- TCC CTG TCC AGC CAC TC-3’ 3736-3752 

LMTK2-4524F 5’- GAC GAA GAA GGT GGT-3’ 4231-4245 

 

For sequence analysis, the sequences obtained were analysed through 

comparison with the reference CFTR sequence (NM_000492) and LMTK2 

sequence (NM_014916). This comparative analysis was done using 

ChromasPro (http://www.technelysium.com.au) or Geneious 

(http://www.geneious.com) softwares. 

 

2. Biochemical Analysis 

2.1. Characterization, culture and maintenance of cell lines 

Baby Hamster Kidney (BHK) cells were cultured in a 1:1 mixture of 

Dulbecco’s Modified Eagle Medium (DMEM) and Ham’s F-12 nutrient 
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medium supplemented with 5 % (v/v) fetal bovine serum (FBS), 100 U/ml 

penicillin and 100 mg/ml streptomycin (all from Invitrogen, Carlsbad, CA).  

Human submucosal gland (Calu-3) cells were obtained from the American 

Type Culture Collection (Manassas, VA) and cultured in minimum Eagle’s 

medium (DMEM) containing 50 units/ml of penicillin, 50 ug/ml of 

streptomycin, 2 mM L-glutamine, 1 mM sodium pyruvate, and 10% (v/v) FBS 

(all from Invitrogen). 

A549 cells stably expressing double-tagged mCherry-FLAG-wt-, F508del-

CFTR or β-ENaC under a doxycline (DOX)-inducible promoter were created 

in our laboratory (Almaca et al., 2011). For this, wt-CFTR, F508del-CFTR 

and β-ENaC were fused in the N-term to mCherry, a fluorescent protein 

obtained from DsRed by changing the chromophore environmenthu (Shu et 

al., 2006). Additionally, a FLAG tag (octapeptide: DYKDDDDK) was inserted 

by mutagenesis PCR (using Pfu polymerase, annealing temperature at 43ºC 

and extension at 68ºC, 28 cycles, as described above), in the extracellular 

loop of β-ENaC and in the fourth extracellular loop of CFTR. This construct 

was inserted by TA-cloning, using a PCR reaction (using Hercules 

polymerase, annealing temperature of 62ºC and extension at 72ºC, 30 

cycles and a final 15min extension at 72ºC with Taq polymerase), into pCR8 

GW TOPO Gateway entry vector (Invitrogen). By LR (from Gateway LR 

Clonase enzyme) recombination reactions, this construct was then inserted 

into a lentiviral destination vector, pLenti4-V5 (Invitrogen) with CMV 

promoter and pLenti with TetON DOX-sensitive promoter, giving rise to the 

stable and inducible mCherry-FLAG-βENaC and mCherry-FLAG-wtCFTR 

and F508del-CFTR cell system, respectively. A549 cells expressing βENaC, 

wt-CFTR or F508del-CFTR were grown in Dulbecco's modified Eagle's 

medium (DMEM). Expression of βENaC, wt-CFTR or F508del-CFTR was 

induced with 100ng/ml doxycycline (Sigma-Aldrich, Taufkirchen, Germany) 

16h prior to the experiment. These cell lines as well as the A549 parental cell 
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line were supplemented with penicillin and streptomycin as above and 10% 

(v/v) FBS (all from Invitrogen).  

Cystic fibrosis bronchial epithelial (CFBE41o-) cells stably expressing wt- or 

F508del-CFTR were obtained from Dr. J.P. Clancy (Department of Pediatrics, 

University of Alabama at Birmingham, Birmingham, AL). CFBE cells were 

grown in Modified Eagle Medium (MEM) supplemented with penicillin and 

streptomycin as above and 10% (v/v) FBS (all from Invitrogen). After 

transient transfection CFBE41o- cells were seeded on Vitrogen plating 

media (VPM) plastic tissue culture plates. 

Isolation of primary human bronchial epithelial (HBE) cells from explanted 

human lungs (obtained through a collaboration of our laboratory at the 

Faculty of Sciences, University of Lisboa and the Cardio-Thoracic Surgery 

Department, Hospital de Santa Marta, Lisboa, under approval of the 

hospital’s Ethics Committee) was done as previously described (Randell et 

al., 2001). The primary HBE monolayers (passage 1) were grown on 

collagen IV coated porous membranes as air-liquid interface (ALI) cultures 

for 4-5 weeks before experiments. 

All cultures were maintained in tissue culture flasks at 37°C in a humidified 

atmosphere of 5% (v/v) CO2.  

 

2.2. cDNA Transfection using cationic lipossomes 

Stable transfection of BHK cells was performed using 2 µg of plasmid DNA 

and Lipofectamin 2000® reagent (Invitrogen), a cationic liposome 

formulation that forms DNA complexes that fuse with the cell membrane. 

Selection was initiated 48 h after transfection by supplementation of the 

culture medium with 500µM methotrexate (AAH Pharmaceuticals Ltd., 

Coventry, UK). Individual clones were isolated at 10-15 days in the selection 



II

Biochemical Analysis 
 

33 

II 

medium and selected for CFTR expression by Western blot (WB) (see 

below). 

Transient transfection of CFBE cells with plasmids was performed using 

FuGENE6 (Roche Diagnostics, Indianapolis, IN), according to the 

manufacturer’s instructions. Transfected CFBE41o- cells were seeded on 

VPM plastic tissue coated plates and harvested 48 hours later. 

 

2.3. siRNA Transfection  

Experiments performed in Chapter III Part 2:  

Transfection of CFBE41o- cells with siRNA targeting human LMTK2 gene 

(si-LMTK2; Hs_LMTK2_6 siRNA) or the negative siRNA control (AllStars, 

siCTRL; Qiagen, Valencia, CA) was conducted using HiPerFect Transfection 

Reagent (Qiagen) according to the manufacturer’s instructions. Briefly, 

CFBE41o- cells (1.0x106 cells) were plated on 10 cm tissue culture dish and 

incubated with the optimized transfection mixture containing 50 nM of siRNA 

at 37 °C. After 24 hours, cells were trypsinized and plated on collagen-

coated Transwell or Snapwell permeable supports and cultured for an 

additional 6 days to establish polarized monolayers (total 7 days in culture).  

 

Experiments performed in Chapter III Part 3: 

CFTR expressing cells (Calu-3 or CFBE stably transduced with wt-CFTR) 

and ENaC expressing cells (H441 and A549) were seeded in either 96-well 

plates or 12-well plates and transfected with 1.2 or 27 pmol, respectively, of 

Serp-1 specific siRNAs (Silencer Select from Ambion (Serp-1 siRNA1 - 

s25992; Serp-1 siRNA2 - s25993). As positive controls, cells were 

transfected with CFTR (Silencer Select, Ambion, refs: s2945, s2947) or 
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βENaC (Silencer Select, Ambion, refs: s12546, s12547) specific siRNAs. 

48h after transfection, extracts were prepared and the expression of different 

proteins was assessed by WB as described below. 

 

2.4. Preparation of total protein extracts 

For Western blot (WB), protein extracts were prepared by cell lysis with 

sample buffer (1.5 % (w/v) SDS; 5 % (v/v) glycerol; 0.01 % (w/v) 

bromophenol blue; 0.05 mM dithiotreitol (DTT); 0.095 M Tris pH 6.8) and 

DNA was sheared by enzymatic action of 5U of benzonase (Sigma-Aldrich) 

in the presence of 2.5mM MgCl2. 

Total protein concentration in different samples was assessed by a modified 

Lowry protein assay. Proteins were solubilized with 0.015% (w/v) sodium 

deoxycholate for 10 min at room temperature. Samples were then 

precipitated with 7.2% (w/v) trichloroacetic (TCA) acid and centrifuged at 14 

000 g for 5 min. The supernatant was discarded and the pellet was 

resuspended in a solution containing CuSO4.5H2O 0.0125 g/l; potassium 

tartarate 0.025 g/l; Na2CO3 1.25 g/l; SDS 0.3125% (w/v); NaOH 0.025 M, 

followed by 10 min incubation at room temperature. Finally, Folin-Ciocalteau 

Reagent diluted 5-fold in water was added followed by incubation for 30 min. 

Protein concentration was determined by measurement of A750 and 

comparison with regression line obtained for protein standards. 

 

2.5. Western blot  

Experiments performed in Chapter III Part 1:  

After protein quantitation, extracts were separated by SDS-polyacrylamide 

gel electrophoresis (PAGE) on 7 % (w/v) mini-gels as described (Farinha et 
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al., 2002), followed by transfer onto nitrocellulose (Schleicher & Schuell, 

Dassel, Germany) or PVDF (Immobilon, Millipore, Billerica, MA) membranes. 

After blocking with 5 % (w/v) skimmed milk in PBS containing 0.1% (v/v) 

Tween (PBST) for 2 h, filters were probed with anti-CFTR monoclonal 

antibody 596 (Cystic Fibrosis Foundation Therapeutics, Inc.; Chapel Hill, 

NC), diluted 1:3000 for 2 h at room temperature in 5% (w/v) milk in PBST or 

with the A4700 anti-actin monoclonal antibody (Sigma-Aldrich), diluted 

1:1000 for 2 h at room temperature in 5%(w/v) milk in PBST, and a 

secondary horseradish peroxidase-conjugated anti-mouse IgG antibody at 

1:3000 (Amersham) for 1 h at room temperature in milk 5% (w/v)  in PBST. 

Blots were developed using the SuperSignal West Pico Chemiluminescent 

Substrate detection system (Pierce, Rockford, IL, USA) or the Immobilon 

detection system (Millipore).  

 

Experiments performed in Chapter III Part 2: 

CFTR and LMTK2 were assessed by Western blot as described for  Chapter 

III Part 1. The following mouse anti-human CFTR antibodies were used:  596 

(CFF, USA), and M3A7 (Millipore; Billerica, MA). Other antibodies used 

were: rabbit anti-LMTK2 (Sigma-Aldrich; St. Louis, MO) and anti-LMTK2 

kinase domain (Cocalico Biologicals Inc., Reamstown, PA), mouse anti-

FLAG M2 (Sigma-Aldrich, MO) and horseradish peroxidase-conjugated goat 

anti-mouse, goat anti-rabbit secondary antibodies (BioRad Laboratories; 

Hercules, CA). All antibodies were used at the concentrations recommended 

by the manufacturer or as indicated in the figure legends. 
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Experiments performed in Chapter III Part 3: 

CFTR and βENaC expression was assessed by Western blot as described 

above. Due to its low molecular mass (6-7 kDa), SERP1 was run in a 

16.5%T, 3%C Tris-Tricine gel using 0.2 M Tris-HCl pH 8.9 as anodic buffer 

and 0.1 M Tris-HCl pH 8.25, 0.1 M tricine, 0.1% (w/v) SDS as cathodic buffer. 

The following antibodies were used: anti-CFTR 596 monoclonal antibody 

(mAb) (CFF, USA), anti-βENaC H-190 polyclonal antibody pAb (Santa Cruz 

Biotechnology), anti-actin A4700 mAb (Sigma) and anti-SERP1 pAb 

(obtained from Prof. Bernhard Dobberstein, Heidelberg). 

 

2.6. Immunoprecipitation 

Experiments performed in Chapter III Part 1: 

Calu-3 or CFBE cells expressing CFTR were grown in 100-mm plates, lysed 

on ice in 1 mL non-denaturing lysis buffer (50 mM Tris-HCl pH 7.5, 1% (v/v) 

NP-40, 100 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl2) supplemented with 

a protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA). 

Cell lysates were pre-cleared with Protein G-Agarose beads for 1 h at 4ºC, 

and then incubated for 2 h at 4ºC with either anti-SYK polyclonal antibody 

(sc-929, Santa Cruz Biotechnologies, Santa Cruz, CA, USA) or anti-CFTR 

596 mAb, then further incubated for 1 h with protein G-Agarose beads 

(Roche Applied Science, Indianapolis, IN, USA), and finally washed three 

times in cold lysis buffer containing 200 mM NaCl. Proteins were eluted from 

the beads in 2x SDS sample buffer (see above), separated in a 10%T SDS-

polyacrylamide gel electrophoresis. WB was performed as above with anti-

SYK (sc-929) pAb, diluted 1:200. 
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Experiments performed in Chapter III Part 2: 

Endogenous CFTR and LMTK2 were immunoprecipitated from Calu-3 cell 

lysates as described previously (Swiatecka-Urban et al., 2004; Swiatecka-

Urban et al., 2005). Briefly, cells were lysed in immunoprecipitation (IP) 

buffer containing 150 mM NaCl, 50 mM Tris, pH 7.4, 1% (v/v) IGEPAL 

(Sigma-Aldrich), 5 mM MgCl2, 5 mM EDTA, 1mM EGTA, 30 mM NaF, 1 mM 

Na3VO4, and Complete Protease Inhibitor cocktail (Roche Applied Science, 

Indianapolis, IN, USA). After centrifugation at 14 000 x g for 15 min to pellet 

insoluble material, soluble lysates were pre-cleared by incubation with 

protein G or protein A, as appropriate, conjugated to Sepharose beads 

(Pierce Chemical Co.) at 4 ºC. The pre-cleared lysates were added to 

previously prepared protein A/G Sepharose beads-antibody complexes. 

CFTR was immunoprecipitated by incubation with the mAb M3A7 antibody 

and LMTK2 was immunoprecipitated by incubation with the pAb anti-LMTK2 

kinase domain antibody (see above). Non-immune mouse or rabbit IgGs 

(DAKO North America, Inc., Carpinteria, CA) were used as controls. After 

washing with IP buffer, immunoprecipitated proteins were eluted by 

incubation at 85 °C for 5 minutes in sample buffer (BioRad Laboratories) 

containing 80 mM DTT. Immunoprecipitated proteins were separated by pre-

cast 7.5%T SDS-PAGE gels (BioRad Laboratories) and analysed by 

Western blotting. The immunoreactive bands were visualized with Western 

Lightning Chemiluminescence Reagent Plus (PerkinElmer LAS, Inc., Boston, 

MA). 

 

Experiments performed in Chapter III Part 3: 

A549 cells stably transduced with mCherry-FLAG-wt-CFTR, mCherry-FLAG-

F508del-CFTR or mCherry-FLAG-βENaC were grown in p100 dishes to 

subconfluency before transgene expression induction with 100ng/ml 

doxycycline for 16h. 
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At the end of induction period, cells were lysed in chaperone buffer (45 mM 

Tris pH 7.2; 135 mM NaCl; 1 mM Na3VO4; 5 mM EDTA; 5 mM MgCl2; 1 mM 

EGTA; 30 mM NaF) and incubated overnight with the first Ab (anti-CFTR 

596 (CFF, USA), anti-βENaC D-3 Ab (Santa Cruz Biotechnology) and anti-

SERP1 pAb (obtained from Prof. Bernhard Dobberstein, Heidelberg)). 

Protein G agarose beads were added and incubation continued for a further 

4h-period. After washing with lysis buffer supplemented with 0.1% (v/v) NP-

40, proteins were eluted from the beads with sample buffer for 1h 

(Swiatecka-Urban, Boyd et al. 2004). These elutes were loaded onto SDS-

PAGE gels and Western blot performed as above.  

 

2.7. Pulse-Chase and Immunoprecipitation 

For pulse-chase experiments, BHK cells were starved for 30 min in 

methionine-free MEM medium (Invitrogen). Cells were then pulse-labelled in 

the same medium supplemented with 150 µCi/ml [35S]-methionine 

(PerkinElmer, Boston, MA, USA). After chasing for different times (as 

indicated in figures) in DMEM-F12 medium (Invitrogen) supplemented with 1 

mM non-radioactive methionine (Sigma-Aldrich), cells were lysed in 1 ml 

RIPA buffer (1% (w/v) deoxycholic acid (Sigma-Aldrich), 1% (v/v) Triton X-

100 (Pharmacia Biotech, GE Healthcare, Chalfont St. Giles, UK); 0.1% (w/v) 

SDS (Invitrogen); 50 mM Tris, pH 7.4 (Sigma-Aldrich) and 150 mM NaCl 

(Sigma-Aldrich)) supplemented with a cocktail of protease inhibitors (Roche, 

Basel, Switzerland). Immunoprecipitation was performed on samples after 

centrifugation at 14 000 g for 30 min. The supernatant was incubated 

overnight (o/n) with 1.5 µg of anti-CFTR M3A7 antibody and Protein-G 

agarose beads (Roche) at 4 ºC. Beads were washed 3 times using 1 ml 

RIPA buffer and protein was eluted by adding 60 µl sample buffer (see 

above) for 1 h at room temperature. Samples were electrophoretically 

separated on 7% (w/v) SDS-polyacrylamide gels. Gels were pre-fixed (30% 
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(v/v) methanol, 10% (v/v) acetic acid) for 30 min, washed thoroughly in water 

and then soaked in 1 M sodium salicylate for 1 h for fluorography. After 

drying at 80ºC under vacuum for 2 h, gels were exposed to X-ray films (Fuji, 

Tokyo, Japan).  

Densitometry was performed on fluorograms of gels by digitalization (Sharp 

JX-330, Amersham) and integrated peak areas were determined using 

ImageQuant TL software (GE Healthcare, Uppsala, Sweden). 

Quantitative results are shown as means ± SEM of n observations. To 

compare two sets of data, we used Student’s t test. Differences were 

considered as significant for p values < 0.05. 

 

2.8. Biochemical Determination of Plasma Membrane CFTR 

The biochemical determination of plasma membrane CFTR was performed 

by domain selective plasma membrane biotinylation in cells grown on 

permeable growth supports or by cell surface biotinylation in cells grown in 

tissue culture dishes using EZ-Link™ Sulfo-NHS-LC-Biotin (Pierce 

Chemicals, Co., Rockford, IL), followed by cell lysis in buffer containing 25 

mM HEPES, pH 8.0, 1% (v/v) Triton X-100, 10% (v/v) glycerol, and 

Complete Protease Inhibitor Cocktail (Roche Applied Science, Indianapolis, 

IN), as described previously (Moyer et al., 1998; Swiatecka-Urban et al., 

2002). After lysis, biotinylated proteins were isolated by streptavidin-agarose 

beads, eluted into SDS-sample buffer, and separated by 7.5% SDS-PAGE. 

Biotinylated CFTR was visualized by Western blotting using anti-CFTR 596 

mAB anti-mouse horseradish peroxidase antibody and the Western 

Lightning™ Plus-ECL detection system (Perkin Elmer Inc.; Waltham, MA). 

Quantification of biotinylated CFTR was performed by densitometry using 

exposures within the linear dynamic range of the film.  
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2.9. Endocytosis Assay 

Endocytosis assays were performed in CFBE41o- cells, as described 

previously (Swiatecka-Urban et al., 2007). Briefly, the plasma membrane 

proteins were first biotinylated at 4°C using EZ-Link™ Sulfo-NHS-SS-Biotin 

(Pierce Chemicals, Co.). Cells were rapidly warmed to 37 °C for 2.5, 5, 7.5, 

or 10 minutes after biotinylation and, subsequently, the disulfide bonds on 

Sulfo-NHS-SS-biotinylated proteins remaining in the plasma membrane were 

reduced by L-glutathione (GSH; Sigma-Aldrich) at 4°C. At this point in the 

protocol, biotinylated proteins reside within the endosomal compartment. 

Subsequently, cells were lysed, biotinylated proteins were isolated by 

streptavidin-agarose beads, eluted into SDS-sample buffer, and separated 

by 7.5% SDS-PAGE. The amount of biotinylated CFTR at 4ºC and without 

the 37ºC warming was considered as 100%. The amount of biotinylated 

CFTR remaining in the plasma membrane after GSH treatment at 4ºC and 

without the 37ºC warming was considered as background (and found to be 

less 7% of CFTR biotinylated at 4ºC without GSH treatment) and was 

subtracted to the amount of biotinylated CFTR at each time point. CFTR 

endocytosis was calculated after subtraction of the background and was 

expressed as the percentage of biotinylated CFTR at each time point after 

warming to 37ºC, compared to the amount of biotinylated CFTR at the 

beginning of the experiment. 
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Part 1 – The contribution of CK2 and spleen 
tyrosine kinase (SYK) to CFTR trafficking and 
PKA-induced activity 

1. Abstract 

Previously, the pleiotropic ‘master kinase’ CK2 was shown to interact with 

CFTR, the protein responsible for Cystic Fibrosis (CF). Moreover, CK2 

inhibition abolished CFTR conductance in cell-attached membrane patches, 

native epithelial ducts and Xenopus oocytes. CFTR possesses two CK2 

phosphorylation sites (S422 and T1471), with unclear impact on its 

processing and trafficking. Herein, we investigated the effects of mutating 

these CK2-sites on CFTR abundance, maturation and degradation coupled 

to effects on ion channel activity and surface expression. We report that CK2 

inhibition significantly decreased processing of wt-CFTR, with no effect on 

F508del-CFTR. Eliminating phosphorylation at S422 and T1471 revealed 

antagonistic roles in CFTR trafficking: S422 activating versus T1471 

inhibiting, as evidenced by a severe trafficking defect for the T1471D mutant. 

Notably, mutation of Y512, a consensus sequence for the Spleen Tyrosine 

Kinase (SYK) possibly acting in a CK2 context adjacent to the common CF-

causing defect F508del, had a strong effect in both maturation and CFTR 

currents, allowing the identification of this kinase as a novel regulator of 

CFTR. These results reinforce the importance of CK2 and the S422, T1471 

residues for regulation of CFTR and uncover a novel regulation of CFTR by 

SYK, a recognized controller of inflammation. 
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2. Introduction 

Cystic Fibrosis (CF) is the most common lethal genetic disease among 

Caucasians and is characterized by a chronic, destructive inflammatory lung 

disease as the major cause for mortality (Collins, 1992). CF is caused by 

mutations in the gene encoding the CF transmembrane conductance 

regulator (CFTR) protein, a polytopic integral membrane protein that 

functions as a cAMP-activated chloride (Cl-) channel and regulator of other 

channels at the apical membrane of epithelial cells (Riordan et al., 1989). 

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

superfamily and its structure includes two transmembrane domains (TMD1 

and 2) that form the pore of the channel, two nucleotide binding domains 

(NBD1 and 2) and a regulatory domain (RD) containing several 

phosphorylation sites. Activation of CFTR occurs through binding of ATP and 

dimerization of the two NBDs, along with phosphorylation of the R-domain by 

protein kinase A (PKA) at multiple phosphorylation sites (Chang et al., 1993; 

Mense et al., 2006; Winter and Welsh, 1997). 

CFTR is inserted co-translationally into the endoplasmic reticulum (ER) 

membrane (Lu et al., 1998) where the ER quality control machinery targets a 

fraction of wild type (wt)-CFTR and almost all the protein bearing F508del 

(the most common mutation, present in about 70% of CF chromosomes) for 

degradation at the proteasome (Jensen et al., 1995). F508del-CFTR is 

partially functional when it is induced to traffic to the cell membrane (Pissarra 

et al., 2008; Schultz et al., 1999). The regulation of normal and mutant CFTR 

intracellular trafficking and activity is the result of a complex network of 

proteins which includes molecular chaperones (Farinha and Amaral, 2005; 

Farinha et al., 2002; Meacham et al., 1999), glycan-processing enzymes, 

other transporters and channels (Briel et al., 1998) as well as the basal 

trafficking machinery (Rab GTPases, SNAREs or PDZ-domain-proteins) 

(Gentzsch et al., 2004; Peters et al., 2001) and molecular switches (kinases 
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and phosphatases). Together with PDZ-domain containing proteins, 

phosphorylation is involved in the formation of multiprotein signalling 

complexes that provide spatial and temporal specificity to CFTR function 

(Guggino and Stanton, 2006). However, its role in CFTR trafficking has so 

far remained unknown. 

A previous study demonstrated that CK2 colocalized with wt-CFTR in apical 

membranes of airway epithelial cells (Treharne et al., 2009). It was found 

that inhibition of CK2 attenuates CFTR-dependent Cl- transport in 

overexpressing cells, Xenopus oocytes and pancreatic ducts expressing 

wild-type CFTR. CK2 inhibition promptly closed CFTR Cl- channels in cell-

attached membrane patches, and reduced the conductance of CFTR-

expressing oocytes by about 80%. Moreover, co-immunoprecipitation 

suggested a direct interaction of wt-CFTR but not of F508del-CFTR with 

CK2. Interestingly, F508del-CFTR Cl- currents were insensitive to CK2 

inhibitors and a peptide mimicking the F508del region of CFTR failed to 

inhibit CFTR activity, whereas the wild-type peptide blocked CFTR function 

(Treharne et al., 2009). 

This early work hinted at a complexity of underlying protein-protein 

interactions involving CK2 and CFTR because no significant inhibitory effect 

of pharmacological CK2 inhibition on CFTR function could be observed in 

excised patches of membranes detached from the very same cells that had 

just demonstrated prompt CFTR closure after 80 s of CK2 inhibition in the 

cell-attached mode (Treharne et al., 2009).  Subsequently, in vitro data 

suggested that a serine at position 422 within NBD1 was phosphorylated by 

CK2 with the surprising finding that the most likely candidate site at S511 

near F508 was not labelled (Pagano et al., 2008). Apart from this, there is 

only one preliminary report of another potential CK2 motif in the C-terminal 

end of CFTR (T1471) located within an acidic cluster (Ostedgaard et al., 

2006).  
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Recent results point to a role for F508, S511 and nearby amino acids such 

as V510 in the allosteric control of the major structural forms of CK2 found in 

cells (Pagano et al., 2010). These data are consistent with a model where 

the CFTR-F508del peptide could bind different sites on isolated CK2alpha 

subunits versus the CK2(alpha/beta)2 homodimer and suggest that CK2 

targeting to subsets of its many targets may be perturbed in cells expressing 

F508del-CFTR (Pagano et al., 2010).  

Interestingly, CFTR has a consensus for protein phosphorylation for Spleen 

Tyrosine Kinase (SYK), at a nearby residue, i.e. Y512, consisting of a 

tyrosine followed two negative residues (Y-E/D-E/D-X) (Navara, 2004). SYK 

is a cytosolic non-receptor tyrosine kinase present in many cells, mainly 

involved in the regulation of the inflammatory process (Riccaboni et al., 

2010).  

Since CK2 has been suggested to function as a multikinase anchor to CFTR, 

involving single protein kinases as nucleoside diphosphate kinase (NDPK) 

and AMP-activated kinase (AMPK) (Mehta, 2007), the proximity of Y512 with 

F508 and S511 may also account for an interplay of CK2 and SYK on CFTR 

traffic and function. 

Because the roles of the different CK2-phosphorylation sites are poorly 

understood, we examined in detail their impact on maturation and Cl- 

channel function of CFTR. Our data suggest an antagonistic role of residues 

S422 and T1471 in the regulation of CFTR function and trafficking by CK2. 

Our data confirm regulation of CFTR by SYK, which interacts with CFTR in 

vivo phosphorylating NBD1 at Tyr512, but exclude any role for residue S511 

on the functional interaction of CFTR and CK2 by using a number of CFTR-

mutants.  
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3. Results 

3.1. Regulation of CFTR by CK2 is important in mouse colonic 
and airway epithelia 

Previous observations show that CK2-dependent regulation is not only 

observed in CFTR overexpressing cells but also in excised epithelial tissues 

(Ostedgaard et al., 2006; Treharne et al., 2009). To test our hypothesis that 

CK2 is an important regulator of CFTR under physiological conditions, we 

extended these studies to native mouse epithelial tissues. We removed 

mouse distal colon and trachea from sacrificed animals and performed open-

circuit Ussing chamber recordings. The lumen-negative transepithelial 

voltage was enhanced by stimulation of mouse colon with IBMX (100 µM) 

and forskolin (2 µM). Almost all the entire short circuit current (Isc) that was 

activated by IBMX and forskolin is CFTR, since 5 µM  of the CFTRinh172 

inhibited IBMX/Fors-activated Isc from 248 ± 29 µA/cm2 to 61 ± 19 µA/cm2 (n 

= 4, colon) and from 158 ± 12 µA/cm2 to  41 ± 13 µA/cm2 (n = 5, trachea).  

Application of the CK2 inhibitor TBB (4,5,6,7-tetrabromobenzotriazole, 10 

µM) in the presence of IBMX/forskolin inhibited the transepithelial voltage 

reversibly, thus demonstrating inhibition of CFTR that had been previously 

activated by IBMX/Forskolin (Fig. III.1.1A). When calculating the equivalent 

short circuit current (Isc) we found significant inhibition of IBMX/forskolin-

induced Isc by TBB in both distal colonic and airway epithelium (Fig. III.1.1C). 

Importantly, our earlier work demonstrated that TBB was highly selective for 

CK2 by showing that co-expression of a TBB-insensitive form of CK2 

eliminated the ability of TBB to inhibit PKA-activated CFTR (Treharne et al., 

2009).  In addition, we observed that the onset of the inhibition with TBB 

occurred at about 1 µM, a concentration that is highly specific for CK2 (Fig. 

III.1.1B). Thus, these combined data indicate that CK2 is an important 

regulator of CFTR-dependent Cl- transport in native epithelia and that TBB is 

a specific pharmacological agent for the further investigation of the role of 
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CK2 in CFTR function. Inhibition of IBMX/Fors-activated Isc by CK2 inhibition 

was also confirmed using another compound quinalizarin (5 µM) (Cozza et 

al., 2009). Application of quinalizarin reduced the Isc by 81 ± 11 % (n = 3; 

colon) and by 79 ± 16 % (n = 3; trachea) (data not shown). 

 

 

Figure III.1.1 – Regulation of Cl- transport in native epithelial by CK2. (A) 
Original Ussing chamber recording from a mouse colon measured under open circuit 
conditions, showing the lumen-negative transepithelial voltage generated by the 
transport activity of the tissue. Stimulation of tissue by IBMX/Forskolin (100 µM/2 
µM) induced a negative voltage deflection due to activation of Cl- secretion. 
Reversible inhibition of the Cl- secretion by TBB (10 µM). (B) Dose-response curve 
for the inhibitory effects of TBB on IBXM (100 µM) and forskolin (5 µM) induced Cl- 
secretion in excised mouse trachea as measured in Ussing chamber recordings. (C) 
Summary of the calculated equivalent short-circuit currents demonstrate inhibition of 
IBMX/Forskolin-activated transport by TBB (10 µ M) in both mouse colon and 
trachea. Data indicate Mean ± SEM (number of experiments). Asterisks indicate 
significant inhibition by TBB (paired t-test). (Work produced by Patthara Kongsuphol 
and included in this thesis with permission)  
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3.2. CFTR Turnover and Processing under CK2 Inhibition 

In order to define the role of CK2 in CFTR turnover and processing, we 

assessed the concomitant effects of the inhibition of the kinase by a pulse-

chase approach. For this, cells were incubated for 90 min with the CK2 

inhibitor TBB before performing pulse-chase and immunoprecipitation (IP) of 

CFTR and the experiments were performed still in the presence of the 

inhibitor. We also assessed cell-viability to exclude any effect of incubation 

with TBB (data not shown).  

The results in Fig. III.1.2 show that 20 µM TBB both increases the turnover 

of immature wt-CFTR (B) and decreases its efficiency of its processing into 

the mature glycosylated form (Band C, dotted lines in Fig. III.1.2A,C,E). This 

effect occurs despite the expected suppressive effects of CK2 inhibition of 

protein synthesis given that CK2 controls up to 75% of cell proliferation 

(compare left and right in panels A,B, normalised to starting abundance in 

C,D,E). In contrast, CK2 inhibition by TBB does not produce any detectable 

effect upon the turnover of immature F508del-CFTR (Fig. III.1.2D). These 

results show that CK2 activity affects the stability of the immature form of wt-

CFTR (but not F508del-CFTR) and its trafficking through the Golgi, here 

detected by the delayed and attenuated appearance of its fully-glycosylated 

form (Fig. III.1.2E). Thus these data suggest that TBB reduces band B 

stability, accelerates its destruction and delays band C appearance by 

around 30 min (respectively, Figs. III.1.2A, 2C and 2E). 
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Figure III.1.2 – Turnover and processing of wt- and F508del CFTR under 
treatment with the CK2 inhibitor TBB. BHK cells stably expressing (A) wt- or (B) 
F508del-CFTR were treated for 90 min with 20 µM of TBB or with the same volume 
percentage of DMSO as a control. After pre-incubation with TBB, cells were pulse-
labelled for 30 min with [35S]-methionine and chased for 0, 0.5, 1, 2 and 3 h. Cells 
were then lysed and immunoprecipitated with an anti-CFTR M3A7 Ab. Following 
electrophoretic separation and fluorography, immature (band B) and mature (band 
C) forms of CFTR were quantified with the ImageQuant® software. Turnover of the 
core-glycosylated form (band B) of wt- (C) and F508del-CFTR (D) is shown as the 
ratio between P, the amount of band B at time t, and P0, the amount of band B at the 
start of the chase (i.e. at the end of pulse). The efficiency of conversion of the core-
glycosylated form (band B) into the fully-glycosylated form of wt-CFTR (band C) was 
also estimated for wt-CFTR (E) and determined as the percentage of band C at time 
t relative to the amount of band B at the start of the chase (P0). Images are 
representative of a total of n = 3 experiments. 
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3.3. Mutation of Consensus CFTR Sites for CK2 
Phosphorylation 

Having found that CK2 inhibition affects wt-CFTR processing, our next aim 

was to investigate the molecular mechanism of this effect. To this end, we 

screened CFTR sequence both manually and using NetPhosK1.0 

phosphorylation site prediction software (Blom et al., 2004) so as to identify 

potential consensus sites for CK2 phosphorylation, a serine or threonine 

residue specified by an acidic side chain at position n + 3 (S/T-x-x-E/D/pS) 

(Meggio and Pinna, 2003) and found the presence of 21 putative CK2 

phosphorylation sites in CFTR: S4; T360; T388; S422; T501; S511; T582; 

S605; T629; S678; T803; T816; T990; T1121; T1149; T1211; T1263; S1311; 

S1326; S1442; T1471. 

Based on their predicted functionality, we chose three specific sites to 

proceed with further analyses, namely: 1) S422, that was shown in vitro to 

be a CK2 phosphorylation site in purified wt-NBD1 (Pagano et al., 2008); 2) 

S511, for being exposed in the surface of NBD1 very close to the site of the 

most common CF-causing mutation (F508del) and previously identified as 

an important for CK2-dependent regulation of CFTR function as a channel 

(Treharne et al., 2009); and 3) T1471 in the vicinity of the C-terminus 

regulatory site for NHERF1 anchoring and membrane traffic  (Ostedgaard et 

al., 2006).  

We used site-directed mutagenesis to replace these specific sites in wt-

CFTR by either an alanine (A) or an aspartate (D). The resultant cDNAs 

were used to create stably expressing BHK cell lines. CFTR variants were 

analyzed by Western Blot (WB) to assess the steady-state levels of the 

different variants (Fig. III.1.3) which showed that substitution of either S422 

or S511 to either A or D does not affect the processing of CFTR at steady-

state, assessed by the percentage of mature CFTR (band C) relative to total 

CFTR, i.e., immature (band B) plus band C (Fig. III.1.3B). However, a 
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pronounced effect is observed for both T1471 variants, with the presence of 

T1471A decreasing significantly the processing of CFTR at steady-state by 

around 25% and with T1471D completely abolishing the appearance of the 

fully-glycosylated form (Fig. III.1.3A, last lane).  

 

 

Figure III.1.3 – Steady-state levels of CFTR bearing S422, S511 and T1471 
mutations. (A) WB of total protein (30 µg) from BHK cells stably expressing CFTR 
bearing different mutations. Actin was also assessed as a loading control. (B) 
Processing of CFTR at steady-state was assessed by densitometry and shown as 
the percentage of band C to total CFTR (C/B+C), normalized to wt-CFTR (black 
bars). Amount of mature band C CFTR was also assessed as ratio of band C to 
actin, again normalized to wt-CFTR (grey bars). Asterisks indicate significant 
difference to wt-CFTR (t-test p<0.05). 
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3.4. Turnover and processing of CFTR bearing S422, S511 and 
T1471 mutations 

The effect of these mutations on the turnover and processing of CFTR was 

then studied by metabolic pulse-chase approach (Fig. III.1.4A,D,G, 

respectively). Analysis of results for either S422 or S511 mutants (Fig. 

III.1.4B,E respectively) show that neither the turnover rate of immature form 

(band B) nor its efficiency of processing into mature glycosylated form (band 

C) is altered (Fig. III.1.4C,F, respectively). However, pulse-chase 

experiments performed for T1471A/D-CFTR variants show that mutation of 

T1471 slightly increases the turnover of band B (Fig. III.1.4H). Moreover, the 

presence of T1471A significantly decreases processing efficiency of CFTR 

and T1471D completely impairs the appearance of its fully-glycosylated form 

(Fig. III.1.4I has no data points for T1471D) which explains the findings in Fig. 

III.1.3. For T1471D, we found a trend for faster disappearance of band B 

when but a complete absence of band C.  

Taken together, these results show that CFTR S422 residue, although 

identified in vitro as a phosphorylation site for CK2, does not affect the 

trafficking of the protein in living cells. The same is observed for the S511 

residue that also appears not to be a critical spot for regulation of CFTR 

turnover and processing. In sharp contrast, the T1471 residue, previously 

described as a site for CFTR phosphorylation by CK2 (Ostedgaard et al., 

2006), seems to be critical for CFTR turnover and processing. 
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Figure III.1.4 –Turnover and processing of CFTR bearing S422, S511 and T1471 
mutations. BHK cells stably expressing S422A- or S422D-CFTR (A), S511A- or 
S511D-CFTR (D) and T1471A- or T1471D-CFTR (G) were analyzed by pulse-chase 
as in Fig.III.1.2 followed by immunoprecipitation with anti-CFTR M3A7 or 596 
antibodies. Electrophoresis, fluorography, and quantification were also performed a 
in Fig.III.1.2. Turnover of the core-glycosylated form (band B) of S422A/D- (B), 
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S511A/D- (E) and T1471A/D-CFTR (H) is shown as the ratio between P, the amount 
of band B at time t, and P0, the amount of band B at the start of the chase (i.e. at the 
end of pulse). The efficiency of conversion of the core-glycosylated form (band B) 
into the fully-glycosylated form of wt-CFTR (band C) was also estimated for 
S422A/D- (C), S511A/D- (F) and T1471A/D-CFTR (I) and determined as the 
percentage of band C at time t relative to the amount of band B at the start of the 
chase (P0). Images and quantitations are representative of a total of n = 3-4 
experiments. Asterisks in panel I indicate difference to wt-CFTR for the time points 
indicated (t-test p<0.05). 
 

3.5. Identification of functionally relevant CK2 sites in CFTR 

We then characterized the functional effects of these CK2 site variants of 

CFTR upon channel conductance. First, we expressed wt-CFTR in Xenopus 

oocytes and activated it by stimulation with IBMX (1 mM) and forskolin (2 

µM) in the absence and in the presence of the CK2 inhibitor TBB (Fig. 

III.1.5A).  

Whole cell currents that were measured in CFTR-expressing oocytes after 

stimulation with IBMX and forskolin were due to activation of wt-CFTR. The 

baseline conductance of 4.6 ± 0.7 µ S (n = 15) measured under control 

conditions was increased by I/F to 83 ± 7 µS and was inhibited by 5 µM of 

the CFTRinh172 to 14.7 ± 3.7 µ S. Calculation of the IBMX/Forskolin-

activated whole-cell conductance clearly indicated significant inhibition by 

TBB (Fig. III.1.5B, bars 1,2) (by 53 ± 7 %). Next, we expressed the CK2-

phosphorylation CFTR mutants S422 and T1471 to either alanines or 

aspartates, as well as the SYK-phosphorylation CFTR mutant Y512 to test 

whether the latter affects the phosphorylation of CFTR by CK2 (Meggio and 

Pinna, 2003). In Xenopus oocytes all of these mutants produced significant 

whole cell currents. While mock transfected oocytes had a whole cell 

conductance of 1.1 ± 0.2 µS (n = 15) under control conditions, which was 

marginally increased to 1.3 ± 0.3 µS (n = 15) after stimulation with IBMX and 

forskolin, oocytes expressing CFTR variants increased whole cell 

conductances significantly. 
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Figure III.1.5 – Identification of functionally relevant CK2 sites in CFTR. (A) 
Whole-cell current measured in a wt-CFTR expressing oocyte before and after 
activation by IBMX/Forskolin (1mM/2 µM), and effects of the CK2-inhibitor TBB (10 
µM). (B) Summary of the calculated IBMX/Forskolin-activated whole-cell 
conductances for wtCFTR and CFTR-mutants and whole-cell conductances in the 
presence of TBB. (C) Whole-cell conductances of CFTR-mutants relative to wt-
CFTR. (D) TBB-inhibited whole-cell conductances of CFTR-mutants relative to wt-
CFTR. Data indicate Mean ± SEM (number of experiments). Asterisks indicate 
significant inhibition by TBB (B) and significant difference to wt-CFTR (unpaired t-
test and ANOVA). (Work produced by Patthara Kongsuphol and included in this 
thesis with permission)  
 



Results and Discussion 
 

58 

Mutation of residues S422, Y512 and T1471 to either alanine or aspartate 

variably inhibited or augmented CFTR-conductance (Fig. III.1.5B, normalized 

against wt control for ease of comparison in C,D). In particular, the TBB-

sensitivity of the inhibition of CFTR conductance was significantly reduced 

for S422A (Fig.III.1.5B, bars 3,4) and Y512D (bars 9,10), but was 

augmented for S422D and almost doubled for Y512A (Fig. III.1.5B). Rather 

impressive was the finding that such increased IBMX/Forskolin-induced 

conductance was completely inhibited by TBB. 

These data indicate that apart from the formerly suggested S511 (Treharne 

et al., 2009), these other sites within CFTR appear to be essential for 

regulation by CK2, and especially the potential SYK site at Y512. We also 

observed a 50% higher conductance for S422D and a 50% reduction with 

the S422A mutant relative to wt-CFTR (compare bar 5 with bars 3,1 in Fig. 

III.1.5B and summary in Fig. III.1.5C). This is consistent with an important 

role for S422 phosphorylation in increasing CFTR activity. 

 

3.6. CK2-regulation of F508del-CFTR 

We further examined the effects of the alanine- and aspartate variants in a 

F508del-CFTR background.  

Fig. III.1.6A shows a whole cell current in F508del-CFTR-expressing and 

Xenopus oocytes. The whole cell current and conductance are actually very 

small under control conditions (only 1.1 ± 0.2 µS; n = 15), indicating that 

there is no baseline Cl- conductance in these oocytes. Stimulation with IBMX 

and forskolin only slightly, but significantly, activates an additional whole cell 

current which increases the whole cell conductance to 3.4 ± 0.6 µS (n = 15).  
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Figure III.1.6 – CK2-regulation of F508del-CFTR. (A) Whole-cell current measured 
in a F508del-CFTR expressing oocyte before and after activation by IBMX/Forskolin 
(1 mM/2 µM), and effects of the CK2-inhibitor TBB (10 µM). (B) Summary of the 
calculated IBMX/Forskolin-activated whole-cell conductances for wt-CFTR and 
CFTR variants and whole-cell conductances in the presence of TBB. (C) Whole-cell 
conductances of CFTR variants relative to wt-CFTR. (D) TBB-inhibited whole-cell 
conductances of CFTR variants relative to wt-CFTR. Data indicate Mean ± SEM 
(number of experiments). Asterisks indicate significant inhibition by TBB (B) and 
significant difference to wt-CFTR (unpaired t-test and ANOVA). (Work produced by 
Patthara Kongsuphol and included in this thesis with permission)  
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As reported earlier (Treharne et al., 2009), we confirmed that F508del-CFTR 

that this reduced whole-cell Cl- conductance is insensitive to CK2 inhibition 

(Fig. III.1.6A,B). None of the above mutations caused significant effects on 

either IBMX/Forskolin induced whole-cell currents on the F508del 

background, except for Y512A, which increased whole-cell currents 

significantly and was newly demonstrative of inhibition of the currents by 

TBB (Fig. III.1.6B,D bar 4). Notably elimination of this SYK site in both wt-

CFTR and F508del-CFTR additionally enhanced baseline Cl- conductance in 

Xenopus oocytes in the absence of IBMX and forskolin (Fig. III.1.7).  

 

Figure III.1.7 – Enhanced baseline CFTR-activity by mutation of the SYK-
phosphorylation site. (A) Summary of the baseline whole-cell conductances 
(before stimulation with IBMX/forskolin) generated in oocytes expressing wt-CFTR 
and CFTR-mutants. (B) Summary of the baseline whole-cell conductances (before 
stimulation with IBMX/forskolin) generated in oocytes expressing F508del-CFTR and 
various CFTR variants on an F508del-background. Data indicate Mean ± SEM 
(number of experiments). Asterisks indicate significant difference to wt-CFTR 
(ANOVA). (Work produced by Patthara Kongsuphol and included in this thesis with 
permission)  
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This suggests that the phosphorylation status of CFTR at Y512 influences 

CFTR either by keeping the channel closed or by causing a reduction in 

CFTR cell surface expression, but independently of F508, as judged by the 

enhanced basal CFTR-activity of both Y512A-wt-CFTR and Y512A-F508del-

CFTR (Fig. III.1.7A,B). Of note however, the magnitude of the conductance 

for Y512A-F508del-CFTR variant was still small, relative to wt-CFTR. 

 
 
3.7. Turnover and processing of CFTR bearing Y512 mutations 

As mutation of Y512 in CFTR expressed in oocytes highlights a possible 

regulation of CFTR mediated by this residue, we next analysed the effect of 

mutating this residue upon CFTR turnover and processing. As described 

above, mutations of Y512 to A, D, E and additionally to F (an aromatic 

residue of a similar size to tyrosine) were introduced into wt-CFTR-pNUT 

and the resulting vectors were used to generate stable BHK cells (Fig. 

III.1.8A). These results show that steady-state levels of total CFTR are 

significantly affected by these variants with the least effect observed by 

substitution of phenylalanine by either tyrosine or glutamate (Fig. III.1.8A, 

lanes 4,5). Processing not by the presence of phenylalanine residue (Fig. 

III.1.8B).  

The turnover and processing of these variants was also assessed by pulse-

chase experiments. Results show that mutation of Y512 to an alanine or an 

aspartate significantly decreases the efficiency of processing of wt-CFTR 

(Fig. III.1.8E) without a significant impact upon the turnover of the immature 

form (Fig. III.1.8D). The presence of the bulky side chain of phenylalanine 

(more comparable in size to that of tyrosine) or the longer negative charged 

side chain of glutamate again does not affect the turnover of band B (Fig. 

III.1.8G) and, although decreasing significantly the efficiency of processing, 

this decline is less pronounced than that observed for Y512A or D (compare 

Fig. III.1.8H with Fig. III.1.8E). 
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Figure III.1.8 – Biochemical analysis of SYK-phosphorylation site variants. (A) 
Steady-state levels of CFTR bearing Y512 mutations. WB of total protein (30 µg) 
from BHK cells stably expressing CFTR bearing different mutations. Actin was also 
assessed as a loading control. (B) Processing of CFTR at steady-state was 
assessed by densitometry and shown as the percentage of band C to total CFTR 
(C/B+C), normalized to wt-CFTR (black bars). Amount of mature band C CFTR was 
also assessed as ratio of band C to actin, again normalized to wt-CFTR (grey bars). 
Asterisks indicate significant differenceto wt-CFTR (t-test p<0.05). (C and F) BHK 
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cells stably expressing wt-, Y512A-, Y512D-, Y512E- or Y512F-CFTR were 
analyzed by pulse-chase as in Fig.III.1.2, followed by immunoprecipitation with anti-
CFTR 596 Ab. Electrophoresis, fluorography, and quantification were also 
performed a in Fig.III.1.2 but using the ImageQuant® software to determine the 
turnover of the core-glycosylated form (band B) (D,G) and the efficiency of 
maturation (E,H). Images and quantitations are representative of a total of n = 3-4 
experiments. Asterisks in panels E and H indicate difference to wt-CFTR for the time 
points indicated (t-test p<0.05). 
 

3.8. Levels of CFTR at the membrane are affected by Y512 
mutations 

In order to further explore the relevance of Y512 for CFTR trafficking, levels 

of CFTR at the membrane were assessed for these variants by cell-surface 

biotinylation. Results show that substitution of Y512 by a negative residue 

(glutamate) decreases the plasma membrane levels of CFTR and the 

replacement of Y512 by phenylalanine slightly increases the amount of 

membrane CFTR (Fig. III.1.9).  

 

Figure III.1.9 - Cell surface expression of  CFTR variants. BHK cells stably 
expressing either wt-, Y512F- or Y512E-CFTR were subjected to surface protein 
biotinylation, followed by streptavidin pull-down. Shown are WB of both pulled-down 
and input fractions, probed with anti-CFTR 596 monoclonal antibody. As controls for 
assay specificity, the intracellular protein α -tubulin was also stained, and non-
biotinylated samples (w/o biotin) were analyzed for each cell line. Blots shown are 
representative of three independent experiments. (Work produced by Ana Isabel 
Mendes and included in this thesis with permission)  
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3.9. SYK is an important regulator of CFTR 

As studies with Y512-CFTR variants highlighted the relevance of this residue 

in the regulation of CFTR turnover, processing and function, we further 

verified the role of SYK for activation of CFTR. For this, we examined the 

effects of the SYK inhibitor 574711 (Calbiochem, Germany) on activation of 

wt-CFTR and F508del-CFTR in Xenopus oocytes. 

 

Figure III.1.10 – Inhibition of SYK activates CFTR. Summary of the whole-cell 
conductances generated by wt-CFTR (left) and F508del-CFTR (right), measured in 
the absence or presence of TBB (10 µM) and the SYK-inhibitor 574711 (200 nM), 
relative to the whole-cell conductances measured under control conditions. Data 
indicate mean ± SEM (number of experiments). Asterisks indicate significant 
difference compared to control (unpaired t-test and ANOVA). (Work produced by 
Patthara Kongsuphol and included in this thesis with permission)  
 

As shown in Fig.III.1.10, 200 nM of SYK inhibitor 574711 largely augmented 

the whole-cell currents produced by either wt-CFTR or F508del-CFTR in 

Xenopus oocytes (Fig. III.1.10), to a degree similar to that observed for 

Y512A (Fig. III.1.5B). Moreover, inhibition of SYK appears to sensitize CFTR 

for inhibition by TBB judged by the near complete post-TBB inhibition of 

CFTR for this variant (in Fig. II.1.10, compare black bars with white ones, 

under SYK inhibitor). To investigate whether this sensitization is specific, we 

tested for a possible effect of another kinase site in the vicinity, namely 
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serine S519, putative phosphorylation site by checkpoint kinase 1 (Chk1). 

We thus tested the effect of Chk1 inhibitor 218078 (Calbiochem, Germany). 

After treatment with 200 nM of this inhibitor, we did not find any significant 

effects on wt-CFTR conductance, while F508del-CFTR conductance was 

reduced by inhibition of Chk1 (data not shown). 

 

3.10. SYK is expressed in respiratory cell lines and co-
precipitates with CFTR 

In order to assess the physiological relevance of these findings, we used RT-

PCR to assess whether SYK is expressed in human nasal epithelial cells 

from either CF patients (F508del homozygous) and controls as well as in 

three respiratory established cell lines – the submucosal gland cell line Calu-

3 and a bronchial cell line homozygous for F508del (with no detectable 

endogenous expression of CFTR) virally transduced with either wt- (CFBE-

wt) or F508del-CFTR (CFBE-F508del). We extracted RNA, applied RNase-

free DNase digestion and synthesized cDNA with random hexamers. This 

material was used as a template to amplify a 153 bp fragment with SYK 

specific primers. The observed band in all the cDNA samples analyzed, but 

absent in the DNase-treated mRNA samples (Fig. III.1.11A), confirmed the 

specific amplification of SYK thus indicating that this kinase is expressed in 

all the tissues/cell lines tested (Fig. III.1.11A).  

Additionally, we assessed whether SYK precipitates in vivo with wt-CFTR. 

CFBE cells stably expressing wt-CFTR were used to immunoprecipitate 

CFTR under low stringency conditions. Immunoprecipitated protein samples 

were then used to assess the presence of SYK by WB.  

Results show that, after CFTR immunoprecipitation, we were able to detect 

SYK and that the kinase is not pulled-down in the beads control (Fig. 

III.1.11B, upper panel). Data also show that in the human epithelial 
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respiratory cells CFBE-wt and also Calu-3 (data not shown, confirmed n=3), 

CFTR can interact with SYK 

 

Figure III.1.11 – SYK is expressed in human nasals and interacts with CFTR in 
vivo. (A) Expression of SYK mRNA in human nasal cells and in respiratory cell lines. 
(Left panel) Total RNA was extracted from the submucosal gland cell line Calu-3 
(lanes 1 and 2) and from a bronchial cell line homozygous for F508del (and with no 
detectable endogenous expression of CFTR) transduced with either wt- (lanes 3 and 
4) or F508del-CFTR (lanes 5 and 6). RNA was subjected to digestion with RNase-
free DNase. cDNA was synthesized using SuperScript II Reverse Transcriptase and 
PCR with primers specific for SYK was performed in either cDNA (lanes 1, 3 and 5) 
or mRNA samples (lanes 2, 4 and 6). (Right panel) Total RNA was extracted from 
human nasal epithelial cells obtained from a non-CF individual (lane 2) and a CF 
patient homozygous for F508del (lane 3). cDNA synthesis and PCR for SYK were as 
above. Calu-3 cDNA was included as a positive control. NC – PCR negative control. 
M – φX174/HaeIII ladder. (B) CFTR forms complexes in vivo with SYK. CFTR was 
immunoprecipitated from either CFBE-WT cells. The immunoprecipitated complex 
was blotted for SYK. As a positive control, SYK was detected by WB after 
immunoprecipitation (1:10 of the immunoprecipitate was loaded). As a negative 
control, pull-down was also performed with Protein G Agarose beads and blotted for 
SYK. Loading controls show equivalent amounts of either SYK and α-tubulin in the 
pre-cleared lysates (equivalent amount was assessed).   
 

©√ 
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3.11. SYK phosphorylates in vitro CFTR NBD1 at Y512 

To further strengthen our findings, we then analyzed whether SYK is able to 

phosphorylate CFTR NBD1. To this end, purified recombinant NBD1 

(rNBD1) and immunopurified YFP-SYK were used in an in vitro 

phosphorylation assay. Results show that besides catalysing its auto-

phosphorylation, SYK is also able to phosphorylate CFTR-NBD1 

(Fig.III.1.12). 

 

Figure III.1.12 – In Vitro Phosphorylation of CFTR NBD1 by SYK. GFP control 
vector or full-length GFP-SYK wild type (wt) or kinase dead (kd) were transfected 
into HEK293 cells, immunoprecipitated with anti-GFP antibodies using RIPA buffer 
and then incubated in vitro with 1µg recombinant Sumo-NBD1 wt or recombinant 
Sumo-NBD1 Y512F. WBs are shown to document successful protein precipitation 
and the presence of recombinant NBD1 (lower panels). (Work produced by Ana 
Isabel Mendes and included in this thesis with permission)  
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A similar approach was also performed with Y512-mutated NBD1 and data 

show that mutation of this residue completely abolishes the phosphorylation 

of rSUMO-NBD1 or decreases the levels of phosphorylated Myc-NBD1 to 

those observed for the control in the absence of SYK, thus confirming that 

Y512 is the likely site for CFTR phosphorylation by SYK.  

 

4. Discussion 

4.1. Regulation of CFTR by CK2 

Our primary aim was to further characterize the role of CK2 in the regulation 

of CFTR traffic and function. We present further evidence that CK2 – 

dependent regulation of CFTR has also a major role in electrolyte transport 

in native epithelial tissues (Fig.III.1.1) and not only in cellular models. 

Previously data, confirmed here (Fig.III.1.6A), demonstrated that inhibition of 

CK2 correlates with reduced CFTR activity (Treharne et al., 2009). 

Furthermore, here we show that this effect of pharmacological CK2 inhibition 

applies not only to CFTR function as a chloride channel but also to the 

processing of wt-CFTR. Indeed, our results show that CK2 activity is also 

essential for the successful processing (and membrane trafficking) of CFTR: 

this may involve direct phosphorylation of CFTR by CK2, previously shown 

to occur at S422 (Pagano et al., 2008), or this effect may involve other 

targets of CK2 that relate to CFTR-associated proteins.  

Interestingly, the Na+/H+ exchanger 3 (NHE3) activity was also found to be 

inhibited by the structurally related CK2 inhibitor 2-dimethylamino-4,5,6,7-

tetrabromo-1H-benzimidazole DMAT. It was concluded that CK2 binds to the 

NHE3 C terminus and stimulates basal NHE3 activity by phosphorylating a 

separate single site on the NHE3 C terminus, which affects NHE3 trafficking 

(Sarker et al., 2008). Space considerations limited a more detailed analysis 
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but we note that CK2 also controls important CFTR interactors such as 

syntaxins that are also involved in CFTR processing to the plasma 

membrane (Gil et al., 2011). 

Our analysis included the functional characterisation of CK2 sites in CFTR 

that are involved in its regulation. Serine residue 422, previously identified 

not only as a consensus site but as an actual site for phosphorylation of 

purified NBD1 by recombinant CK2 was shown here to be a critical residue, 

not for CFTR biogenesis, since neither turnover nor processing (Fig.4A-C) 

are affected by a non-phospho-mimic (S422A) or a phospho-mimic (S422D), 

but for CFTR activity. Furthermore, although function of S422D-CFTR is 

greatly affected by incubation with TBB, there is no change in its processing 

in the presence of this CK2 inhibitor (data not shown).  

Functional assessment of these variants in Xenopus oocytes shows that 

S422A-CFTR has reduced channel function and that S422D-CFTR has 

increased function when compared with wt-CFTR (Fig.III.1.5B-C). These 

results thus suggest that phosphorylation at S422 is involved in the 

regulation of CFTR function, contributing to its activation, consistent with its 

proposed pivotal position in the control of the interaction between NBD1 and 

NBD2 (Kanelis et al., 2010).  In fact, we also observed an increased 

sensitivity to TBB for the S422D mutant and a decreased sensitivity for the 

S422A non-phosphorylatable mutant, suggesting that the introduction of a 

negative charge at serine 422 by CK2 as shown in vivo or by PKA (for which 

serine 422 is also a consensus site) (Csanady et al., 2005), boosts CFTR 

sensitivity to CK2 activity judged by the enhanced sensitivity to CK2 

inhibition. Our observations may also suggest a role of residue S422 in 

modulating the binding of CK2 to CFTR surface. The proposed role of this 

kinase as a multianchor protein partner responsible for the recruitment of 

other proteins to CFTR is evidenced here by the activating role of S422 

(Mehta, 2007).  
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The present study also provides further insight into the role of residues S511 

and T1471. Serine 511 has been previously implicated in the regulation of 

CFTR by CK2, as the mutant S511D was found to be insensitive to TBB in 

Xenopus oocytes, but to have no major impact in the single-channel 

behaviour of CFTR (Treharne et al., 2009). Our biochemical data show that 

this residue is in fact not critical for CFTR turnover and processing.  

More striking are however the results for the T1471 variants. Indeed, data 

from mammalian cells show that this residue is critical for CFTR turnover 

and processing, significantly reducing (T1471A) or completely abolishing 

(T1471D) the appearance of mature CFTR. This residue is located very 

close to the C-terminus of CFTR, thus its substitution is probably affecting 

critical protein-protein interactions (e.g. with NHERF1) by further augmenting 

the negative charge in a region that is essential for CFTR trafficking at the 

plasma membrane (Guggino and Stanton, 2006). Strikingly, the pattern of 

maturation of F508del-CFTR and T1471D are very similar in that neither of 

these variants result in mature form of CFTR (band C). Moreover, we note 

the relative insensitivity of both variants to CK2 inhibition.  

The fact that the quality control machinery is more leaky in Xenopus oocytes 

(Faria et al.) where in fact CFTR anterograde trafficking seems to preferred 

comparing to the retrograde trafficking and endocytosis (Takahashi et al., 

1996; Weber et al., 2001) allowed us to characterize functionally these 

CFTR variants. The replacement of threonine T1471 by a non-charged 

residue reduces CFTR activity, while the additional negative charge does not 

affect the activity of CFTR. Overall results suggest that T1471 mutation has 

a detrimental effect in the regulation of CFTR by CK2.  

Results with T1471, although puzzling, highlight a dual role of CK2-putative 

sites in CFTR: potentiation of both CFTR processing and function but also 

possible regulation of its C-terminal specific interactions (which are critical 

for CFTR stability at the plasma membrane). 
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Taken together, our data on CFTR regulation by CK2 suggest opposing 

effects of residues S422 and T1471, with S422 having an activating role and 

T1471 an inhibitory effect. 

 

4.2. Regulation of CFTR by Spleen Tyrosine Kinase 

Another interesting finding of the present study was the regulation of CFTR 

by SYK, which is a crucial player in many biological functions, with important 

roles in hematopoietic cells and in the regulation of the inflammatory process 

(Mocsai et al.). In our work, SYK was found to be expressed in cell lines 

expressing high levels of CFTR but also in material derived from either CF 

patients or healthy controls. Although expression of SYK in the airway 

epithelium has been described before (Sanderson et al., 2009) and its 

interaction with CFTR shown in BHK cells (Mendes et al., 2011), we 

describe here for the first time that it in fact interacts with CFTR in human 

epithelial respiratory cells. 

As we confirmed that purified CFTR-wt-NBD1 is phosphorylated in vitro by 

SYK likely at tyrosine 512, since it does not occur for CFTR-Y512F-NBD1, 

characterization of Y512 variants not only in Xenopus oocytes but also in 

stably transfected mammalian cells suggests that phosphorylation of CFTR 

by SYK may be involved in the regulation of CFTR membrane levels but also 

of its activity. Furthermore, our functional data also show that phosporylation 

of Y512 by SYK may affect the channel regulation by CK2 – substitution of 

Y512 by a non-phospho-mimic residue (Y512A) increases CFTR sensitivity 

to TBB, with the opposite being observed for Y512D.  

These data are the first confirmation of this functional interaction between 

SYK and CK2. Previous observations evidenced that CK2 was only able to 

phosphorylate CFTR peptides corresponding to the sequence 

PGTIKENIIFGVSY512DEYRYR provided that residue Y512 was substituted 
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with phosphotyrosine (Pagano et al., 2008), strongly suggesting the potential 

for hierarchical phosphorylation, i.e., an interaction between CK2 and SYK at 

S511, the CK2 consensus, depending on a negative charge at the adjacent 

tyrosine (Pagano et al., 2008; Pagano et al., 2010).  

Our functional data also show that inhibition of SYK (or mutation of the 

potential SYK-phosphorylation site) strongly augments Cl- currents in 

oocytes, even those produced by F508del-CFTR, confirming SYK as a novel 

target for a pharmacotherapy of CF, as proposed by our recent study, where 

this effect was shown to be partially reverted by WNK4 (Mendes et al., 2011). 

Interestingly, inhibition of SYK with siRNA also downregulates 

proinflammatory molecules IL-6 and ICAM-1 (Ulanova et al., 2005) further 

reinforcing the relevance of SYK as a target to be knocked-down for CF 

therapy. Moreover, phosphorylated SYK recruits and activates multiple 

downstream signalling molecules, including the small GTPases Rac1 and 

Cdc42 (Greenberg, 1999), the former of which was recently shown to play a 

role in CFTR trafficking and membrane anchoring (P Matos and P Jordan, 

personal communication). 

Clarification of the role played by these two kinases in CFTR membrane 

trafficking and activity gives further insight into the complex regulation of the 

protein, potentially contributing to the discovery of new potential therapeutic 

targets for the treatment of patients with CF, here clearly favoured as kinase-

based mechanisms are among those of higher "druggability". 
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Part 2 – LMTK2 facilitates CFTR endocytosis by 
phosphorylation at the CFTR residue Ser-737  

1. Abstract 

Clathrin-mediated endocytosis is one of the major mechanisms controlling 

the levels of CFTR at the apical plasma membrane of epithelial cells. 

However, the protein interactions regulating this process are still poorly 

understood. Previously, we have shown that SYK and WNK4 kinases play a 

role in this process regulating CFTR levels at the membrane. Lemur 

Tyrosine Kinase 2 (LMTK2) is a transmembrane protein with 

serine/threonine kinase activity that has been shown to phosphorylate in 

vitro the residue Ser-737 of isolated CFTR R domain and suggested to be 

implicated in the inhibition of CFTR-mediated Cl- transport. Furthermore, 

LMTK2 binds directly to myosin VI, a motor protein that facilitates CFTR 

endocytosis. Our aim here was to determine how LMTK2 regulates CFTR 

endocytosis in human airway epithelial cells. 

Our data show that endogenous LMTK2 co-immunoprecipitates with CFTR. 

Further, both silencing endogenous LMTK2, or overexpressing a kinase-

dead LMTK2 fragment containing the transmembrane and kinase domains, 

increase CFTR levels at the plasma membrane by attenuating its 

endocytosis. 

Results suggest that LMTK2 facilitates CFTR endocytosis in human airway 

epithelial cells by a mechanism that may involve phosphorylation of Ser-737. 

The previously observed role of Ser-737 in inhibiting Cl- currents may thus 

be partially explained by the regulation of LMTK2-dependent CFTR 

endocytosis. 
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2. Introduction 

The cystic fibrosis transmembrane conductance regulator (CFTR) is a 

cAMP-activated Cl- channel that mediates transepithelial Cl- transport and an 

ATP binding cassette (ABC) transporter (Howard et al., 2000; Riordan et al., 

1989; Rommens et al., 1989). CFTR is present in many tissues including the 

airways where it plays a critical role in maintaining the airway surface liquid 

to regulate mucociliary clearance (Boucher, 2004; Tarran et al., 2006). CFTR 

mediated Cl- secretion across polarized epithelial cells is regulated by 

modulating channel activity and by controlling the number of CFTR channels 

in the plasma membrane (Bertrand and Frizzell, 2003; Guggino and Stanton, 

2006). Together with membrane delivery from the trans-Golgi and 

membrane recycling, the amount of CFTR protein expressed in the apical 

plasma membrane of fluid-transporting epithelia is also controlled by clathrin-

mediated endocytosis.  

Many proteins are indicated to be involved in CFTR membrane trafficking 

and endocytosis, namely components of the chlatrin coating including 

adaptor proteins such as AP-2 and Dab2, Rab GTPases, motor proteins 

such as myosin VI and myosin Vb (Cihil et al., 2012; Guggino and Stanton, 

2006; Swiatecka-Urban et al., 2004; Swiatecka-Urban et al., 2007). 

Previously, it was shown that kinases may also have an important role in 

these processes. In fact, both spleen tyrosine kinase (SYK) (Luz et al., 2011) 

and the 4th member of with-no-lysine kinases (WNK4) regulate CFTR levels 

at the membrane (Mendes et al., 2011). Nonetheless, the protein 

interactions that control CFTR endocytosis in epithelial cells have only been 

partially explored. 

LMTK2 is a transmembrane protein with serine/threonine kinase activity 

described to form regulatory complexes at the membrane (Wang and 

Brautigan, 2002). The predicted structure of LMTK2 includes a 

Transmembrane Domain (TM), a Kinase Domain (KD), a Myosin VI Binding 
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Domain (MBD) and at the C-terminus, a long Tail Domain (TD) (Fig III.2.1). 

The protein contains 1503 aminoacid (aa) residues and a molecular mass of 

about 166 kDa (Wang and Brautigan, 2002). 

 

Figure III.2.1– Domains of LMTK2 protein. Transmembrane Domain (TM),  Kinase 
Domain (KD),  Myosin VI Binding Domain (MBD),  Minimal Myosin VI Binding 
Domain (MMBD), Tail Domain (TD). Numbers refer to aminoacid residues. 
 
 
LMTK2 was shown to directly bind to myosin VI (Inoue et al., 2008), an actin-

based retrograde motor protein that plays a crucial role in membrane 

trafficking pathways, already known to facilitate CFTR endocytosis 

(Swiatecka-Urban et al., 2004). This kinase binds to the WWY site in the C-

terminal myosin VI tail, the same site as the endocytic adaptor protein Dab2. 

Furthermore, it was shown that under LMTK2 depletion by siRNA the 

endocytic/recycling pathway is dramatically reduced (Chibalina et al., 2007). 

Additionally, it was shown, using a PepChip microarray, that LMTK2 

phosphorylates in vitro a peptide including CFTR Ser737 residue (Wang and 

Brautigan, 2006) but also the full-length Glutathion S-transferase (GST)-

fused CFTR R-domain (which includes Ser737 residue). 

Hence, a goal of this study was to determine whether LMTK2 regulates the 

endocytic trafficking of CFTR and if this regulation is dependent on CFTR 

S737 residue phosphorylation by LMTK2.  

Here we show that LMTK2 phosphorylates CFTR in vivo and that an 

inhibition of CFTR S737 phosphorylation results in an increase in CFTR 
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abundance at plasma membrane by decreasing its endocytosis. Taken 

together, our results demonstrate that in human airway epithelial cells, 

LMTK2 facilitates CFTR endocytosis by a mechanism that requires its kinase 

activity through phosphorylation at CFTR Ser-737. 

 

3. Results 

3.1. CFTR Co-immunoprecipitates with LMTK2 in Polarized 
Human Airway Epithelial Cells  

We examined whether LMTK2 interacts with CFTR in polarized human 

airway epithelial cells (Calu-3). Calu-3 cells were grown in semi-porous 

membranes and allowed to polarize (polarization is confirmed by the 

measurement of the transepithelial resistance (TER) in each membrane).  

 

Figure III.2.2 - Endogenous LMTK2 and CFTR form a complex in polarized 
human airway epithelial cells (Calu-3, stably expressing WT-CFTR). CFTR was 
immunoprecipitated with the mouse monoclonal antibody M3A7  (IP CFTR, A) and 
LMTK2 was immunoprecipitated with the rabbit polyclonal anti-LMTK2 antibody (IP 
LMTK2, B). Mouse or rabbit non-immune IgGs were used as controls (IP IgG). 
Proteins were separated by SDS-PAGE using 7.5% gels (2% of the WCL run on gel) 
and analysed by immunoblot (IB) as indicated. All experiments were repeated 3 
times from separate cultures with similar results. (Work produced by Agnieszka 
Swiatecka-Urban and included in this thesis with permission) 
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After cell lysis, CFTR was immunoprecipitated with the monoclonal anti-

CFTR antibody M3A7 and LMTK2 was immunoprecipitated with a rabbit 

polyclonal anti-LMTK2 antibody in reciprocal experiments. Western blot 

analysis of the immunoprecipitated protein complexes demonstrated that 

endogenous LMTK2 and CFTR co-immunoprecipitated in Calu-3 cells (Fig. 

III.2.2A,B). Taken together, these data demonstrate that endogenous LMTK2 

and CFTR interact in human airway epithelial cells. 

 

3.2. Silencing LMTK2 Increases the Plasma Membrane 
Expression of CFTR in Polarized Human Airway Epithelial Cells  

If LMTK2 interacts with CFTR, levels of LMTK2 expression may influence 

CFTR expression at plasma membrane. To test this prediction, LMTK2 

expression was reduced in CFBE41o- cells by RNA mediated interference 

(siRNA) as described under “Materials and Methods” (section 2.3). 

CFBE41o- cells were transfected with 10 nM siRNA specific for human 

LMTK2 sequence (si-LMTK2) or with a non-silencing siRNA control (si-

CTRL) (Fig III.2.3).  

After 96h-transfection, si-LMTK2 effect on LMTK2 abundance was shown 

with a decreasing of 30.0 ± 6.7% of the total LMTK2 levels, without 

decreasing the protein levels of total CFTR (Fig. III.2.3A). Apical plasma 

membrane proteins were selectively biotinylated, isolated by streptavidin 

beads, eluted from the beads, and incubated with anti-CFTR antibody 596 

(CFF). Western blot analysis were performed to demonstrate the effects of 

siLMTK2 on the abundance of CFTR in the plasma membrane (PM) and in 

whole cell lysate (WCL), showing that under LMTK2 downregulation CFTR 

abundance at plasma membrane is increased. All together these results 

show that silencing LMTK2 significantly increased the steady-state plasma 
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membrane expression of CFTR without affecting total CFTR expression in 

the WCL (Fig. III.2.3B).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

 
Figure III.2.3 - Silencing LMTK2 increases CFTR abundance in the plasma 
membrane of CFBE41o- cells. Cells were transfected with 10 nM siRNA specific 
for LMTK2 (siLMTK2) or the non-silencing siRNA control (siCTRL) and cultured for 
96 hrs. Expression of LMTK2 in whole cell lysates (WCL) was reduced to 30.0 + 
6.7% (n=4). (A) Representative Western blots demonstrating the effects of siLMTK2 
on the abundance of CFTR in the plasma membrane (PM) and in WCL, and on the 
abundance of LMTK2 and ezrin in WCL. (B) Summary of data, after fluorography 
and quantification using the ImageQuant® and GraphPad Prism, demonstrating that 
siLMTK2 increased CFTR abundance in PM at steady state. Plasma membrane 
proteins were isolated by cell surface biotinylation. CFTR (PM) was normalized to 
ezrin, used as a loading control. Asterisks indicate p<0.05 versus siCTRL. (3-4 
experiments/group). (Work produced by Kristine Cihil and included in this thesis with 
permission) 
 
 

3.3. Silencing LMTK2 Decreases CFTR Endocytosis 

We then assessed if regulation of endocytic removal of CFTR from the apical 

plasma membrane was the mechanism through which LMTK2 

downregulation promotes an increase in plasma membrane CFTR. 

A. B. 
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Figure III.2.4 - Silencing LMTK2 decreases CFTR endocytosis in CFBE41o- 
cells. Cells were transfected with 10 nM siLMTK2. Representative Western blot (A) 
and summary of experiments (B) demonstrating that reducing LMTK2 protein 
expression decreases CFTR endocytosis. The amount of biotinylated CFTR (BT) 
remaining after the GSH treatment at 4ºC without warming to 37ºC was considered 
background and was subtracted from the amount of biotinylated CFTR remaining 
after warming to 37 ºC at each time point. CFTR endocytosis was calculated after 
subtraction of the background and was expressed as the percentage of biotinylated 
CFTR at each time point after warming to 37ºC, compared to the amount of 
biotinylated CFTR at the beginning of the experiment. CFTR endocytosis was linear 
up to 5 minutes. Ezrin expression in the whole cell lysate (WCL) was used as a 
loading control. Asterisk indicates p<0.05 versus siCTRL. (5 experiments/group). 
(Work produced by Kristine Cihil and included in this thesis with permission) 
 

After decreasing LMTK2 expression as was explained above, we performed 

an endocytosis assay. In this assay, after regular biotinylation (with a biotin 

variant containing a disulphide bond in its spacer arm) at 4ºC, protein 

endocytosis was induced incubating the cells at 37ºC. After that, cells were 

treated with glutathione (GSH) in order to remove the biotin molecules still 

A. 

B. 
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attached to the cell surface. The amount of biotinylated CFTR (BT) 

remaining after the GSH treatment at 4ºC without warming to 37ºC was 

considered background and was subtracted from the amount of biotinylated 

CFTR detected after warming to 37 ºC at each time point. CFTR endocytosis 

was calculated after subtraction of the background and was expressed as 

the percentage of biotinylated CFTR at each time point after warming to 

37ºC, compared to the amount of biotinylated CFTR at the beginning of the 

experiment. We observed that the siCTRL control had no effect on CFTR 

endocytosis as compared to non-transfected polarized CFBE41o- cells (data 

not shown). As illustrated in Fig. III.2.4, the reduction in CFTR endocytosis is 

consistent with the increased plasma membrane expression of CFTR 

observed in cells transfected with siLMTK2 (Figs. III.2.3 and III.2.4), 

indicating that LMTK2 facilitates CFTR endocytosis. 

 

3.4. The CFTR S737 residue is phosphorylated by LMTK2  

LMTK2 was shown to phosphorylate a peptide containing CFTR Ser-737 

residue (Wang and Brautigan, 2006). Thus, this phosphorylation is possibly 

involved in the mechanism through which LMTK2 regulates CFTR 

endocytosis.  

To address this hypothesis, we started by generating recombinant LMTK2 

fragments. From sequence analysis, we predicted that the lysine residue at 

position 168 when mutated to a methionine (K168M, 16 aa downstream of 

Walker motif GNGWFG) generates a variant with no kinase activity. To 

confirm the kinase activity of this mutant, we produced smaller version of 

LMTK2 - FLAG-tagged LMTK2 constructs – truncated at MBD, thus 

containing only the transmembrane (TM) and the kinase domains (KD), both 

the wild type and K168M variants (LMTK2 TM+KD wt or LMTK2 TM+KD 

K168M).  
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Figure III.2.6. The anti S737-CFTR antibody recognizes specifically the 
phosphorylated forms of CFTR. CFBE41o- CFTR WT cells were incubated with 
IBMX/Forskolin (1mM IBMX and 1 µM Forskolin) and/or 50nM of Calyculin A. After 
15 min incubation, CFTR was detected with either the anti-CFTR 596 antibody 
(NBD2 epitope) and with the anti-S737 antibody in cell lysates by Western blot 
analysis. Cells were incubated with DMSO as a control. Representative blot of 3 
experiments. 
 

To assess the in vivo phosphorylation of CFTR by LMTK2, we used an 

antibody that recognizes specifically an epitope encompassing CFTR Ser-

737. So first, in order to confirm the specificity of the antibody, CFBE cells 

stably expressing WT CFTR were incubated with IBMX (3-isobutyl-1-

methylxanthine) and forskolin both enhancing CFTR activity (Faria et al., 

2011), by promoting an increase in cellular levels of cAMP and thus 

phosphorylation by PKA, and/or calyculin, that inhibits Ser/Thr protein 

phosphatases, preventing CFTR dephosphorylation (Brautigan, 2012; 

Ishihara et al., 1989). Results show, in the presence of equal amounts of 

CFTR (detected by the anti-CFTR 596 antibody) and Ezrin, an increased 

detection by anti-S737 antibody in cells incubated with one or both 

IBMX/Forskolin and Calyculin A, suggesting that this antibody is specific for 

the phosphorylated forms of CFTR (Figure III.2.5). 
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Figure III.2.6. LMTK2 overexpression increases CFTR phosphorylation at S737 
residue. CFBE41o- cells were transfected with the LMTK2 TM+KD WT (WT), 
TM+KD K168M (K168M) mutant or vector control (CTRL). (A) Biotinylation 
experiments showing that the K168M mutation did not affect targeting of the LMTK2 
TM+KD fragment to the plasma membrane (B) Summary of Western blot 
experiments demonstrating that the LMTK2 K168M mutation decreases the 
detection of CFTR by anti-S737 antibody. 48h after transfection the TM+KD 
constructs were detected with an anti-Flag antibody. Total CFTR and CFTR 
phosphorylated at S737 (p-CFTR S737) were detected in cell lysates by Western 
blot analysis with antibody 596 and anti-S737, respectively. Asterisk indicates 
p<0.05 (4 experiments/group). 
 

We then transfected CFBE41o- cells with either LMTK2 TM+KD WT (WT), 

TM+KD K168M (K168M) mutant or empty vector (CTRL) and  confirmed, by 

cell surface biotinylation, that both recombinant LMTK2 fragments traffic 

equally to the membrane (Fig. III.2.6A).  

Then we used the phosphospecific antibody (recognizing the phosphorylated 

CFTR at Ser-737) to address if LMTK2 induces increased levels of detection 

(thus phosphorylation at that specific residue). Results show an increased 

detection of CFTR by anti-S737 antibody as overexpression of LMTK2 

TM+KD K168M (kinase dead) decreases the levels detected by 

overexpression LMTK2 TM+KD WT (Fig.  III.2.6B). 
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3.5. Kinase Dead LMTK2-K168M Decreases CFTR Endocytosis  

 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure III.2.7. LMTK2 K168M increases CFTR abundance in the plasma 
membrane and decreases CFTR endocytosis in CFBE41o- cells. CFBE41o- 
cells were transfected with the LMTK2 TM+KD WT (WT), TM+KD K168M (K168M) 
mutant or vector control. Representative Western blot (A), summary of biotinylation 
experiments (B) demonstrating that the LMTK2-K168M increases CFTR abundance 
at the PM, and summary of experiments (C) demonstrating that the this variant 
decreases CFTR endocytosis. The amount of biotinylated CFTR remaining after the 
GSH treatment at 4ºC without warming to 37ºC was considered background and 
was subtracted from the amount of biotinylated CFTR remaining after warming to 
37ºC at each time point. CFTR endocytosis was calculated after subtraction of the 
background and was expressed as the percentage of biotinylated CFTR at each 
time point after warming to 37ºC, compared to the amount of biotinylated CFTR at 
the beginning of the experiment. CFTR endocytosis was linear up to 7.5 minutes. 
Ezrin expression in the whole cell lysate (WCL) was used as a loading control. 
Asterisk indicates p<0.05 (3 experiments/group). 
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After confirming that LMTK2 TM+KD modulates CFTR phosphorylation at 

S737 residue, the effect of this phosphorylation on CFTR endocytosis was 

evaluated using endocytosis assays. Human bronchial epithelial cells 

(CFBE41o-) were transfected with LMTK2 TM+KD constructs and 

endocytosis assays performed as described above. Results show that 

overexpression of LMTK2 TM+KD K168M increases CFTR expression at 

plasma membrane (Fig. III.2.7A, B) and that this effect is due to a decrease 

in CFTR endocytosis (Fig. III.2.7A, C). These results are in agreement with 

those observed under LMTK2 downregulation by siRNA. 

 

3.6. S737A-CFTR is more Abundant at Plasma Membrane Due 
to a Decrease in its Endocytosis  

To further characterize the role of CFTR Ser-737 in the regulation of CFTR 

plasma membrane abundance by LMTK2, we produced two CFTR variants 

with mutations at this residue.  Thus, the serine residue at position 737 was 

mutated into either an alanine (S737A), mimicking with the non-phospho 

status of this protein, or an aspartic acid (S737D), mimicking the 

phosphostatus of CFTR.  

These constructs were then used to transiently transfect CFBE41o- cells 

(non-expressing CFTR) in order to assess the PM abundance and 

endocytosis of CFTR.  

Prior to the analysis of the effect of these variants upon CFTR endocytosis, 

we confirmed that endocytic trafficking of CFTR follows the same rate as in 

stably expressing cells. Endocytosis assays were thus performed in 

CFBE41o- cells stably transduced or transiently transfected with wt- CFTR. 

Results show that the rate of CFTR endocytosis had no differences between 

stable and transient transfection (Fig III.2.8). 
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Figure III.2.8. Endocytosis of CFTR has the same rate in stable or transiently 
transfected CFBE41o- cells. CFTR endocytosis was assessed as in Figure III.2.4 
(2 experiments/group). 
 

CFBE41o- cells were then transiently transfected with CFTR WT (WT), 

CFTR-S737A (S737A), and CFTR-S737D (S737D) mutants and endocytosis 

assays performed as described above. The results obtained show that both 

mutations increase CFTR abundance at the plasma membrane, being this 

increase more pronounced for CFTR with the S737A when compared with 

the S737D-CFTR mutant (Fig III.2.9A,B). This increase in PM levels 

corresponds in both mutant proteins to a decrease in endocytosis (Fig 

III.2.9A, C). Once again, this decrease is more pronounced for the S737A-

CFTR mutant.  

These results evidence that impairing the phosphorylation of S737 residue 

increase CFTR abundance at plasma membrane by decreasing its 

endocytosis, being in agreement with the previous results showing the same 

effect when the kinase activity of LMTK2 is affected.  

Curiously, a similar effect is observed when Ser-737 is replaced by either a 

negative (S737D) or a neutral residue (S737A). In fact, these findings 

suggest that the mutation of the putative site for phosphorylation by LMTK2 

disrupts the effect of the kinase, independently of the charge on position 737.  
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Figure III.2.9 - CFTR S737 mutations increase CFTR abundance in the plasma 
membrane (PM) and decrease its endocytosis in CFBE41o- cells. CFBE41o- 
cells were transfected with the CFTR WT (WT), CFTR-S737A (S737A) or CFTR-
S737D (S737D) mutants. Representative Western blot (A), summary of  biotinylation 
experiments (B) demonstrating that both CFTR mutations at S737 residue increase 
CFTR abundance in PM, and summary of experiments (C) demonstrating that these 
mutations decrease CFTR endocytosis. The amount of biotinylated CFTR (BT) 
remaining after the GSH treatment at 4ºC without warming to 37ºC was considered 
background and was subtracted from the amount of biotinylated CFTR remaining 
after warming to 37ºC at each time point. CFTR endocytosis was calculated after 
subtraction of the background and was expressed as the percentage of biotinylated 
CFTR at each time point after warming to 37ºC, compared to the amount of 
biotinylated CFTR at the beginning of the experiment. CFTR endocytosis was linear 
up to 5 minutes. CFTR expression in the whole cell lysate (WCL) was used as a 
loading control. Asterisk indicates p<0.05 (4 experiments/group). 
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4. Discussion 

The present study aims at identifying and characterizing the role of LMTK2 in 

the regulation of CFTR endocytic trafficking and its relationship with CFTR 

phosphorylation at Ser-737 residue by LMTK2. Although previous studies 

suggested that a possible role of LMTK2 in CFTR trafficking, these novel 

aspects of CFTR biology were not explored until this study. 

Here, we showed that CFTR complexes with endogenous LMTK2 in 

polarized human airway epithelial cells (Fig.III.2.2), highlighting the 

relevance of this kinase in CF field.  

Results presented here also evidenced that, under LMTK2 downregulation 

(to 30.0% of its steady state levels), total expression of CFTR is not affected 

but interestingly there is an increase in its abundance at the plasma 

membrane (Fig III.2.3). Furthermore, this effect results from an increased 

stability at the membrane, here represented by a decrease in its endocytosis 

(Fig. III.2.4). So, this first evidence suggests that LMTK2 regulates CFTR 

endocytosis, facilitating its removal from the plasma membrane. 

Using a PepChip microarray, containing duplicate sets of 1,152 different 

peptides with a median length of nine residues, based on known 

phosphorylation sites in the PhosphoBase database (Wang and Brautigan, 

2006), Brautigan and cols showed that LMTK2 in vitro phosphorylates a 

peptide including CFTR Ser-737. So we postulated that the observed 

regulation of CFTR endocytosis could occur through phosphorylation of Ser-

737 in the R-domain of CFTR. 

Using WT and kinase dead (K168M) fragments of LMTK2, we showed here 

that overexpression of LMTK2-K168M significantly decreases the levels of 

S737-phospho-CFTR (Fig. III.2.6B). Interestingly, this also corresponds to an 

increase in CFTR expression at plasma membrane (Fig. III.2.7.B) and a 



III
2

Part 2 – Regulation of CFTR endocytosis by LMTK2 
 

89 

III 
2 

decrease in its endocytosis (Fig. III.2.7C) in agreement with the results 

obtained with LMTK2 downregulation. 

Finally, the effects of mutating Ser-737 upon CFTR plasma membrane 

abundance and endocytosis was assessed, showing that replacement of 

Ser-737 increases CFTR at the membrane by decreasing its endocytosis 

(Fig. III.2.9). This effect is particularly relevant as the CFTR Ser-737 residue 

has been descrived to be a target for phosphorylation by different kinases 

(amog which protein kinase A – PKA – and AMP-activated protein kinase – 

AMPK), being this modification responsible for regulation of its channel 

activity (Alzamora et al., 2011; Hegedus et al., 2009; Kongsuphol et al., 

2009). 

Results with non-phosphomimic (S737A) or phosphomimic (S737D) variants 

pointed in the same direction – an increase in CFTR abundance in the 

plasma membrane related to a decrease in endocytosis (Fig III.2.9A, C).  

Although, absence of phosphorylation (here represented by the S737A 

neutral subsititution) was expected to produce such results, the substitution 

with the negatively charged residue (S737D) was expected to evidence the 

opposite behaviour when compared with S737A-CFTR. Interestingly, 

S737D-CFTR amount at the plasma membrane is just slightly increased 

when compared with WT-CFTR. However, the amount of endocytosed 

S737D-CFTR is strongly reduced when compared to the WT-CFTR (and not 

significantly different from S737A-CFTR mutant). Thus, the presence of the 

negative charge promotes a decrease in the amount of CFTR at the plasma 

membrane that is however not reflected in the amount of endocytosed CFTR. 

So, it is possible to hypothesize that the amount of CFTR removed from the 

plasma membrane in the presence of the negative charge that is not present 

at the endocytosed “fraction” is being sent for degradation. This is also 

supported by the decreased amount of CFTR at steady-state for the S737D 

mutant (Fig. III.2.9A lower panel). Therefore, we can also suggest that 
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LMTK2 facilitates CFTR endocytosis and that this event may be related with 

the decision step between and membrane recycling or targeting for 

degradation. 

These results are consistent with previous findings showing that LMTK2 is a 

protein partner of Myosin VI promoting the endocytic recycling pathway 

(Chibalina et al., 2007; Inoue et al., 2008), and that myosin VI and Dab2 

facilitate CFTR endocytosis by a mechanism that requires actin filaments 

(Swiatecka-Urban et al., 2004). Moreover, CFTR S737 residue is known by 

its inhibitory effect upon CFTR activity (Wilkinson et al., 1997) – our results 

present an evidence that this may be due not only to its channel activity but 

also  to a decrease in the amount of CFTR at the apical membrane. 

The results presented here have used human respiratory epithelial cell lines 

either expressing CFTR endogenously (Calu-3) or after transduction 

(CFBE41o-). For this later model, it is important to stress that the levels of 

wt-CFTR expression are compared to those endogenously expressed in 

Calu-3 cells, thus making it a good model of epithelial cells. Thus, the levels 

of expression are not that high to saturate the pathways for regulated CFTR 

trafficking. Furthermore, the use of cell surface labelling with biotin allows a 

clear distinction between apical and subapical CFTR. 

CFTR trafficking is a tightly regulated process. This is probably the main 

reason why CFTR endocytosis in respiratory cell lines is a slow process 

(Swiatecka-Urban et al., 2005), thus contributing to the protein increased 

stability at the cell surface when compared with heterologous (fibroblast) 

models (Peter et al., 2002; Sharma et al., 2004). 

The regulation of these processes involved several protein partners 

participate. CFTR was shown to be endocytosed through a clathrin-

dependent mechanism but to be absent from caveolae (Bradbury et al., 

1999). Furthermore, the C-terminus of CFTR has been known for sometime 

to participate in these mechanisms, through the ancoring of CFTR to the 
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actin cytoskeleton, mediated by its PDZ-binding domain (Tandon et al., 

2007). Interestingly, abrogation of this motif stabilizes CFTR at the plasma 

membrane. 

Phosphorylation has recently been added to this overall picture, further 

contributing to the “fine tuning”/modulation of CFTR levels at the plasma 

membrane. We have shown that a tyrosine residue at NBD1 (Y512) can be 

phosphorylated by SYK (Luz et al., 2011), being this phosphorylation 

responsible for removing CFTR from the cell surface. Furthermore, this 

effect seems to be regulated by WNK4 that inhibits SYK stabilizing CFTR at 

the membrane (Mendes et al., 2011). 

Here, we have identified a role also for the R-domain (specifically Ser-737) in 

regulating CFTR at the plasma membrane and its endocytosis. Evidence is 

thus emerging that, besides the role of different protein interactors, post-

translational modifications are also relevant for controlling the late stages of 

CFTR trafficking. 

Our results demonstrating that, in human airway epithelial cells, LMTK2 

facilitates CFTR endocytosis by a mechanism that requires the LMTK2 

kinase activity involving CFTR phosphorylation at Ser-737, may thus 

contribute to the elucidation of novel pathways and the new potential 

therapeutic targets to be further explored in the ultimate treatment of patients 

with CF. 
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Part 3 – Regulation of ENaC and CFTR 
Biogenesis by the Stress Response Protein 
SERP1 

1. Abstract 

Cystic Fibrosis (CF) lung disease is caused by reduced Cl- secretion along 

with enhanced Na+ absorption, leading to reduced airway surface liquid 

(ASL) and compromised mucociliary clearance. Therapeutic strategies have 

been developed to activate cystic fibrosis transmembrane regulator (CFTR) 

or to overcome enhanced Na+ absorption by the epithelial Na+ channel 

(ENaC). In a split-ubiquitin-based two-hybrid screening we identified stress-

associated ER protein 1 (SERP1)/ribosome-associated membrane protein 4 

(RAMP4) as a novel interacting partner for the ENaC β -subunit. SERP1 is 

induced during cell stress and interacts with the molecular chaperone 

calnexin, thus controlling early biogenesis of membrane proteins. ENaC 

activity was measured in the human airway epithelial cell lines H441 and 

A549 and in voltage clamp experiments with ENaC-overexpressing Xenopus 

oocytes. We found that expression of SERP1 strongly inhibits amiloride-

sensitive Na+ transport. SERP1 co-immunoprecipitated and co-localized with 

βENaC in the ER, together with the chaperone calnexin. In contrast to the 

inhibitory effects on ENaC, SERP1 appears to promote expression of CFTR. 

Taken together, SERP1 is a novel co-chaperone and regulator of ENaC 

expression. 

 

2. Introduction 

Cystic fibrosis (CF) is characterized by reduced Cl- secretion due to mutated 

cystic fibrosis transmembrane conductance regulator (CFTR) and enhanced 

Na+ hyperabsorption through amiloride-sensitive epithelial sodium channels 
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(ENaC). A balance between Na+ absorption and Cl- secretion is crucial to 

maintain an adequate level of airway surface liquid (ASL), necessary for 

effective mucociliary clearance (MCC) of the lungs. Pharmacological 

strategies to restore function of mutant CFTR or to modulate ENaC 

expression and/or activity should therefore be beneficial for treatment of the 

CF lung disease. Strategies are on the way to identify proteins that control 

folding and maturation of CFTR during its transition from the endoplasmic 

reticulum (ER) to the Golgi, in order to find ways to increase plasma 

membrane expression of misfolded F508del-CFTR, which otherwise remains 

in the ER (Barwise and Walker, 1996; Hayes et al., 2004). Moreover small 

molecule strategies aim to rescue F508del-CFTR to the plasma membrane 

(Hayes et al., 2004; Homolya et al., 1999). 

It is believed that airway Na+ absorption by ENaC is a major factor that 

controls ASL and MCC (Boucher, 2007; Gaillard et al., 2010; Mall et al., 

1998; Mall et al., 2004). However, little is known about mechanisms that 

control intracellular maturation of ENaC (Baquero and Gilbertson, 2011; 

Reddy et al., 2001; Schreiber et al., 2004). In order to identify novel 

interacting proteins that could serve as potential targets for pharmacotherapy 

of the apparent Na+ hyperabsorption in CF, we employed the split-ubiquitin 

two-hybrid system in yeast (Hwang et al., 1996; Palmer et al., 2006). We 

identified the ubiquitous ER-localized stress-associated protein 1, SERP1, 

as a binding partner of βENaC. SERP1, also known as ribosome-associated 

membrane protein 4 (RAMP4), is homologous to yeast suppressor of SecY 6 

protein (YSY6p) (Yamaguchi et al., 1999), which suggests a role in pathways 

controlling membrane protein biogenesis at the ER level. Expression of 

SERP1 is enhanced during cellular stress, causing accumulation of unfolded 

proteins in the ER. By interaction with the molecular chaperone calnexin, 

SERP1/RAMP4 controls biogenesis of membrane proteins (Yamaguchi et al., 

1999). Since Sec61alpha and Sec61beta but not SERP1 associate with 

newly synthesized integral membrane proteins under stress, it was 
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concluded that stabilization of membrane proteins in response to stress 

involves the concerted action of SERP1, molecular chaperones and other 

components of the translocon (Yamaguchi et al., 1999). Our results suggest 

SERP1 as a novel binding partner of the β -subunit of ENaC, which inhibits 

ENaC expression and function. This inhibitory effect of SERP1 on ENaC 

appears to be selective, since it did not suppress CFTR. 

 

3. Results 

3.1. SERP1 Interacts and Co-localizes with βENaC in Airway 
Cells 

The yeast-based split-ubiquitin system was applied to screen for proteins 

that interact with βENaC. This technique detects interaction of integral 

membrane proteins in both plasma and intracellular membranes. It allows to 

use full-length integral membrane proteins as baits to hunt for partner 

proteins (Hwang et al., 1996; Palmer et al., 2006). We decided to use 

βENaC as a bait, since it is a highly regulated subunit of ENaC (Kongsuphol 

et al., 2009; Pochynyuk et al., 2007). The βENaC bait was tested by pairwise 

interaction with the two other ENaC-subunits, αENaC and γ ENaC, which 

both interacted with β ENaC in the split-ubiquitin system (Fig. III.3.1A, left 

panel). Screening of a human lung cDNA library with β ENaC as the bait 

identified the ER protein SERP1. Using SERP1 as the prey we examined 

pairwise interaction using α , β  and γENaC as baits. SERP1 interacted with 

βENaC, but showed only weak interaction with α- and γENaC (Fig. III.3.1A, 

right panel). 

SERP1 is a broadly expressed chaperone present in human alveolar (A549) 

and bronchial (H441) epithelial cell lines, as well as nasal, bronchial and 

alveolar epithelial cells, as shown by real time RT-PCR (Fig. III.3.1B).  
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Figure III.3.1: SERP1 interacts with ENaC and is expressed in airways and 
alveolar cells. (A) Yeast was co-transformed with the bait p-BT3-N-βENaC and the 
preys NubG-αENaC and NubG-γENaC and the negative control preys Ost1-NubG 
and Fur4-NubG (left panel). The prey pPR3-N-SERP1 was transformed together 
with the baits pBT3-N- βENaC, pBT3-N-αENaC, and pBT3-N-γENaC (right panel). 
Dilutions were spotted onto nonselective medium and medium selective for protein–
protein interaction. The data indicate interaction of the βENaC subunit with SERP1. 
(B) Quantitative real-time RT-PCR analysis of endogenous SERP1 expression in 
tissues and cell lines, normalized to the level of expression of the housekeeping 
gene RPLP0. Experiments were performed in triplicates. (C) Immunoprecipitation of 
βENaC by D3-anti-βENaC and co-immunoprecipitation of β-ENaC by SERP1-AB in 
A549 cells overexpressing mCherry-FLAG-βENaC. β-ENaC was detected by M2-
anti-βENaC AB (left lanes). SERP1 was detected in A549 cell lysates. Only small 
amounts of SERP1 were co-immunoprecipitated when βENaC was pulled down by 
the D3-βENaC, while no protein was detected when only beads were used in CO-
IPs (upper right panels). αENaC (endogenous) and βENaC could be co-
immunoprecipitated by each other (lower panels). (Split-ubiquitin assay (A) was 
obtained by Nicholas Lentze; real-time RT-PCR (B) was obtained by José Paulo 
Martins and data were included in this thesis with permission) 
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Continued Figure III.3.1: SERP1 interacts with ENaC and is expressed in 
airways and alveolar cells. (D) Co-localization of SERP1, calnexin, and ENaC in 
A549 cells. βENaC (mCherry fluorescence, red) and SERP1 (Alexa 488, green) 
showed partial overlap (upper panel). ER-located calnexin (red) and SERP1 (green) 
demonstrated strong co-localization (middle panel). β-ENaC (red) and calnexin (Cy5, 
green) demonstrated partial overlap (lower panel) (bar=20 µm). Numeral within 
parentheses indicates the number of experiments. (Co-localization (D) was obtained 
by Joana Almaça and data were included in this thesis with permission) 
 

Further evidence for direct interaction of SERP1 and βENaC in A549 cells 

was obtained by co-immunoprecipitation of both proteins. Using D3-βENaC 

antibody, βENaC was immunoprecipitated (IP) and was detected in Western 

blots using the H190-βENaC antibody. Β-ENaC could be co-

immunoprecipitated with SERP1 (Fig. III.3.1C upper left panels). Only small 

amounts of SERP1 were co-immunoprecipitated when βENaC was pulled 

down by the D3- βENaC, while no protein was detected when only beads 

were used in COIPs (Fig. III.3.1C upper right panels). Moreover, αENaC and 

βENaC could be co-immunoprecipitated by each other, suggesting that 

SERP1 and αβγENaC form a complex (Fig. III.3.1C lower panels). 
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We further examined co-localization of βENaC with SERP1 and the 

chaperone calnexin in A549 cells using a mCherry-fusion protein (β-ENaC) 

and specific antibodies for SERP1 and calnexin. A predominant portion of 

overexpressed β -ENaC was localized intracellular, putatively within the ER, 

as demonstrated by co-localization with the ER-resident protein calnexin (Fig. 

III.3.1D). The spearman rank correlation coefficient (Spearman R) was 0.46 

± 0.03 (n = 11). Co-localization was also found for SERP1 and ENaC 

(Spearman R = 0.29 ± 0.03, n = 16 cells), or SERP1 and calnexin 

(Spearman R = 0.57 ± 0.11, n = 13). Similarly, co-localization of SERP1 was 

also found for αENaC and γ-ENaC (data not shown).  

 

3.2. SERP1 Regulates ENaC 

The present results suggested regulation of βENaC expression by SERP1. 

To further examine this regulatory relationship, we knocked down expression 

of SERP1 in A549 cells by siRNA. Significant knockdown of SERP1 was 

demonstrated by Western-blotting (Fig. III.3.2A,B) and immunofluorescence 

(Fig. III.3.2C) (p < 0.05). Viability of transfected cells was assessed using 

trypan blue and MTS assays, and demonstrated no reduced cell viability due 

to transfection with scrambled RNA or knockdown of SERP1 (data not 

shown). A second batch of siRNA also downregulated expression of SERP1 

significantly by about 50% (n =3). We found that knockdown of low baseline 

SERP1 levels in A549 cells had no clear effects on expression of βENaC 

(Fig. III.3.2D,E). Similar results were found with another batch of siRNA-

SERP1 (data not shown). This result is in line with earlier reports indicating 

that SERP1 is expressed at low levels in alveolar and airway epithelial cells 

under control conditions, but is largely upregulated under cell stress such as 

hypoxia (Yamaguchi et al., 1999) . 
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Figure III.3.2: Regulation of biogenesis of ENaC by SERP1. (A) Expression of 
SERP1 (Western) in A549 cells and downregulation by siRNA. β-actin is shown as a 
loading control. (B) Densitometric analysis of downregulation of SERP1 by 60 nM 
siRNA (relative to SERP1 expression in cells treated with scrambled RNA). (C) 
Immunocytochemistry of SERP1 expressed in A549 cells treated with siRNA-SERP1 
or scrambled RNA (bar 10 µm). (D) Expression (Western) of SERP1, βENaC (stably 
overexpressed), and β-actin in A549 cells treated with siRNA-SERP1 or scrambled 
RNA. (E) Densitometric analysis of βENaC expression in A549 cells treated with 
siRNA-SERP1 (relative to scrambled), normalized to β-actin (loading control). (F) 
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Original recordings of fluorescence generated by the voltage-sensitive dye FMP and 
effects of amiloride in A549 cells treated with scrambled RNA or siRNA for SERP1. 
Perfusion of the bath with FMP induced fluorescence. Fluorescence quenching 
results from the application of amiloride (A, 10 µM), due to inhibition of ENaC and 
hyperpolarization of the membrane voltage, which is used as a measure for ENaC 
conductance. (G) Summary of the effects of siRNA knockdown of SERP1 and 
scrambled RNA on amiloride-inhibited FMP. FMP-Amil (%) reflects the inhibition of 
FMP fluorescence induced by amiloride. Numeral within parentheses indicates the 
number of experiments. Number sign indicates significant difference (unpaired t test). 
(Fig. III.3.2A-E was obtained with Luisa Alessio’s help and Figure III.3.2 F, G were 
obtained by Diana Faria and included in this thesis with permission) 
 

Using the voltage sensitive fluorescence dye FMP, we assessed amiloride-

induced hyperpolarization which is proportional to the Na+ transport in A549 

cells. Upon application of FMP to A549 cells the fluorescence was activated, 

and was reduced subsequently by application of amiloride, which specifically 

blocks ENaC channels and thus hyperpolarizes the membrane voltage (Fig. 

III.3.2F). Knockdown of SERP1 increased significantly amiloride sensitive 

Na+ transport in A549 alveolar epithelial cells (p<0.05), when measured as 

amiloride-inhibitable FMP-fluorescence (FMP-Amil) (Fig. III.3.2F,G). Effects 

of amiloride on FMP-fluorescence were due to specific inhibition of ENaC 

since (i) effects were observed at low ENaC-specific concentrations of 

amiloride and (ii) no effects of amiloride on FMP fluorescence were seen in 

the absence of ENaC-expression (siRNA-knockdown of ENaC). siRNA 

knockdown of SERP1 by two different siRNAs batches was also performed 

in H441 human airway epithelial cells, which only marginally increased 

βENaC-expression and slightly enhanced amiloride-sensitive Na+ transport 

(data not shown). We also examined whether additional expression of 

SERP1 inhibits ENaC in A549 cells. To that end we compared amiloride-

sensitive FMP fluorescence in mock-transfected cells with that in SERP1-

overexpressing cells, and found a significant (p<0.05) inhibition of amiloride-

sensitive Na+ transport (FMP-Amil) by SERP1 (Fig. III.3.3A, B). Although we 

did not assess potential direct effects of SERP1 on the open probability of 

ENaC, the present experiments strongly suggest that SERP1 has a 
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pronounced inhibitory effect on amiloride-sensitive Na+ transport probably by 

affecting early biogenesis of ENaC. 

 

Figure III.3.1: Mechanism of regulation of endogenous ENaC by SERP1 and 
effects of hypoxia. (A) Original recordings of FMP fluorescence in A549 cells and 
effects of overexpression of SERP1 or mock transfection (empty plasmid). 
Fluorescence quenching by application of amiloride (A, 10 µM) due to inhibition of 
endogenous ENaC and hyperpolarization of the membrane voltage. (B) Summary of 
the effects of overexpression of SERP1 or mock transfection on FMP-Amil. FMP-
Amil (%) reflects the inhibition of FMP fluorescence induced by amiloride. (C) 
Summary of the effects of siRNA knockdown of SERP1 on FMP-Amil in the absence 
or presence of dynasore, which inhibits dynamindependent endocytosis. (D) 
Summary of the effects of hypoxia (2 %) and siRNA knockdown of SERP1 (60 nM) 
on FMP-Amil, which attenuated significantly the inhibitory effect of hypoxia on ENaC. 
(E) Original recordings of Ussing chamber experiments in polarized H441 cells, 
grown on permeable supports. Na+ absorption causes a lumen negative 
transepithelial voltage (Vte), which was ablished by inhibition of ENaC with amiloride 
(A, 30 µM). (F) Summary of the calculated equivalent short-circuit currents inhibited 
by amiloride (Isc-Amil) in cells treated with scrambled RNA or SERP1-siRNA. 
Numeral within parentheses indicates the number of experiments. All functional 
measurements were performed immediately after removal of the cells from hypoxia. 
Number sign indicates significant difference (unpaired t test).Dollar and section 
signs indicate significant differences when compared to control and dynasore, 
respectively (unpaired t test) (obtained by Diana Faria and included in this thesis 
with permission) 
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Moreover, to examine if ENaC is inhibited by SERP1 through enhanced 

dynamin-dependent endocytosis, it was examined the effects of siRNA in the 

absence or presence of the dynamin-inhibitor dynasore (Bruns et al., 2007) 

(Fig. III.3.3C). The presence of dynasore siRNA-knockdown of SERP1 still 

upregulated ENaC-dependent transport suggesting that SERP1 does not 

operate through activation of endocytic pathways. 

 

3.3. Hypoxic inhibition of ENaC 

Hypoxia has been shown previously to downregulate ENaC activity (Hartzell 

et al., 2005; Lakshmi and Joshi, 2006; Mall et al., 2004; Wilson et al., 2006). 

Since hypoxia has also been demonstrated to enhance expression of 

SERP1, it is likely that at least parts of the hypoxic effects on ENaC are 

caused by upregulation of SERP1.(Yamaguchi et al., 1999) To further 

characterize the mechanism of ENac inhibition by SERP1, we assessed both 

SERP1 and ENac levels under hypoxia. 

We detected upregulation of SERP1 protein and mRNA by hypoxia in both 

A549 and H441 cells (Fig. III.3.4). Using semi-quantitative RT-PCR, 

increased expression of SERP1 was related to expression of the 

housekeeping protein RPLP0 (Figure III.3.4C) or β -actin (0.21 ± 0.05 vs. 

0.53 ± 0.06; n= 3). The effects of hypoxia on ENaC were completely revoked 

by dexamethasone, which is known to antagonize hypoxia-induced inhibition 

of protein synthesis, as reported earlier for A549 cells (Fischer and Machen, 

1996; Kunzelmann and Mall, 2003). Also, in our studies, we found complete 

blockage of hypoxic inhibition of ENaC in A549 cells by 0.1 µ M 

dexamethasone (Fig. III.3.4D). 
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Figure III.3.4: Levels of SERP1 in cells subjected to hypoxia. (A) A549 cells 
were subjected to hypoxia (1%/20h). Levels of SERP1 were assessed by Western 
blotting with a specific SERP1.antibody, α -tubulin levels were determined using 
loading controls. (B) Amount of SERP1 was determined by densitometry, 
normalized to α -tubulin (loading control), and plotted in relation to SERP1 levels 
detected under normoxia. Expression of SERP1 (RAMP4) protein was enhanced 
2.3-fold under hypoxia when compared to normoxia. (C) SERP1-mRNA expression 
was also determined in H441 cells when grown on permeable supports until 
polarization was achieved. Cells were than incubated under hypoxia conditions (O2 
1.5%, 24h). Total RNA was extracted from this cells and SERP1 expression was 
analysed by real time PCR. Results are shown as relative expression to the 
housekeeping gene RPLPO. Hypoxia reduced SERP1 mRNA in polarized H441 
cells. (D) Effect of hypoxia on A549 cells in the presence of dexamethasone. (Figure 
III.3.4A, B, D were obtained by Diana Faria; Figure III.3.4C was obtain by João 
Paulo Martins; included in this thesis with permission) 
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3.4. SERP1 does not Suppress Expression of CFTR  

We examined whether the effects of SERP1 on ENaC are specific or 

whether it also inhibits other epithelial ion channels, such as CFTR. We 

examined the effects of siRNA knockdown of SERP1 on CFTR in the two 

human airway epithelial cell lines Calu-3 and CFBE-wtCFTR. To our surprise 

expression of CFTR was not augmented but was significantly (p<0.05) 

reduced by SERP1-siRNA, suggesting SERP1 as a potent positive regulator 

of CFTR expression (Fig. III.3.5A,B).  

Notably, knockdown of SERP1 largely reduced expression of CFTR-Band C 

in airway cells expressing CFTR endogenously (Calu-3) or overexpressing 

CFTR (CFBE/wtCFTR), indicating that the fully mature, membrane localized 

form of CFTR is reduced in these cells. CFTR function was examined upon 

expression in Xenopus oocytes and after activation of CFTR by stimulation 

with IBMX and forskolin (I/F). Notably, co-expression of CFTR together with 

SERP1 augmented CFTR currents significantly (p<0.05), when compared 

with solely expression of CFTR (Fig. III.3.5C,D). However, in contrast to 

wtCFTR, residual Cl- currents generated by the most frequent CFTR-mutant 

F508del-CFTR were not augmented by SERP1 (Fig. III.3.5E). Expression of 

SERP1 alone did not change the properties of oocytes (data not shown). 

In order to further characterize this effect of SERP-1 upon CFTR, interaction 

between the two proteins was assessed byco-immunoprecipitation. The 

results show that SERP1 interaction is not unique to ENaC but is also 

demonstrated for CFTR (Fig. III.3.6A). Moreover, results suggest that the 

amount of co-immunoprecipitated SERP1 in the wt-CFTR IP pool is bigger 

than in the F508del-CFTR IP pool (Fig. III.3.6B). Thus, the interaction 

between SERP1 and wt-CFTR seems to be stronger than with mutant 

F508del-CFTR, which is in agreement with the functional data showing that 

SERP1 have an effect in wt-CFTR residual Cl- currents but not in CFTR-

mutant F508del-CFTR (Fig. III.3.5D,E).  
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Figure III.3.5: No inhibition of CFTR by SERP1. (A) Expression (Western) of 
CFTR in Calu-3 (endogenous) cells and CFBE cells stably expressing wtCFTR 
(exogenous) in the absence or presence of SERP1-siRNA. (B) Densitometric 
analysis of Western blots indicates significant inhibition of CFTR expression by 
siRNA knockdown of SERP1 (60 nM), when compared with the treatment by 
scrambled RNA. (C) Original tracings of whole-cell currents measured in CFTR-
expressing Xenopus oocytes, when activated by application of IBMX and forskolin (1 
mM/2 µM). Currents were larger in oocytes co-expressing SERP1. Summary of the 
calculated whole-cell conductances in oocytes expressing wtCFTR (D) or the most 
common CFTR mutant F508del-CFTR (E) with or without co-expression of SERP1. 
Numeral within parentheses indicates the number of experiments. Number sign 
indicates significant difference (unpaired t test). Asterisk indicates significant 
activation by I/ F (paired t test) (DEVC on oocytes expressing CFTR (C-E) was 
obtained by Yuemin Tian and included in this thesis with permission) 
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Taken together, the present results indicate a specific inhibitory effect of the 

newly identified co-chaperone SERP1 on expression of ENaC with some 

differential positive effects on CFTR expression. Thus SERP1 could be a 

pharmacological target to inhibit excessive airway Na+ absorption in cystic 

fibrosis or may be a useful target to counteract lung edema during left heart 

failure or high altitude breathing. 

 

 

Figure III.3.6: Co-immunoprecipitation of CFTR with SERP1. (A) 
Immunoprecipitation of CFTR and co-immunoprecipitation of CFTR by SERP1-AB in 
A549 cells stably expressing mCherry-FLAG-wtCFTR. CFTR was detected using 
anti-CFTR 596 Ab (Cystic Fibrosis Foundation, USA). Immunoprecipitation with 
beads only served as a control. α-Tubulin was detected in the lysate as input control. 
*Indicates that 1/10 of the immunoprecipitate was loaded onto the gel. (B) After 
immunoprecipitation of CFTR (from A549 transduced with mCherry-FLAG- wt-CFTR 
or FLAG-mCherry-F508del-CFTR with anti-CFTR 596 mAb), immunoprecipitated 
complex was blotted for Serp-1. As a positive control, Serp-1 was detected in total 
extracts  
 

 

 
 

A B 
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4. Discussion 

4.1. SERP1 Inhibits Biogenesis of ENaC 

The present study identified SERP1 as a novel regulator of ENaC 

expression in airway and alveolar epithelial cells. SERP1 was identified in a 

yeast based split-ubiquitin screening using the ENaC β-subunit as bait. The 

pronounced inhibitory effect of SERP1 appears to be rather specific for 

ENaC, since another ion channel, CFTR, often co-expressed in epithelial 

cells together with ENaC, was not inhibited by SERP1. SERP1 even appears 

to be necessary for proper expression of CFTR. SERP1 is also known as 

RAMP4, which is a small tail-anchored membrane protein that exposes its N-

term to the cytoplasm and its C-term to the luminal side of the ER membrane 

(Favaloro et al., 2008). It is recruited to the translocon complex when the 

transmembrane segment of the nascent chain of a membrane protein is 

present in the ribosomal exit tunnel. There it interacts with Sec61α and 

Sec61β. Thus SERP1 has been implicated in stabilizing newly synthesized 

membrane proteins and regulating N-linked glycosylation (Pool, 2009).  

Notably, Sec61α and Sec61β, but not SERP1 were found to associate with 

newly synthesized integral membrane proteins under stress conditions, 

suggesting that stabilization of membrane proteins in response to stress is 

due to other members of the translocon, as well as ER-localized chaperons. 

However SERP1 may serve as a co-chaperone since it interacts with the 

chaperone calnexin (Yamaguchi et al., 1999). Notably we did not find an 

additive effect of siRNA knockdown of SERP1 and calnexin on amiloride-

sensitive Na+ transport (data not shown). SERP1 may interact directly with 

target proteins or may indirectly regulate integral membrane proteins during 

biosynthesis, such as RAGE and CD8 (Yamaguchi et al., 1999). The effects 

of inhibiting (siRNA) and increasing (overexpression) SERP1 expression, on 

ENaC activity were consistent among the different cell lines and in oocytes. 

Probably due to very efficient overexpression, the inhibitory effect of SERP1 
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on ENaC was very pronounced (95 %) in Xenopus oocytes. Although we did 

not examine potential inhibitory effects of SERP1 on the open probability of 

ENaC in patch clamp experiments, the present results suggest a dominant 

inhibitory effect on the biogenesis of ENaC. 

 

4.2. Hypoxic Inhibition of ENaC 

Hypoxia is well known to induce cell stress and to downregulate ENaC 

activity as demonstrated recently (Hartzell et al., 2005; Lakshmi and Joshi, 

2006; Mall et al., 2004; Wilson et al., 2006). Inhibition of ENaC is due to 

compromised trafficking of ENaC to the cell membrane (Bouvry et al., 2006). 

However, Bouvry and collaborators demonstrated that hypoxia also disrupts 

the cytoskeleton as well as tight junctions in alveolar epithelial cells (Bouvry 

et al., 2006). This probably contributes to hypoxia-induced decrease in Na+ 

transport. Moreover, the team demonstrated that reduced anterograde 

trafficking under hypoxia is reversed by simultaneous stimulation of the cells 

with beta-2-receptor agonists (Planes et al., 2002). As hypoxia has also 

been shown to upregulate SERP1 expression, the hypoxic effects on ENaC 

are likely to be explained at least partially by upregulation of SERP1 

(Yamaguchi et al., 1999). We show here by both western blot and RT-PCR 

that SERP1 is upregulated by hypoxia and that the hypoxic inhibition of 

ENaC is abolished when cells are treated with dexamethasone, that 

antagonizes hypoxia-induced inhibition of protein synthesis. Taken together 

the present experiments provide some evidence for the role of SERP1 for 

hypoxic inhibition of ENaC and alveolar Na+ absorption, which is a severe 

problem in left heart failure and during high altitude breathing (Guney et al., 

2007). 
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4.3. SERP1 Activates CFTR 

We also examined the effects of SERP1 on maturation of endogenous CFTR 

(Calu-3 cells) and overexpressed CFTR (CFBE wt-CFTR cells). The data 

indicate significant inhibition of expression of CFTR by knockdown of SERP1. 

We found that activation of wt-CFTR, but not F508del-CFTR, a trafficking 

(class II) mutant which is mostly retained at the ER, was enhanced by 

SERP1. Class II mutations, including the most prevalent F508del mutation, 

cause retention of misfolded protein in the ER and subsequent degradation 

by the proteasome (Amaral and Kunzelmann, 2007). This somewhat 

surprising effect of SERP1 on CFTR might be explained by the fact that 

SERP1 acts in a calnexin-dependent manner. Accordingly, while calnexin 

has been shown to be required for correct folding and processing of wt-

CFTR (Chang et al., 2008; Glozman et al., 2009; Rosser et al., 2008), 

F508del-CFTR is targeted to degradation at an earlier folding checkpoint 

during protein synthesis, involving the Hsp70 chaperone machinery and 

mostly independently of calnexin (Farinha and Amaral, 2005). So far we 

have no evidence for enhanced expression of SERP1 in epithelial cells from 

CF patients. Nevertheless activation of SERP1 could be beneficial in CF, to 

counteract hyperabsorption of Na+ and to promote secretion which both 

ought to improve MCC and lung function (Mall et al., 2004). 
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Chapter IV – General Discussion and 
Perspectives 

Most Cystic Fibrosis (CF) is caused by an impairment in CFTR trafficking 

thus preventing the correct Cl- transport across the apical membrane of 

epithelial cells. In order to correct the basic defect, and thus tackle the 

pathogenesis of CF disease (Amaral, 2011) at its beginning, a better 

understanding of all the processes involved in CFTR biogenesis, trafficking 

and function is needed.  

Since the cloning of the CFTR gene in 1989, considerable efforts have been 

focused on the study of the quality control machineries that target a fraction 

of wild type-CFTR and almost all the protein bearing F508del for degradation 

at the proteasome (Farinha and Amaral, 2005; Jensen et al., 1995). This is 

particularly relevant as F508del-CFTR is at least partially functional when it 

reaches the cell membrane and at present there is a compound already in 

the clinic to stimulate the channel once it is membrane-rescued. Therefore, 

overcoming this trafficking defect has been pursued as the major therapeutic 

approaches to the disease. However, clinical trials in which correction of 

F508del-CFTR is promoted by the investigational drug VX-809 (Van Goor et 

al., 2011) presented only modest results, with some improvement in the 

sweat test (a reduction of about 8% for patients treated with 200 mg of VX-

809 at day 28 of treatment) (Clancy et al., 2011) but not in the lung function 

(FEV1) of F508del homozygous patients.  

Thus, further mechanistic clarification of CFTR biology within the cell, mainly 

through identification of the molecular partners involved in its retention and 

disposal and their functional role (Schultz et al., 1999), is an important aim in 

CF research. Despite the major recent advances in the field, there are major 

issues to be solved and most CFTR interacting partners are still to be 

functionally characterized.  
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Accordingly, the main goals of the present study, were the identification of 

novel CFTR protein interactors and the functional characterization of their 

roles in CFTR trafficking and processing. With this approach, we aimed at 

highlighting novel and relevant pathways and potentially new therapeutic 

targets in CF. Given some similarities with other trafficking disorders, the 

identified targets are expected to have a probable impact in other diseases 

related to membrane proteins.  

Thus, the following novel interactors were identified and characterized: 

- CK2 and SYK related to trafficking and activity;  

- LMTK2 related to the late stages of CFTR trafficking, namely 

endocytosis; 

- SERP-1, a ßENaC interactor, was also assessed for its role on CFTR 

biogenesis and early stages of trafficking. 

 

The first part of the present work focused on the identification of the role of 

Casein Kinase 2 (CK2) and Spleen Tyrosine Kinase (SYK) in CFTR 

trafficking and activity. 

CK2 inhibition was found not only to reduce CFTR function as a chloride 

channel, as previously described (Treharne et al., 2009) but also to 

negatively affect the processing of wt-CFTR. 

To understand the underlying mechanism, further analyses were focused on 

the characterisation of the putative CK2-phosphorylation sites localized in 

CFTR that are involved in such regulation. CFTR Ser-422 was shown to be a 

critical residue for CFTR activity (but not for its processing), as results for the 

S442A (but not for the "phospho-mimic" variant S442D-CFTR) show that 

CFTR function is significantly reduced, with no difference to its activity under 

CK2 inhibition.  

We next analysed the role of CFTR putative CK2-phosphorylation sites S511 

and T1471. Our biochemical data show that while the serine 511 residue has 
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no effect on CFTR turnover and processing, the T1471 residue is critical for 

these events, as both T1471A and T1471D variants reduce or completely 

abolish CFTR processing. Furthermore, functional characterization of the 

effects of T1471 mutation highlighted a detrimental effect for this residue in 

the regulation of CFTR by CK2.  

Taken together, these data on CFTR regulation by CK2 suggest opposing 

effects of residues S422 and T1471 in regulating CFTR processing and 

function, with S422 variants not affecting processing but having an activating 

role in function, and T1471 variants severely compromising CFTR 

processing and having a possible effect on the regulation of CFTR C-

terminal specific interactions. 

Another interesting finding of the present study was the regulation of CFTR 

by SYK, a recognized controller of inflammation which had also been 

suggested to be involved in the same processes as CK2 (Cordenonsi et al., 

1999). After checking that SYK is expressed in cell lines expressing high 

levels of CFTR and in material derived from either CF patients or healthy 

controls for confirmation of its physiological relevance, we found that SYK 

interacts with CFTR in human respiratory epithelial cell lines. Moreover, we 

confirmed that purified CFTR-wt-NBD1 is phosphorylated in vitro by SYK, 

likely at tyrosine 512. Functional data also show that inhibition of SYK (or 

mutation of the potential SYK-phosphorylation site) strongly augments Cl- 

currents in oocytes, even those produced by F508del-CFTR. These results 

are supported by the increase of CFTR steady-state levels at the membrane 

of the Y512F variant (a nonphospho-mimic, in which the tyrosine residue 

was replaced by a phenylalanine residue, with a side chain more 

comparable in size). Moreover, functional data also show that 

phosphorylation of CFTR Y512 residue by SYK affects the channel 

regulation by CK2. Indeed, the phospho-null Y512A variant increases CFTR 

sensitivity to TBB, while the opposite is observed for phospho-mimic Y512D 

variant. These data constitute the first confirmation of a functional interaction 
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between SYK and CK2 and strongly suggest the potential hierarchical 

phosphorylation by these two kinases: i.e., plausibly an interaction between 

CK2 and SYK, in which phosphorylation by SYK at Y512 may regulate 

phosphorylation by CK2 at S511, a residue that plays a critical role in 

mediating the previously described CFTR inhibition by CK2 inhibitor TBB 

(Treharne et al., 2009). Altogether these data confirm SYK as a novel 

putative target for a pharmacotherapy of CF through inhibition of its activity. 

To further understand the mechanistic implications of SYK on CFTR, in a 

parallel study of this kinase, we characterized how it affects the positive 

regulation of membrane traffic of CFTR by WNK4 (Mendes et al., 2011). 

Indeed, our data show that transfection of catalytically active SYK into 

CFTR-expressing cells reduces the cell surface expression of CFTR, 

whereas that of WNK4 promotes it. Globally, these data show that Y512 

phosphorylation is a novel signal regulating the prevalence of CFTR at the 

cell surface and that WNK4 and SYK perform an antagonistic role in this 

process, likely with some involvement of CK2 for the latter. 

Moreover, since inhibition of SYK also downregulates proinflammatory 

molecules IL-6 and ICAM-1 (Ulanova et al., 2005), our findings may add a 

new insight into the use of SYK knock-down in the therapy of CF.  

 

The second part of this work aimed at characterizing the role of LMTK2 in 

the regulation of CFTR endocytic trafficking and its relationship with CFTR 

phosphorylation at Ser-737 residue by this kinase.  

We showed that CFTR interacts with endogenous LMTK2 in polarized 

human airway epithelial cells. Results presented here also evidenced that, 

following decrease of either LMTK2 levels (by siRNA) or its activity (using a 

kinase-dead mutant), the abundance of CFTR at the plasma membrane 

increases without affecting the total levels of CFTR expression. Moreover, 
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CFTR endocytosis is also reduced, suggesting that LMTK2 positively 

regulates CFTR endocytosis, thus facilitating its removal from the plasma 

membrane. 

As previous in vitro studies indicated that LMTK2 phosphorylates a peptide 

including CFTR Ser-737 (Wang and Brautigan, 2006), we postulated that the 

observed CFTR regulation by this kinase could occur through 

phosphorylation of Ser-737 in the R-domain of CFTR. Indeed, our results 

showed that the overexpression of the kinase dead-mutant significantly 

decreases the levels of S737-phospho-CFTR. Finally, the substitution of Ser-

737 into either an alanine (S737A), mimicking with the non-phospho status 

of this protein, or an aspartic acid (S737D), mimicking the phosphostatus of 

CFTR, result in the increase in CFTR at the membrane by decreasing its 

endocytosis, but not dependent on the charge of the residue present at 737 

position. The results suggest that the mutation of the putative site for 

phosphorylation by LMTK2 disrupts the effect of the kinase, independently of 

the charge on position 737. They also indicate that LMTK2 facilitates CFTR 

endocytosis and that this event may be related with the decision step 

between membrane recycling or targeting for degradation.  

 

The last part of this thesis focused on studying the newly identified ENaC 

regulator SERP1, as a potential target for drug development for CF. SERP1, 

identified as a ßENaC interactor through the split-ubiquitin yeast assay, was 

shown to interact and co-localize with ßENaC in airway epithelial cells. 

Knockdown of SERP1 expression leads to increased ENaC activity. 

Expression studies in Xenopus oocytes clearly showed that co-expression of 

SERP1 with ENaC abolished amiloride-sensitive currents and whole-cell 

conductance. SERP1 also reduced membrane expression of ENaC, as 

measured by chemiluminescence. 
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Importantly, we also demonstrated that SERP1 acts as a positive regulator 

of CFTR expression. Remarkably, knockdown of SERP1 largely reduced 

expression of CFTR-Band C in airway cells expressing CFTR either 

endogenously (Calu-3) or after transduction (CFBE-wtCFTR). Against this 

background, one could postulate that activation of SERP1 could be 

beneficial for CF, as this would simultaneously enhance CFTR levels at the 

cell surface and decrease ENaC activity. It thus seems an ideal drug target 

since it would serve to counteract hyperabsorption of Na+ while promoting 

secretion through CFTR.  

 

Altogether, identification and functional characterization of these novel CFTR 

interactors are also physiologically relevant, given the models in which our 

data were produced. In fact, not only have we used the bronchial epithelial 

CFBE14o- cell line that express wt-CFTR after viral transduction, originally 

derived from a F508del-homozygous CF patient with no CFTR expression, 

that was then virally transduced with wt-CFTR (Bebok et al., 2005) but also 

respiratory epithelial cell lines expressing CFTR endogenously, such as the 

submucosal gland cell line Calu-3 (Shen et al., 1994).   

 

Closing Remarks and Perspectives 

This doctoral work led us to identify some of the CFTR protein interactors, 

namely kinases, involved in its processing, trafficking and activation. 

The results obtained provide novel insights into different aspects of CFTR 

biogenesis and traffic. Of particular interest is the identification of sequence 

motifs/residues in both the NBD1 and the R domain that are involved in the 

regulation of CFTR levels at the cell surface by these kinases. 
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In fact, both CFTR termini have long been known to modulate its stability at 

the cell surface, namely the N-terminus by facilitating protein-protein 

interactions with syntaxins, and the C-terminus through interaction with PDZ-

proteins (through CFTR PDZ-binding domain in the last 3 residues of the its 

sequence), thus providing anchoring to the cytoskeleton and allowing CFTR 

to regulate other channels (Guggino and Stanton, 2006; Li and Naren, 2005; 

Moniz et al., 2012; Peters et al., 1999)  

Building on those previous data, here, we have shown that: 

- Tyrosine residue 512 at the NBD1 is a substrate for SYK interaction/ 

phosphorylation, and this phosphorylation decreases CFTR levels at 

the membrane; 

- Serine residue 737 at the R-domain is a substrate for LMTK2 

interaction/ phosphorylation, and once more this phosphorylation 

decreases CFTR at the membrane by increasing its endocytosis. 

This latter residue is quite important as it seems to be substrate for different 

kinases, namely PKA and AMPK (Howell et al., 2004; Kongsuphol et al., 

2009) confirming also the relevance of the R domain as a protein hub, an 

anchoring platform for distinct kinases, regulating not only CFTR function but 

also its trafficking. 

Altogether, these findings led us to contribute to the functional 

characterization of the CFTR interactome by clarifying how each one of the 

above partners regulates CFTR. Several kinases and phosphatases had 

been previously described as regulators of CFTR Cl- channel activity. Here, 

we added new evidence to the role of phosphorylation by distinct kinases in 

the “fine tuning modulation” of CFTR levels at the plasma membrane. 

In future studies, it would be of particular interest to test the potential role of 

these novel interactors in the regulation of rescued F508del-CFTR at the cell 

surface. The key questions are: are they additive with known correctors and 
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potentiators to increase the number/function of mutant channels at the 

plasma membrane? How do they relate to the stabilizing Rac1-mediated 

effect of HGF (hepatocyte growth factor) (Moniz et al., 2013)? Elucidation of 

these points would clearly add further steps to modify the combined 

therapeutic strategy needed for an increased therapeutic benefit to CF 

patients (Amaral and Farinha, 2013). 
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Appendix 1 

 

pNUT 

 

 

 

 

 

 

 

 

 

 

 

pNUT plasmid map showing its relevant elements (Palmiter et al., 1987): 

a MT (metallothionein) promoter to drive the expression of the cloned gene 

upstream of a SmaI site and a hGH (human growth hormone) polyA element 

downstream from the cloned gene. The pUC backbone includes ampicillin 

resistance for bacterial selection and the mGHFR (mutant dihydrofolate 

reductase) gene, driven by the SV4O early promoter, confers methotrexate 

resistance for eukaryotic selection (Gasser et al., 1982; Simonsen et al., 

1988). 
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Appendix 2 

 
pcDNA 3.1 (Invitrogen) 

 

pcDNA 3.1 plasmid map showing its relevant elements: Cytomegalovirus 

(CMV) enhancer-promoter for high-level expression; Large multiple cloning 

site in either forward (+) or reverse (-) orientations; Bovine Growth Hormone 

(BGH) polyadenylation signal and transcription termination sequence for 

enhanced mRNA stability; SV40 origin for episomal replication and simple 

vector rescue in cell lines expressing the large T antigen (i.e., COS-1 and 

COS-7); and Ampicillin resistance gene and pUC origin for selection and 

maintenance in E. coli 
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