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SUMMARY 

Cystic Fibrosis (CF) is a genetic disease that leads to airways obstruction and 

progressive impairment of lung function which is the main cause of morbidity and 

mortality. It is caused by mutations in the gene encoding the Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) protein, which, in CF, has impaired 

function and/or expression. CFTR is a cAMP-dependent, PKA-regulated Cl- channel 

expressed at the apical membrane of epithelial cells, where it is required to control 

ion and fluid homeostasis on epithelial surfaces. Transepithelial ion transport is 

crucial for hydration and protection against infection of epithelial tissues. CFTR is 

also a regulator of other ion channels relevant for CF disease such as the amiloride-

sensitive epithelial Na+ channel (ENaC) which is inhibited by CFTR. CF disease is 

thus also characterised not only by reduced Cl- secretion mediated by CFTR but also 

by Na+ hyperabsorption through ENaC. The latter results in dehydration of the airway 

surface liquid (ASL), which then impairs mucociliary clearance (MCC). Having a 

complete knowledge of the regulatory mechanisms underlying CFTR and ENaC 

activities is of great importance to both understand CF pathophysiology and for the 

development of new therapeutic approaches.  

In the first part of this doctoral work, we aimed at identifying novel CFTR 

binding proteins and studying their functional effects on CFTR. We thus identified 

Annexin A5 (AnxA5) as a CFTR-interacting protein (CIP) and showed that it inhibits 

CFTR-mediated whole-cell membrane conductance in Xenopus oocytes. Our results 

indicate that AnxA5 acts by a mechanism independent of the PDZ-binding domain at 

the C-term of CFTR but dependent on protein kinase C (PKC). In contrast, to oocytes 

data, however, co-expression of AnxA5 in human cell lines augmented CFTR whole-

cell currents. Such an effect was also independent of CFTR PDZ-binding domain but 

dependent on its internalization motif. We conclude that AnxA5 has multiple effects 

on CFTR, so that the net effect observed is cell system-dependent. 

Next, we then studied the regulation of CFTR by P2Y2-receptor stimulation in 

both Xenopus oocytes and human bronchial epithelial cells. Activation of CFTR by 

P2Y2 was shown to be dependent on phospholipase C and an unknown downstream 

kinase, and to be independent of the levels of intracellular Ca2+. 



Summary 

xvi 

 

We then focused on the characterization of novel ENaC binding proteins 

identified in a yeast split-ubiquitin screen, namely on the Stress-associated ER 

protein 1 (SERP1) and we found that SERP1 overexpression strongly inhibits ENaC 

activity. SERP1 co-immunoprecipitated and co-localized with β-ENaC in the 

endoplasmic reticulum, together with the chaperone calnexin. In contrast to the 

inhibitory effects on ENaC, SERP1 appears to promote CFTR expression and 

activity. 

To achieve a global understanding of molecular regulators of ENaC trafficking 

and function and identify novel drug targets for CF, we used data from a large-scale 

siRNA microscopy screen using a live-cell assay for ENaC activity in human airway 

cells. Among the 739 primary hits identified as putative ENaC activators and 

validation of 166 pathway classification and bioinformatics led us to select 

diacylglycerol kinase iota (DGK), as a novel drug target candidate for CF and ciliary 

neurotrophic factor receptor (CNTFR) to demonstrate the screen potential in 

identifying novel hits. To get mechanistic insight into the regulation of ENaC activity 

by DGK, additional work was carried out in Xenopus oocytes, human airway 

epithelial cells and mouse epithelial tissues. We found that DGK promotes ENaC 

activity by maintaining PIP2 levels in the inner plasma membrane leaflet. While 

CNTFR was demonstrated to regulate ENaC by acting through the mTOR pathway. 

Taken together, these results give new insights into the fine tuned regulation 

of CFTR and ENaC, which are both key players in the regulation of ion transport in 

the airways. Moreover, these results may contribute to a better understanding of the 

pathophysiological basis of CF disease, which can help to adopt new protein targets 

for drug development as a therapeutic strategy. 

 

Key words: Cystic Fibrosis, CFTR, ENaC, regulation, ion channels, epithelial 

cells 
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RESUMO  

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

na população Caucasiana com uma prevalência de 1 em 2500-4000 nascimentos. A 

principal causa de morbilidade e morte é a doença pulmonar crónica que afeta os 

doentes. A desidratação das vias respiratórias e a produção de secreções 

brônquicas extremamente viscosas resultam de uma composição iónica alterada do 

líquido que reveste as vias respiratórias. Estes fatores originam um ineficiente 

transporte mucociliar, o que facilita a colonização por bactérias, principalmente 

Pseudomonas aeruginosa. As recorrentes infeções bacterianas e o processo 

inflamatório exacerbado que daí resulta conduzem à perda progressiva da função 

respiratória e à morte prematura. Outros sintomas da FQ incluem insuficiência 

pancreática, obstrução intestinal (íleo meconial em 5-10% dos recém-nascidos) e 

infertilidade masculina. Um dos meios de diagnóstico mais utilizado continua a ser a 

medição da concentração de cloreto (Cl-) no suor (esta está elevada em doentes 

com FQ). 

Esta doença é causada por mutações no gene localizado no braço longo 

cromossoma 7 e que codifica a proteína CFTR (do inglês, Cystic Fibrosis 

Transmembrane Conductance Regulator). Esta é composta por uma única cadeia 

polipeptídica de 1480 resíduos de aminoácidos e, funcionado como um canal de iões 

Cl- na membrana apical das células epiteliais, a sua atividade é essencial para a 

manutenção do correto transporte de sais e água nos epitélios. A ativação deste 

canal depende da sua fosforilação pela proteína cinase A (PKA – do inglês, protein 

kinase A) dependente do cAMP. Embora já tenham sido identificadas e descritas 

mais de 1900 mutações no gene CFTR como provavelmente causadoras de FQ, a 

maioria (~90%) dos doentes apresenta a mutação F508del pelo menos num alelo. A 

F508del corresponde à deleção de três nucleótidos que levam à perda do resíduo de 

fenilalanina da posição 508. Esta mutação impede a proteína CFTR de ser 

correctamente processada até à membrana apical das células epiteliais, pois devido 

a um folding incorreto, fica retida intracelularmente a nível do retículo 

endoplasmático (RE) onde é rapidamente enviada para a via de degradação 
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proteolítica do proteassoma associada ao RE, não chegando assim à membrana 

plasmática. 

A função da CFTR na fisiologia dos tecidos epiteliais estende-se para além do 

seu papel como canal de Cl-, sendo também reconhecida a sua função como 

proteína reguladora de outros canais iónicos relevantes na patofisiologia da FQ. 

Entre estes, destaca-se o canal epitelial de Na+ ENaC (do inglês, Epithelial Na+ 

chanel), o qual é negativamente regulado pela CFTR. Deste modo, a FQ é 

caracterizada não só por uma redução da secreção de Cl- mediada pela CFTR, mas 

também por uma hiperabsorção de sódio (Na+) mediada pela ENaC. A ENaC forma 

um canal de Na+ funcional após oligomerização das suas três subunidades 

diferentes: α-, β-, γ-ENaC. Para além da relevância da ENaC no contexto da FQ, 

algumas mutações nas suas cadeias polipeptídicas estão também relacionadas com 

diferentes formas herditárias de hipertensão (p.ex., Síndrome de Liddle) ou de 

hipotensão (p.ex. pseudohipoaldosteronismo), uma vez que a sua expressão no rim 

funciona como fator limitante de reabsorção de Na+. 

Desde a descoberta do gene responsável pela FQ, que a comunidade 

científica tem concentrado esforços na elucidação dos mecanismos moleculares que 

estão na base da patofisiologia desta doença. O objectivo central tem sido o 

desenvolvimento de medicamentos destinados a corrigir o defeito básico da FQ. O 

composto químico ideal seria não só capaz de corrigir a localização errada da 

principal forma da CFTR mutada (F508del) permitindo a sua inserção na membrana 

plasmática, mas também de potenciar a sua função como canal de Cl-. No entanto, 

os compostos que têm sido testados clinicamente como entre os mais promissores 

(p.ex., o VX-809, Vertex Pharmaceuticals) têm até à data demonstrado resultados 

limitados. Assim, não existe ainda cura para a doença, e o aumento da esperança 

média de vida (aproximadamente 37 anos) verificado ao longo das últimas décadas 

resulta sobretudo de tratamentos sintomáticos mais eficazes, como p.ex., potentes 

antibióticos. É por isso premente a descoberta de abordagens terapêuticas 

alternativas que permitam normalizar o transporte iónico na célula FQ. Em particular, 

o desenvolvimento de compostos químicos que normalizem os níveis de absorção 

de Na+ por parte da ENaC, essencial para a correta hidratação da superfície das 

vias respiratórias. O desenvolvimento destas estratégias terapêuticas requere um 
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conhecimento aprofundado das características e mecanismos de regulação dos 

canais iónicos em questão. 

A primeira parte do presente trabalho doutoral foi dedicada à identificação de 

novas proteínas que interatuam com a CFTR, analisando em particular a interação 

funcional duma dessas proteínas, a Anexina A5 (AnxA5) com a CFTR. Como 

resultado, verificámos que em oócitos de Xenopus as correntes mediadas pela 

CFTR são inibidas pela co-expressão da AnxA5. Este efeito parece dever-se ao 

aumento da endocitose do canal iónico, num processo dependente da proteína 

cinase C (PKC, do inglês protein kinase C) e independente do domínio de ligação 

PDZ localizado no C-terminal da CFTR. No entanto, em contraste com estes 

resultados, em linhas celulares humanas, a co-expressão da AnxA5 juntamente com 

a CFTR aumenta os níveis de corrente mediados por esta. Este efeito é dependente 

das sequências de sinalização PDZ para internalização presentes na proteína CFTR 

e que são fundamentais na regulação desta proteína nas células de mamífero. 

Concluímos assim que a AnxA5 pode desempenhar múltiplas funções a nível do 

tráfego da CFTR e o efeito final depende do sistema celular em estudo. 

A segunda parte do trabalho incluído nesta tese centrou-se na análise do 

mecanismo de regulação da CFTR por parte da estimulação dos receptores 

purinérgicos P2Y2, quer em oócitos de Xenopus quer em linhas celulares humanas. 

Assim, mostrámos que a ativação da CFTR após estimulação dos recetores P2Y2 

por ATP não depende do aumento dos níveis intracelulares de cálcio, mas está 

dependente da fosfolipase C e de outra cinase ainda desconhecida. 

A terceira parte deste trabalho doutoral focou-se na validação funcional de 

novas proteínas identificadas como interatuando com a ENaC através dum “split-

ubiquitin screen” feito em levedura. Assim, focámo-nos na análise do efeito da 

SERP1 (do inglês, Stress-associated ER protein 1) na atividade da ENaC. A SERP1 

é uma proteína expressa no RE, cujos níveis de expressão aumentam em resposta 

ao stress celular e que interage com o chaperone calnexina. Os nossos resultados 

mostram que a sobre-expressão da SERP1 inibe a ENaC, quer em linhas celulares 

epiteliais de mamífero quer em oócitos de Xenopus. Neste último sistema celular, 

verificámos que a expressão membranar da ENaC é reduzida na presença da 
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SERP1. A SERP1 co-imunopercipita e co-localiza com a β-ENaC no RE, juntamente 

com a calnexina. Em contraste com o efeito inibidor ao nível da atividade da ENaC, 

da SERP1 parece ter o efeito oposto sobre a CFTR aumentando significativamente a 

sua expressão e atividade. Tendo por base estes resultados, a sobre-expressão da 

SERP1 poderá trazer benefício na terapia da FQ. 

Para finalizar, a última parte deste trabalho focou-se no estudo da regulação 

da atividade da ENaC pela DGK (do inglês, diacylglycerol kinase iota), tanto em 

oócitos de Xenopus como em linhas celulares epiteliais de mamífero e tecidos de 

ratinho. Esta cinase foi uma das principais proteínas identificadas como reguladoras 

da ENaC num screen de microscopia de alto rendimento. Os nossos resultados 

indicam que a DGK promove a atividade da ENaC através da manutenção dos 

níveis de PIP2 na membrana plasmática, cuja presença na membrana é fundamental 

na abertura deste canal de sódio. Mostrámos ainda que a inibição da DGK em 

culturas primárias de pulmão de doentes FQ normaliza a atividade da ENaC para 

níveis fisiológicos, demonstrando assim o valor da DGK como alvo terapêutico para 

a FQ. Consequentemente, está em curso a descoberta de novos inibidores (mais 

potentes) para a DGK. Para alem desta cinase, outra proteína foi seleccionada a 

partir dos resultados do screen de microscopia de alto rendimento, o receptor 

CNTFR (do inglês, ciliary neurotrophic factor receptor). Este receptor é um novo 

regulador da ENaC, investigado aqui pela primeira vez. 

Em conclusão, as observações incluídas neste trabalho doutoral permitiram 

aprofundar o conhecimento existente sobre os mecanismos de regulação da CFTR e 

da ENaC, ambos os canais com um papel determinante na manutenção do 

transporte iónico nas vias respiratórias. Além disso, os resultados aqui obtidos 

contribuem para o esclarecimento da fisiopatologia subjacente à doença FQ, o que 

pode contribuir para novas abordagens terapêuticas que tenham como alvo para o 

desenvolvimento de medicamentos, novas proteínas reguladoras destes canais 

iónicos. 

Palavras-chave: Fibrose Quística, CFTR, ENaC, canais iónicos, regulação, 

epitélio. 
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I GENERAL INTRODUCTION 

1 CYSTIC FIBROSIS: OVERVIEW 

Cystic fibrosis (CF) is the most common life-threatening autosomal recessive 

disease among Caucasians with a frequency of 1:2500-4000 newborns depending 

on the population [1]. Its most dominant feature is the impairment of lung function 

and airways obstruction caused by thick and viscous mucus and by subsequent 

repetitive airway infections, especially by Pseudomonas aeruginosa [1]. The deficient 

mucociliary clearance (MCC) that evolves from the thickness of the mucus together 

with recurrent infections promotes a chronic inflammatory state of the airways. All 

together these events contribute to progressive respiratory disease, culminating in 

lung failure and death [2]. Other CF symptoms involve mucus obstruction in the 

gastrointestinal tract and testis. These lead e.g., to pancreatic insufficiency (PI) as a 

result of obstruction of the pancreatic ducts and subsequent fibrosis and destruction 

of exocrine function. Moreover, 5-10% of CF newborns have a form of intestinal 

obstruction named meconium ileus, which has to be surgically treated [1]. In adult 

patients male infertility is dominant, although female infertility has been also 

observed [1], [3]. The observation that CF patients have an increase salt content in 

their sweat gave birth to the sweat test, which is still the most common method of 

diagnosis [3]. 

The first CF description dates from 1938, provided by Andersen [4]. Early 

studies indicated that the balance of salt and water absorption is important in the 

regulation of the airway surface liquid (ASL) layer, contributing to the mucus 

composition [5]. Nasal and bronchial epithelia of CF patients were described as 

having abnormalities that reflected altered ion transport. Later, this included 

abnormally high basal transepithelial electrical potential difference (PD) and 

decreased chloride (Cl-) permeability across duct of the sweat gland respiratory 

epithelial cells [5]. 

Although the genetic component of the disease was known for some time, the 

breakthrough in the identification of the CF gene, localized in chromosome 7, 
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happened only in 1989 [6–8]. The protein product of this gene was named cystic 

fibrosis transmembrane conductance regulator (CFTR) [6] and later shown that to 

function as a Cl- channel [9, 10], corroborating that CF is caused by a defect affecting 

the Cl- transport across the epithelial tissues. The most common CF-causing 

mutation occurring in 90% of CF patients worldwide in at least one allele is an in 

frame deletion of three nucleotides which leads to a loss of the aminoacid 

phenylalanine (Phe) at position 508 (F508del-CFTR) [11]. Nevertheless 

approximately 1,900 mutations, most presumed to be CF-causing, have been 

reported in the CFTR gene (http://www.genet.sickkids.on.ca/cftr/statisticspage.html). 

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

understanding the molecular and cellular pathophysiology of CF in order to develop 

novel therapeutic strategies. These include gene therapy, pharmacological drugs to 

rescue the function of CFTR mutant protein; activation of alternative Cl- channels or 

inhibition of sodium (Na+) absorption to normalize the ASL layer [12]. 

2 CFTR 

2.1 CFTR STRUCTURE, FUNCTION AND TRAFFICKING 

CFTR belongs to the superfamily of ATP-binding cassette (ABC) transporters 

since it shares the common protein structure characteristic of this group. Typically, 

ABC transporters utilize the energy of ATP hydrolysis to pump substrates across the 

plasma membrane against their concentration gradient [13]. Each ABC transporter is 

relatively specific for a given substrate. Nevertheless, the variety of substrates 

handled by more than 50 members of this family of transporters is enormous, ranging 

from amino acids, sugars, peptides, metabolites, chemical compounds, etc [13]. 

CFTR protein, the only inorganic ion channel in this family, exhibits an adaptation of 

the ABC transporter structural motif resulting into a tightly regulated anion channel 

present at the apical surface of many epithelia [14]. 

Commonly to most ABC transporters, CFTR is formed by two membrane-

spanning domains (MSD 1 and 2) each consisting of six α-helical segments which 

contributing to the ion pore. In addition, two nucleotide-binding domains (NBD1 and 
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NBD2) which are highly hydrophilic, are situated in the cytoplasmic compartment, 

were ATP binds to gate the channel. CFTR has a fifth domain, the regulatory domain 

(RD), which has no equivalent in any other ABC transporter and serving a regulatory 

function through its multiple phosphorylation sites [15] (Figure I.1) 

Figure I. 1: Schematic 

representation of the structure of 

CFTR protein composed of: two 

membrane-spanning domains 

(MSDs), two nucleotide-binding 

domains (NBDs) and one regulatory 

domain (RD). (Adapted from 

Guggino & Stanton, 2006 [15]). 

The phosphorylation of the RD by the cyclic adenosine 3’,5’-monophosphate 

(cAMP)-dependent protein kinase A (PKA) is essential for channel activation. It leads 

to conformational changes of the RD which disrupts its interaction with NBD1 and 

allows ATP to bind to the NBDs, forming the NBD1-NBD2 dimer. This in turn leads to 

conformational changes in the MSDs and consequently opening of the channel. The 

probability of channel opening (Po) is controlled by the extent of RD phosphorylation 

at multiple sites, reflecting the balance between PKA and the activity of 

phosphatases on these sites [11]. The conversion of ATP to ADP then reduces the 

nucleotide binding affinity towards the NBD binding sites. This facilitates the 

dissociation of ADP and thereby disrupting the NBD dimer interaction, leading to 

channel closure [11,16]. While it seems clear that PKA is the main modulator of 

CFTR Cl- channel gating, there are other kinases involved in CFTR-mediated Cl- 

transport, namely by modulating CFTR traffic/ cell surface expression, e.g., protein 

kinase C (PKC), src kinase, AMP-dependent protein kinase (AMPK), casein kinase 2 

(CK2) [17–19] and more recently, also SYK - spleen tyrosine kinase [20] and WNK4 

– kinase with no lysine 4 [21]. 

CFTR is composed of a single polypeptidic chain of 1,480 amino acids [6]. Its 

assembly initiates with synthesis and folding in the endoplasmic reticulum (ER) 

where it is core-glycosylated, yielding the immature form of the protein known as 
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band B, with a molecular mass of about 150 kDa. Once correctly folded, the 

immature form migrates through the Golgi where it is processed by 

glycosyltransferases, thus being converted into its mature form, also known as band 

C of about 170-180 kDa, which then reaches the cell surface [22]. F508del-CFTR, 

although still functional as a Cl- channel, is a trafficking mutant as it is mostly retained 

by the ER quality control (ERQC) due to misfolding. It is then rapidly ubiquitinated 

and targeted for ER-associated degradation (ERAD) to the proteasome [22].  

Several studies suggest that the upregulation of chaperone systems can 

minimize the protein folding defects that occur in diseases such as CF [23]. Such 

studies indicate that molecular chaperones can be promising targets in therapeutic 

approaches aimed at correcting the basic defect of such folding disorders [23]. 

Chaperones typically recognize and bind to hydrophobic amino acid residues 

exposed at the surface of unfolded polypeptides thereby preventing unproductive 

aggregation and promoting proper folding. [22,23]. Furthermore, chaperones are able 

to distinguish between non-native and native states of newly translated proteins. 

Once the substrates have reached folded conformations, the affinity to chaperones is 

lost and the folded proteins are released [26]. However, if the misfolding continues, 

molecular chaperones are able to crosstalk with the proteolytic systems and thus 

promote degradation of the substrates [23]. 

In the case of CFTR, a model has been proposed in which the ERQC of CFTR 

occurs via a two-step mechanism [27]. Briefly, once biogenesis and insertion in the 

ER membrane occurs, CFTR nascent domains associate with cytosolic chaperones 

Hsc70/Hdj2 (or Hsp70/Hdj-1). The Hsc70/Hsp70 association forms the first ERQC 

checkpoint. If Hsc70 remains associated for too long to its substrate, it recruits other 

co-chaperones like the C-termin of Hsc70 interacting protein (CHIP) and causes 

F508del-CFTR to be degraded through the Hsc70-CHIP-UbcH5a proteasomal 

pathway [28]. The second ERQC checkpoint is the calnexin cycle, where very little 

F508del arrives. In contrast, wt-CFTR passes the first, Hsp70-mediated checkpoint 

proceeding in the folding pathway and, through the calnexin cycle, it acquires its 

native conformation through successive rounds of release-deglucosylation and 

reglucosylation-rebinding to calnexin until proper folding is achieved [27]. However, in 

case of prolonged residency in the calnexin cycle, also misfolded CFTR is targeted to 
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proteolytic degradation. Depending on the cell type, only 25-60% of precursor wt-

CFTR matures [27,28]. The correctly folded immature form of CFTR is transported to 

the Golgi via coat protein II (COP II) coated vesicles where a third checkpoint 

assesses the folding status of proteins en route to the secretory pathway [31]. 

Transport of CFTR protein from the trans-Golgi to the plasma membrane can 

occur directly to the apical membrane by Golgi-derived vesicles but also indirectly via 

transcytosis from the basolateral membrane from recycling endosomes [32]. Once at 

the plasma membrane, the amount of CFTR protein at the surface is tightly regulated 

by a complex of proteins, which includes PSD-95 – DLG-1 – ZO-1 (PDZ)-domain 

proteins namely Na+/H+ exchanger regulatory factor isoform-1 (NHERF1) and CFTR-

associated protein (CAL) as well as SNAREs (Soluble N-ethylmalemide sensitive 

factor attachment protein receptors) [15] (Figure I.2). CFTR can then be removed 

from the cell surface by clathrin-mediated endocytosis through trafficking signal 

embedded in the primary sequence of CFTR. Furthermore, endocytosed protein can 

be recycled back to the plasma membrane through recycling endosomes, but 

damaged protein is targeted for lysosomal degradation [32]. 

 

Figure I.2: Proteins that regulate CFTR activity in the plasma membrane: Several 
proteins interact directly or indirectly with CFTR, including protein phosphatase-2A (PP2A), 
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 NHERF1, receptor for activated 
C-kinase-1 (RACK1), PKC, PKA and ezrin. ERM (ezrin, radixin, moesin binding domain); 
PIP2 (4,5-phosphatidylinositol bisphosphate). (Adapted from Guggino & Stanton, 2006 [15]) 
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3 CFTR FUNCTIONS IN EPITHELIA 

3.1 CFTR ACTIVITY AS A CL
-
 CHANNEL 

Fully mature CFTR is expressed at the plasma membrane of a variety of 

secretory epithelial cells such as those in sweat glands, pancreatic ducts and 

respiratory submucosal glands, where it is required to control ion and fluid 

homeostasis on epithelial surfaces. As a Cl- channel, CFTR has several 

distinguishing characteristics: 1) It has a small single-channel conductance (6–10 

pS); 2) its current-voltage (I- V) relationship is linear; 3) it is selective for anions over 

cations; 4) the anion permeability sequence is Br- > Cl- >I-; 5) It shows time- and 

voltage -independent gating behaviour; and finally 6) the activity is regulated by 

cAMP-dependent phosphorylation and by intracellular nucleotides [33]. 

3.2 CFTR AS REGULATOR OF EPITHELIAL ION TRANSPORT 

The role of CFTR in epithelial physiology extends beyond its function as a Cl- 

channel, namely it is also regarded as a regulator of other ion channels and 

pathways relevant for CF. Accordingly, this condition is not only characterised by 

reduced CFTR-mediated Cl- secretion, but also by Na+ hyperabsorption through the 

amiloride-sensitive epithelial Na+ channel (ENaC). It has been found that CFTR 

negatively regulates ENaC; hence mutant CFTR eliminates ENaC inhibition, thus 

leading to increased Na+ permeability. This is widely regarded as the main cause for 

the dehydration of the ASL, which then impairs MCC [32,33]. Several mechanisms 

have been proposed and debated to explain how CFTR downregulates ENaC 

activity. Some studies showed that Cl- currents could account for ENaC inhibition, 

regardless of wt-CFTR expression [36]. On the other hand, others suggest that the 

absence of CFTR from the plasma membrane leads to hyperactivity of ENaC [35,36]. 

More recently, it was found that wt-CFTR physically interacts with ENaC and such 

interaction protects ENaC from proteolytic cleavage and stimulated open probability. 

In contrast, F508del-CFTR failed to protect ENaC from proteolytic cleavage [39]. 

Moreover, Ca2+-activated Cl- channels (CaCCs) are also functionally related to 

CFTR since both are main Cl- channels present in the respiratory epithelia. So, 
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CaCCs are among the proteins which could bypass CFTR defective activity in CF 

epithelia. The latter were finally identified in 2008 [40–42] as TMEM16A, a member of 

a family comprising 10 paralogs: TMEM16’s (A-H, J, K) also known as the Anoctamin 

family (Ano 1-10). The roles of most of the Anoctamins are still unknown but they 

represent alternative, physiologically relevant therapeutic targets for CF. 

The overall model for ion transport in airway epithelial cells, summarized in 

Figure I.3, shows how ASL is regulated by Na+ and Cl- transepithelial movement. The 

transcellular Na+ absorption is mediated by apical ENaC expression together with 

basolateral Na+/K+-ATPase pump. Apical Cl- channels (CFTR and CaCCs) and the 

basolateral Na+-K+-2Cl- co-transporter, secrete Cl- when ENaC is blocked and the 

appropriate secretory driving forces are generated. CFTR activity is regulated by 

signals in the lumen, e.g. adenosine, which interacts with compartmentalised 

adenosine receptors A2b, G proteins, adenylate cyclase, and cAMP-dependent 

protein kinases [34]. 

 

Figure I.3: Regulation of the ASL volume by ion transport. When excess ASL is 
present, Na+ absorption mediated via ENaC is dominant (left panel). Cl- is projected to be 
absorbed passively via the paracellular path due to the fact that there is no electrochemical 
driving force (DFa Cl-) favoring Cl- exit from the cell. In contrast, both the negative apical 
membrane potential (Va) and low intracellular Na+ activity (y20 mM) favour Na+ entry into the 
cell. When ASL volume is low (right panel), ENaC is inhibited, which makes the apical 
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membrane potential more negative and generates a driving force for Cl- secretion. 
(Reproduced from Boucher, 2004 [34]) 

Besides this, tidal volume expansion and airflow impart shear stress to airway 

surfaces, a stimulus that releases nucleotides from many cell types into the 

extracellular environment. In mammalian airways, extracellular nucleotides interact 

with P2Y2 purinergic receptors to regulate airway ion transport by activating CaCC, 

and by inactivating ENaC via depletion of PIP2 (see 4.3.3). Furthermore, ATP is 

metabolised into, ADP, and AMP by ecto-nucleotidases and ecto-apyrases which are 

typically located on the apical membrane of the superficial epithelia. The product 

adenosine can then activate CFTR currents upon stimulation of A2b receptors [43]. 

The stimulation of G-protein-coupled receptors (GPCRs) -like P2Y receptors- by 

ligands such as ATP leads to the hydrolysis of PIP2 into diacylglycerol (DAG) and 

inositol 1,4,5-trisphosphate (IP3). IP3 then promotes Ca2+ release from ER-

intracellular stores which mediates the activation of CaCC’s. Upon store depletion, 

activation of extracellular Ca2+ influx is assured by store-operated Ca2+ channels 

(SOCs), which further contribute to CaCC-mediated cellular response. 

 

In addition to ENaC and CaCC, CFTR regulates other ion channels present in 

epithelial cells such as the outwardly rectifying Cl- channels (ORCCs) or the inward 

rectifying K+ channels (ROMK = Kir 1.1) in the thick ascending limb of Henle’s loop 

and in principal cells of the collecting duct. [42,43]. Functional CFTR is required for 

activation of ORCC’s [46]. It was shown that CF mutations disrupt this regulation, and 

different CFTR mutations can affect CFTR functions differently. These findings 

suggest that the severity of pulmonary disease may be more closely associated with 

CFTR regulatory rather than its Cl- channel function [47]. 

4 EPITHELIAL NA
+
 CHANNEL (ENAC) 

4.1 ENAC: STRUCTURE AND FUNCTION  

The epithelial Na+ channel (ENaC) belongs to the ENaC/Degenerin family of 

ion channels. ENaC/degenerin channels have a variety of different cellular functions 
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but have some common properties. All members whose functional characteristics 

have been examined are Na+ selective and amiloride-sensitive to various degrees, 

and each member is regulated by external ligands and/or is mechanosensitive 

[46,47]. Compared with its family members, ENaC has a small single-channel 

conductance of 4-6 pS [50] and is highly Na+ selective (100 Na+ > 1 K+) and 

amiloride-sensitive (EC50 of 150 nM). In addition, ENaC responds to both external 

mechanical and chemical stimuli [51] 

Fully functional ENaC is composed of three different subunits alpha-, beta- 

and gamma-ENaC (α-, β-, and γ-ENaC) which have close homology to each other. 

Two additional subunits delta- and epsilon- (δ and ε) ENaC have also been identified. 

[50] ENaC subunit stoichiometry has been the subject of a number of studies since 

the initial cloning of the genes encoding α-, β-, and γ-ENaC subuunits. Based on the 

crystal structure of the acid-sensing ion channel 1 (ASIC1), ENaC appears to be a 

trimeric channel containing one α, one β, and one γ subunit [49]. As a plasma 

membrane protein, ENaC is co-translationally inserted in the ER membrane and its 

export requires assembly of the αβγ subunits into a correctly folded complex [52].  

Figure I.4: ENaC architecture: Structural 
features of the epithelial Na+ channel. ENaC 
may exist as a heterotrimer with a single 

α,β,γ subunit. Each subunit has two 
membrane-spanning domains (M1 and M2) 
with intracellular N- and C-term. The β- and 

γ- subunits each contain a canonical “PY” 
motif in their COOH-term. (Adapted from 
Bhalla, 2008 [53]). 

 

 

Each ENaC subunit has two transmembrane domains, each passing once 

through the plasma membrane, one large N-glycosylated extracellular domain, and 

relatively short intracellular N- and C-term regions [54] (Figure I.4). 
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ENaC plays diverse roles in maintaining Na+ homeostasis through its 

functional expression in a variety of tissues. In the apical membranes of epithelial 

cells in airways, sweat glands, colon, and distal nephron of the kidney, ENaC 

facilitates transepithelial Na+ transport in conjunction with the Na+-K+-ATPase found 

in the basolateral membrane. These functions permit the control of extracellular fluid 

volume and blood pressure, as well as the ASL volume and MCC [51].  

Liddle syndrome is caused by gain-of-function ENaC mutations ultimately 

leading to hypertension. These mutations reside largely in the cytoplasmic C-term 

tails of the β- and γ-subunits of ENaC, resulting in an increased channel surface 

expression and channel processing by proteases thus enhancing its activity [55]. On 

the other hand, a partial loss-of-function mutation of ENaC produces 

pseudohypoaldosteronism type I, characterized by excessive fluid accumulation in 

the lung mild salt-wasting diuresis and hypotension [50]. 

4.2 NEDD4-2 AND ENAC UBIQUITINATION 

The number of functional ENaC channels at the plasma membrane of 

epithelial cells is primarily determined by the rate of insertion of newly assembled 

channels. In addition, the rate of retrieval and degradation of channels and the rate of 

recycling from intracellular pools are also an important factor contributing to ENaC 

levels at the plasma membrane. Indeed, the mechanism of action of hormones like 

aldosterone and vasopresin that leads to an increase of the number of functional 

ENaC channels at the apical membrane, includes the regulation at these levels [50]. 

Ubiquitin (Ub) conjugation is a prerequisite for ENaC internalization and 

subsequent degradation or recycling. It requires the specific E3-ubiquitin ligase 

Nedd4-2 (neural precursor cell expressed developmentally down-regulated protein). 

Nedd4-2 contains a E6-AP C-term (Hect) domain that is homologous to other 

ubiquitin ligases, WW domains and a Ca2+/lipid binding domain (CaLB/ C2) [54,55]. 

Nedd4-2 appears to be the isoform responsible for ubiquitination of ENaC in all 

mammalian epithelial cells [50]. ENaC subunits have a PPPXYXXL sequence 

conserved in the C-term of each ENaC subunit. This sequence is similar to two 
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endocytic motifs that mediate ENaC clathrin-mediated endocytosis. This sequence 

also fits the consensus of a PY motif (PPXY), involved in protein interactions. The 

ENaC PY motifs function as a binding site for WW domains of Nedd4-2 [52]. 

4.3 ENAC REGULATORY PATHWAYS 

ENaC activity is regulated by a number of factors that ultimately affect both the 

number of channels expressed at the cell surface (N) or the channel open probability 

(Po). N is controlled by hormones and signalling proteins that affect either the 

transcription or trafficking of ENaC subunits. Po is influenced by proteolytic 

processing and by interactions with cytoplasmic domains with specific membrane 

acidic phospholipids [49,53]. 

4.3.1 Hormonal Regulation of ENaC 

Given the need for rapid dynamic changes in salt and water reabsorption and 

secretion, it is not surprising that ENaC is regulated by the action of the volume-

regulatory hormones aldosterone and arginine vasopressin (AVP) [52]. ENaC 

mediates apical entry of Na+ in the aldosterone-sensitive distal nephron and 

constitutes the rate-limiting step for Na+ reabsorption by the kidney [58]. In states of 

volume depletion, decreased renal perfusion results in release of renin, activating the 

renin-angiotensin-aldosterone pathway. Binding of aldosterone to the 

mineralocorticoid receptor activates transcription of a variety of genes, which 

increases ENaC expression/current [52]. Some key targets of the mineralocorticoid 

receptor signalling includes regulatory proteins such as phosphatidylinositol 3-kinase 

(PI3K) and serum and glucocorticoid-induced kinase 1 (SGK1). By phosphorylating 

ENaC itself and a variety of ENaC-regulatory proteins, SGK1 alters ENaC 

expression, trafficking and activity, and stimulates Na+ transport [59] (see Figure I.5 

for more details). 

Decreased extracellular volume also induces release of AVP from the 

hypothalamus. In the kidney collecting duct, AVP binds to V2 receptors at the 

basolateral membrane, increasing Na+ transport through a pathway that includes 
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cAMP and PKA [52]. Nedd4-2 can be phosphorylated by PKA which inhibits its 

binding to ENaC. 

ENaC is also regulated by insulin via the PI3K pathway. It is well established 

that, acting through the insulin receptor substrate-1, insulin activates PI3K, a 

heterodimeric enzyme that catalyses the formation of phosphatidylinositol 3,4,5-

trisphosphate (PIP3) [60]. 

 

Figure I.5: Model of hormonal regulation of ENaC. Aldosterone enters a target cell 
and binds MR, which translocates into the nucleus. MR activates the transcriptional 
machinery, and thus alters expression of aldosterone target genes (in blue arrows). At the 
apical membrane, ENaC, composed of three subunits (α, β and γ), constitutes the rate-
limiting step of apical Na+ entry. Na+ is then extruded into the basolateral space by the 
Na+/K+-ATPase pump. In the absence of aldosterone, ENaC proteins interact with Nedd4-2, 
an ubiquitin-ligase which targets ENAC to proteosomal degradation. SGK1 is a key 
aldosterone-regulated target gene that plays a central role in Na+ reabsorption. Upon 
aldosterone exposure, PDK1-activated kinase SGK1 phosphorylates Nedd4-2, which in turn 
dissociates from ENaC, increasing its apical membrane abundance.  

PIP3 promotes the activation of protein kinase B (Akt), an important 

downstream kinase that regulates glycogen and protein synthesis. Upon insulin 
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stimulation, the pleckstrin homology (PH) domain of Akt binds to lipid messengers 

and is phosphorylated [61]. Insulin-induced PI3K signalling cascade leads also to 

PI3K-dependent kinase 1 (PDK1) activation which phosphorylates SGK1. The 

immediate natriuretic effect of insulin is attributed to an increase in ENaC Po or an 

increase in the number of active ENaC at the apical membrane [62]. 

A common factor in ENaC hormonal regulation is the activation of SGK1. 

SGK1 physically interacts with Nedd4-2, and inhibits it by phosphorylation. By 

inhibiting Nedd4-2-dependent ubiquitination of ENaC an preventing its internalization, 

SGK1 indirectly enhances apical membrane expression of ENaC [55]. 

SGK1 has a short half-life of less than 30 min being rapidly targeted to ERAD. 

Another aldosterone-induced ENaC regulator protein named glucocorticoid-induced 

leucine zipper protein 1 (GILZ1), protects SGK1 from ERAD [59]. 

In the absence of aldosterone, when GILZ1 and SGK1 levels are low, Nedd4-2 

and Raf-1 associate with and inhibit ENaC [59]. Upon aldosterone stimulation, 

extracellular signal-regulated kinase 1/2 (ERK1/2) phosphorylates and abrogates 

ENaC function. At the same time, GILZ1 inhibits the inhibitory Raf-1/MEK1/2/ERK1/2 

signalling cascade [59]. GILZ1 is thus an adaptor protein, which interacts and 

modulates the activity of multiple components of the ENaC regulatory machinery, 

including Nedd4-2 [55]. 

4.3.2 Regulation of ENaC activity by Proteolytic Cleavage. 

Besides the complex regulation of the number of ENaC channels present at 

cell surface, another crucial mechanism of ENaC regulation is the modulation of 

channel Po by proteolytic processing. 

Channel-activating proteases (CAPs) act by cleaving the extracellular domain 

of α- and γ-ENaC but not of β-subunit, which leads to release of inhibitory peptides. 

The proteases identified so far can be divided into three subgroups: intracellular 

proteases, such as furin; cell-attached serine proteases, such as prostasin and 

matriptase; and soluble serine proteases, such as plasmin and trypsin [63]. 
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Furin is predominantly found in vesicles of the trans-Golgi network (TGN). It 

mediates cleavage of α-subunit at two sites and γ-subunit at one site during 

biosynthesis of ENaC. Once at the plasma membrane further proteolytic activation of 

the channel is accomplished by extracellular membrane-associated serine proteases 

[63]. The sequential release of inhibitory motifs from α- and γ -subunits results in 

channels transitioning from a very low Po (near electrically silent) to an increasingly 

high Po (constitutively active channel) [53,62]. 

4.3.3 Role of PIP2 and PIP3 in regulating ENaC 

Phosphatidylinositides, such as phosphatidylinositol 4,5-bisphosphate (PIP2) 

and phosphatidylinositol 3,4,5-triphosphate (PIP3), directly interact with ENaC 

channels to modulate its gating [65]. 

Channel–phosphoinositide interactions are thought to be of electrostatic 

nature, whereby the negatively charged head groups of phosphoinositides interact 

with positive-charged residues within intracellular portions of the channel [65]. PIP2 

binding motifs have been identified in the N-term of β- and γ-ENaC subunits, but not 

in the α-subunit [66]. Disruption of these positively charged amino acid residues in 

the N-term PIP2 binding region leads to strong inhibition of ENaC currents [67]. On 

the other hand, increased PIP2 hydrolysis and depletion from the plasma membrane 

in response to purinergic stimulation and activation of endogenous phospholipase C 

(PLC) inhibits ENaC [68]. 

The product of PI3K-conversion of PIP2, PIP3, affects ENaC membrane levels 

by both a direct mechanism involving physical association of the 

phosphatidylinositide with the channel and an indirect mechanism involving a 

signalling cascade that promotes channel retrieval from the plasma membrane. 

Regulation of ENaC Po by PI3K is a direct consequence of the physical association of 

PIP3 with the channel [68]. On the other hand, SGK1 is a downstream effector of 

PI3K and is sensitive to both PIP3 levels and phosphorylation by another PI3K 

effector, PDK1. As described (see 4.3.1), the activation of SGK1 promotes retention 

of ENaC in the membrane.  
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The stimulation of luminal purinergic receptors co-localizing with ENaC in 

luminal membranes transiently activates Ca2+-dependent Cl– secretion and induces 

long-lasting inhibition of Na+ absorption. This is a relevant issue for the 

pharmacotherapy of CF patients, where an increased Na+ absorption is found in the 

airways [67]. 

5 CYSTIC FIBROSIS THERAPEUTIC APPROACHES 

Since the discovery of the CF gene, impressive advances in elucidating the 

molecular basis and cellular pathophysiology of CF have been achieved. 

Nevertheless, the improvement in mean life expectancy of CF patients has resulted 

mostly from a better treatment in alleviating symptoms of the disease rather than 

correcting the basic defect. Thus, life expectancy (mean age at death, in Europe, ~25 

yrs) and quality of life are still limited for CF patients [12,67]. In CF, airways disease 

is the major cause of morbidity and mortality, so most therapeutic efforts have been 

directed at improving airway function. For the past years, great progress has been 

achieved in pharmaco-therapy with the aim of normalizing the CF cell physiology, 

namely ionic transport. This includes rescuing mutant CFTR by promoting its correct 

folding and traffic to the cell membrane and potentiating its activity as a Cl- channel 

but also finding agents leading to ENaC inhibition or activation of alternative Cl- 

channels such as Anoctamin1 (CaCC). These three therapeutic strategies are 

described below. 

5.1 RESCUING CFTR 

Although over 1,900 CFTR gene mutations have been described, the 

emphasis of these therapeutic strategies has been on the F508del mutation, given its 

high prevalence. As described above (see 2.1), F508del-CFTR fails to fold correctly 

in the ER and as a result it is retained by the ERQC and rapidly targeted for 

proteasomal degradation. Very little of this mutant CFTR reaches the cell surface. 

Nevertheless, rescuing F508del-CFTR to the plasma membrane would be beneficial 

since it retains some Cl- channel function [69]. High-throughput screens (HTS) of 

large compound libraries have been carried out to identify small molecules capable of 
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rescuing the traffic of mutant CFTR to the cell membrane. These compounds are 

known as “correctors”. They can be 1) pharmacological chaperones that specifically 

rescue a misfolded protein by interacting with and energetically favour its correct 

folding; 2) chemical chaperones that mimic the effects of molecular chaperones thus 

lacking target specificity; and 3) compounds that target molecular chaperones by 

affecting their interaction with the defective protein [69]. 

Another class of compounds searched by HTS are “potentiators”, i.e., 

stimulators of pre-activated CFTR Cl- channels when the protein is already at the 

plasma membrane. Since, when rescued to the cells surface, F508del-CFTR still 

exhibits reduced Po, an ideal compound to restore F508del-CFTR would combine the 

ability of acting both as a corrector and potentiator. Potentiators are also aimed at 

correcting other CFTR mutations where the protein is correctly localized at the 

plasma membrane but have impaired channel regulation, notably G551D-CFTR 

which accounts for 3% of the CF population [12]. At least two experimental drugs, 

VX-770 (Ivacaftor) and VX-809 (Lmacaftor) and have undergone clinical trials and 

former already received FDA and EMEA approval in 2012 for patients carrying the 

rare mutation G551D. Both compounds were produced by a consortium of the Vertex 

Pharmaceuticals with the US Cystic Fibrosis Foundation (CFF). Using HTS the 

consortium examined 228.000 compounds. While VX-770 is a potentiator, i.e., 

restores CCFTR channel gating, and VX-809 is a corrector, i.e., restores CFTR cell 

surface expression [12]. 

Another therapeutic strategy contemplates the identification of CFTR-binding 

proteins modulating CFTR traffic or function as a Cl-channel which may constitute 

new therapeutic “targets” for CF [15]. Several studies have identified such “drugable 

targets”, and new compounds, based on the results of these studies, are in clinical 

trials. However, to gain a complete understanding of CFTR regulation, and to identify 

more therapeutic targets for CF, we should identify all of the CFTR-interacting 

proteins and understand how these proteins are dynamically regulated by protein–

protein interactions and by post-translational mechanisms [15]. The same approach 

could be applied to other intervenients of the CF lung disfuction, notably ENaC. 
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5.2 THE BYPASS APPROACH 

Restoration of normal airway hydration balance by modulation of ion channel 

activity represents an important therapeutic strategy for CF. Activation of CaCCs 

which are expressed apically in respiratory epithelia offer an alterntive pathway to 

restore Cl- secretion in the airways. Ano1 was recently described as a CaCC in the 

airway epithelium and, as such, represents an attractive target to restore Cl- 

transport. This concept has been the basis of the CF clinical trials testing P2Y2 

agonists such as UTP analogues with increased stability (vs UTP) against 

degradation by ectonucleotidases. Examples include INS37217 (Denufusol 

tetrasodium), which, besides increasing Cl- and fluid secretion, increased cilia beat 

frequency and mucin release. In a 28-day phase 2 clinical trial, Denufusol 

significantly improved lung function in patients with mild CF lung disease when 

applied three times daily by nebulizer [12,68]. Nonetheless, Denufosol phase 3 

clinical trial (TIGER-2) failed to meet primary endpoint, i.e., a change from baseline in 

FEV1 (Forced Expiratory Volume in One Second).  

Another strategy of potential therapeutic interest consists in the indirec 

stimulation of CFTR-mediated Cl- secretion by increasing the secretory driving force 

for Cl-, e.g., by activation of basolateral K+ channels. By causing hyperpolarization of 

the cell membrane potential, this enhances electrogenic luminal Cl- secretion [69]. 

This strategy might be particularly useful for CF patients with CFTR mutations not 

completely abolishing CFTR-mediated Cl- secretion. 

An alternative therapeutic strategy for CF is to inhibit ENaC, thereby bringing 

excessive Na+ absorption to normal levels. This can be achieved by direct blockade 

of ENaC or inhibition of the channel-activating proteases (CAPs), whose activity 

regulates ENaC function. Amiloride, which specifically blocks ENaC, has been tested 

for this purpose. However, the short half-life of this compound on airway surfaces 

(20–30 min), constitutes a major limitation to its therapeutic efficacy [12,32]. 

Notwithstanding, complete block of ENaC in the airway epitheia is also undesirable 

since, as it could lead to pulmonary edema. Instead, we seek compounds reducing 
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ENaC hyperabsorption to its normal levels so as to restore homeostasis of epithelial 

Na+ and water transport. 

 

Overall, CFTR is more than a Cl- channel; it regulates epithelial ion transport in 

many organs by interfering with several other ion channels and transporters. Thus 

the basic defect of CF comprises several events that contribute to a clinically 

multifaceted disease. Based on the complexity of CF pathophysiology, different 

therapeutic approaches are being pursued. To this end, however, it is crucial to 

acquire a deeper and more global knowledge of the proteins interacting and/or 

modulating CFTR traffic and activity and also more detailed information on the 

characteristics and regulation of the ion channels involved in CF. The ultimate goal of 

the current studies, is to identify novel drug targets for CF. 
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II OBJECTIVES OF THE PRESENT WORK 

The present doctoral work aimed at gaining new insight into the regulation of 

CFTR activity as well as of ENaC which are both critical in the pathophysiology of 

Cystic Fibrosis. Towards this overall goal, work was carried our focussing on the 

following specific objectives: 

 To identify novel CFTR binding proteins and to functionally characterize 

the effect of one of them (Annexin A5) on CFTR traffic and activity, both 

in Xenopus oocytes and in mammalian cells. 

 To analyse the regulation of CFTR by P2Y2-receptor stimulation both in 

Xenopus oocytes and in human bronchial epithelial cells. 

 To functionally validate novel ENaC binding proteins identified in a 

yeast split-ubiquitin screen, by analysing the effects of one of them 

(SERP1) on ENaC activity in Xenopus oocytes and in human airway 

epithelial cells. 

 To functionally validate novel protein regulators of ENaC activity that 

were identified in a siRNA HTS, by assessing their effect on ENaC 

activity in Xenopus oocytes, human airway epithelial cells and mouse 

epithelial tissues. 
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III MATERIALS AND METHODS 

1 CELL CULTURE 

1.1 MAMMALIAN CELL LINES AND CULTURE CONDITIONS 

Human bronchial epithelial H441 cells were culture in RPMI-1640 media 

supplemented with 100 units/ml penicillin / 100 μg/ml streptomycin (Pen/Strep), 1% 

Insulin-Transferrin-Selenium, 200 nM dexamethasone and 10% fetal bovine serum 

(FBS). 

Fluorescently labelled A549 cells stably expressing wt-CFTR or F508del-

CFTR after induction with doxycycline (DOX) were created in Professor Amaral’s 

laboratory. For this, wt-CFTR and F508del-CFTR were fused in the N-term to 

mCherry, a fluorescent protein obtained from DsRed by changing the chromophore 

environment [71]. Additionally, a FLAG tag (octapeptide: DYKDDDDK) was inserted 

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

extension at 68ºC, 28 cycles), 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) and 

insertion into pCR8 GW TOPO Gateway entry vector (Invitrogen). By LR 

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

medium (DMEM). Expression of wt-CFTR or F508del-CFTR was induced with 1µg/ml 

doxycycline (Sigma-Aldrich, Taufkirchen, Germany) 24h prior to the experiment. 

These cell lines as well as the A549 parental cell line were supplemented Pen/Strep 

and 10% FBS. When expression of ENaC was wanted, A549 parental cell line was 

cultured with a supplement of 1% Insulin-Transferrin-Selenium and 100 nM 

dexamethasone. 
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Human submucosal gland (Calu-3) cells were grown in a 1:1 mixture of 

Dulbecco's modified Eagle's (DMEM) / Ham's F-12 medium. The medium was 

supplemented with Pen/Strep and 15% FBS.  

Cystic Fibrosis Bronchial Epithelial (CFBE) cells stably expressing wt-CFTR or 

F508del-CFTR 227 were a generous gift from Dr. J.P. Clancy (University of Alabama 

at Birmingham, Birmingham, Alabama). CFBE cells were grown in Modified Eagle 

Medium (MEM) supplemented with 10% FBS. 

Baby hamster kidney (BHK) cells stably expressing either wt- or F508del-

CFTR proteins [72] were cultured in a 1:1 mixture of DMEM / Ham’s F-12 nutrient 

medium supplemented with 5% FBS and 200 µg/ml methotrexate. 

Human embryonic kidney (HEK293) cells and HeLa cells were grown in 

DMEM medium supplemented with 10% FBS and 1% Pen/Strep. 

Mouse cortical collecting duct epithelial M1 cells were grown in DMEM / F12 

medium with 5% FBS, 1% Insulin-Transferrin-Selenium and under 100 nM 

dexamethasone for maximal endogenous ENaC expression. 

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

human lungs (obtained through a collaboration of Faculty of Sciences University of 

Lisboa and Cardio-Thoracic Surgery Department, Hospital de Santa Marta, Lisboa, 

and approved by Ethics Committee) was as previously described [73]. 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 the treatment with DGK-

inhibitor II (25 μM, 4-6h) or vehicle (DMSO) applied apically. 

All cell lines were cultured in an incubator with humidified atmosphere of 5% 

CO2 at 37°C. 

1.2 TRANSFECTIONS 

Unless otherwise stated, Lipofectamine™2000 transfection reagent 

(Invitrogen, Karlsruhe, Germany) was used for the transfections according to the 
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manufacture’s guidelines. All experiments were performed 48h to 72h after 

transfection. 

2 MOLECULAR BIOLOGY 

2.1 PLASMIDS AND SIRNA 

For downregulation of Annexin A5 (AnxA5), AnxA5-siRNA (human, Invitrogen, 

Germany, Cat No:10620318) was transfected into HEK293 and H441 cells. The 

sense strand of the RNAi used to silence human AnxA5 was 5’-

GGGCUGAUGCAGAAACUCUUCGGAA-3’. A "scrambled" RNAi ds-oligomer 

sequence, i.e., not homologous to any known gene (negative control low GC, 

Invitrogen) served as control. SERP1 specific siRNAs were Silencer Select obtained 

from Ambion (SERP1 siRNA-A - s25992; SERP1 siRNA-B - s25993). siRNA for 

CFTR was Silencer Select, Ambion, refs: s2945, s2947. β-ENaC siRNA was Silencer 

Select, Ambion, refs: s12546, s12547. DAGK siRNA was Silencer Select, Ambion, 

ref: s17511. CNTFR siRNA was Silencer Select, Ambion, ref: s3269. 

pcDNA3.1 vector carrying cDNA for human CFTR construct and pT-Rex-Dest 

vector containing human AnxA5 cDNA were co-transfected into HEK cells for patch 

clamp experiments.  

2.2 RNA EXTRACTION, REVERSE TRANSCRIPTION AND REAL-TIME 

PCR 

Total RNA was extracted from cell cultures or RNeasy stabilized tissue using 

the RNeasy Protect Mini kit as recommended by the manufacturer (QIAGEN). RNA 

was dissolved in DEPC-treated water, and stored at -80ºC until use. cDNA was 

generated from 1μg of total RNA using the QuantiTect Reverse Transcription kit 

(QIAGEN), according to manufacturer’s recommendations and stored at -20ºC until 

use. Primers for SERP1 (NCBI accession number for mRNA – NM_01445.3) were 

designed on the PerlPrimer software with priming sites spanning an intron/exon 

boundary. The following primer sequences were used: SERP1, forward: 5’-

TGTCTGTGGTTCTGCAATTT-3’, reverse: 5’-TGACTCATGAAGAAACCTTGGA -3’ 
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and RPLP0, forward: 5’-GCAATGTTGCCAGTGTCTG-3’, reverse: 5’-

GCCTTGACCTTTTCAGCAA-3’. Amplification efficiencies were determined with a 

calibration curve. All PCR reactions were validated by the presence of a single peak 

in the melting curve analysis and a single band on a 2% agarose gel. Reactions were 

performed in triplicates. All relevant expression data was normalized using the 

expression of the housekeeping gene Large Ribosomal Protein RPLP0. 

3 SPLIT-UBIQUITIN ASSAY 

The split-ubiquitin system (DUALmembrane technology, Dualsystems Biotech, 

Schlieren, Switzerland) was applied to screen β-ENaC against a human lung cDNA 

library. Human β-ENaC was subcloned into the bait vector pBT3-N leading to N-term 

fusion of the reporter module consisting of the C-term half of ubiquitin (Cub) and an 

artificial transcription factor LexA-VP16 (LexA-VP16-Cub-βENaC). Expression, 

proper folding and membrane insertion of a-, b-, and g-ENaC in yeast was verified by 

fusion to NUBI and interaction with Cub containing the Cub- LexA-VP16 reporter 

cassette (Dualsystems Biotech). An oligo (dT) primed cDNA library was constructed 

from total human lung RNA and cloned into the prey vector pPR3-N (average insert 

size of 1.6 kb, 4.8 x 106 independent clones). The library expresses prey proteins 

with N-term fusion of the mutated N-term half of ubiquitin (NubG-prey). The yeast 

reporter strain NMY32 (MATa his3_200 trp1-901 leu2-3,112 ade2 LYS2::(lexAop)4-

HIS3 ura3::(lexAop)8-lacZ ade2::(lexAop)8-ADE2 GAL4) expressing the β-ENaC bait 

was transformed with the cDNA library. Upon bait-prey interaction the artificial 

transcription factor is released and activates the auxotrophic reporter genes allowing 

growth on selective medium. Approximately 2.3 x 106 transformants were screened 

for colonies growing on selective medium.  

4 PROTEIN ANALYSIS 

4.1 IMMUNOCYTOCHEMISTRY 

Microscopy analysis preformed on Chapter IV, Part I:  

HEK293 or HeLa Kyoto cells were seeded in 8-well Labtek chambered 

covergalss (Nunc-VWR International Holding Europe GmbH, Zaventem, Belgium). 
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The following day, cells were co-transfected with 333 ng of pEGFP-N1- AnxA5 [74] 

and with either 667 ng of the novel mCherry-Flag-wt- or F508del-CFTR constructs 

cloned into pLenti vector (Invitrogen) using 1.5µl of Fugene (Roche, Basel, 

Switzerland) in each well. The translocation of AnxA5 from the cytoplasm to the 

plasma and nuclear membranes was followed by incubating the cells (2-5 min, 37°C) 

with 5-10µM of ionomycin (Sigma-Aldrich, St. Louis, USA) and visualised by time-

lapse fluorescence microscopy in single frames or fixed after 5 min using 4% 

paraformaldehyde (Polysciences Europe GmbH, Germany). Images were acquired in 

a LSM 710 microscope (Zeiss, Jena, Germany). Immunofluorescence on BHK cells 

was performed as previously [75]. Briefly, stably CFTR-transfected BHK cells grown 

on chamber-slides (Nalgene Nunc, Roskilde, Denmark) were fixed in methanol, 

permeabilized and incubated for 1h with 24-1 monoclonal anti-CFTR antibody (R&D 

Systems, Minneapolis, USA) and AnxA5 sc-8300 (Santa Cruz Biotechnology, CA, 

USA) and after washing, incubated with FITC- or and rhodamine-conjugated 

secondary Abs, respectively (Amersham Biosciences Corp, USA) and mounted in 

Vectashield (Sigma-Aldrich) with DAPI (blue) for nuclear staining. Preparations were 

observed in different microscopes, as indicated in figure legends. 

Immunofluorescence preformed on Chapter IV, Part II: 

A549 mCherry-βFLAG-ENaC inducible cells treated with or without 

doxycycline were fixed with Paraformaldehyde 4% for 20 min, permeabilized with 

Triton-X 0.1% for 10 min and stained with antibodies polyclonal anti-SERP1 and 

monoclonal anti-calnexin. 1h after incubation with primary antibody, they were 

stained with secondary antibodies anti-rabbit coupled to Alexa 488 and to anti-mouse 

coupled to Alexa 568 or with secondary antibody anti-rabbit coupled to Cy5. The 

samples were imaged on a confocal microscope (Zeiss lsm710, pinhole 4 μm). As a 

measure of co-localization between the signals in the red and green channels of 

confocal images, we calculated the Spearman’s rank correlation coefficient using 

ImageJ PlugIn PSC-co-localization after background subtraction. 
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4.2 CHEMILUMINESCENCE 

Oocytes were firstly digested with 0,05mg/ml protease (type VIII; Sigma) for 4- 

5min to remove the fibrous vitelline envelope. Subsequently the oocytes were 

washed with PBS and fixed with 4% paraformaldehyde (in PBS, pH 7.4) for 60 min, 

at room temperature (RT). Next, the oocytes were washed with TBS (Tris 50 mM, 

NaCl 0.138 M, KCl 2.7 mM, pH 8.0) at RT and then incubated in TBS with 1% bovine 

serum albumine (BSA), for 60 min at RT, to block non-specific binding of antibodies. 

Afterwards, the oocytes were incubated overnight at 4°C with 1 μg/ml mouse 

monoclonal anti-FLAG M2 antibody in 1% BSA/TBS (Sigma-Aldrich, Germany) 

followed by incubation with sheep anti-mouse IgG peroxidase-linked whole antibody 

(Amersham Biosciences, Germany) diluted 1:20000 in 1% BSA/TBS for 40 min, at 

4ºC. The oocytes were then washed in 1% BSA/TBS for 60 min at 4 ºC and then in 

TBS (60 min, 4°C). Oocytes were placed separately in 50 μl ECL Plus Western 

Blotting Detection Reagents (Amersham Biosciences, Germany) and, after an 

incubation period of 5 min at RT, chemiluminescence was measured in Novostar 

plate reader (BMG Labtech, Germany). 

4.3 WESTERN BLOT AND ANTIBODIES 

Preformed on Chapter IV, Part II: 

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 SERP1 specific 

siRNAs (Silencer Select from Ambion (SERP1 siRNA-A - s25992; SERP1 siRNA-B - 

s25993). As positive controls, cells were transfected with siRNA for CFTR (Silencer 

Select, Ambion, refs: s2945, s2947) or βENaC (Silencer Select, Ambion, refs: 

s12546, s12547) and expression of proteins was assessed by Western blot (WB). 

Due to its low molecular mass, 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, 0.1 M tricine, 0.1% 

SDS, pH 8.25 as cathodic buffer. The following antibodies were used: anti-CFTR 596 

monoclonal antibody mAb (CFF, USA), anti-βENaC H- 190 polyclonal antibody pAb 
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(Santa Cruz Biotechnology), anti-b-actin A4700 mAb (Sigma) and anti- SERP1 pAb 

(a kind gift from Prof. Bernhard Dobberstein) 

4.4 CO-IMMUNOPRECIPITATION 

Preformed on Chapter IV, Part I: 

Co-immunoprecipitations (co-IPs) were carried out as previously [27]. Briefly, 

cells were lysed in chaperone buffer: [50 mM Tris; 150 mM NaCl; 10 mM NH4Mdo; 

0.09% (v/v) NP40; pH 7.4] and incubated overnight with the first antibody (Ab): anti-

CFTR 596 monoclonal (CFF, USA) or anti-AnxA5 polyclonal sc-8300 (Santa Cruz 

Biotechnology). Protein G-agarose beads (Roche) were added, and incubation 

continued for a further 4-h period. After being washed with chaperone buffer, the 

proteins were eluted from the beads in 1% (w/v) SDS for 1 h at 37°C. These eluates 

were then adjusted to the composition of RIPA lysis buffer for Western blot (WB). WB 

was performed as previously [76], but using 25 U/ml of benzonase (Sigma) to shear 

chromosomal DNA, the same anti-CFTR or anti-AnxA5 Abs and the SuperSignal® 

West Pico chemiluminescent substrate system (Thermo Scientific, Rockford, IL, 

USA). Filters were exposed to Fuji films (Fujifilm Europe GmbH, Düsseldorf, 

Germany). 

Preformed on Chapter IV, Part II: 

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

FLAGF508del- CFTR or mCherry-FLAG-βENaC were grown in p100 dishes to 

confluency before transgene expression induction with doxycycline for 24h. Cells 

were first 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. Protein G agarose beads (25 ml packed volume) 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 5. Eluates were loaded onto SDS-PAGE gels and Western blots 

were performed as shown above. 
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4.5 AFFINITY CHROMATOGRAPHY 

The NBD1 of CFTR was used as "bait" in affinity chromatography. To this end, 

NBD1 of CFTR (residues T389 – A655) was cloned into the HIS-tag pET28a 

bacterial expression vector [77], produced and purified in BL21 (DE3) bacteria. To 

ensure that NBD1 maintained a native-type fold (so as to capture native interactions) 

soluble NBD1 was purified directly from the bacterial supernatant (and not from 

refolded protein from the inclusion body pellet) and then purified by metal affinity 

chromatography. The purified p-His-NBD1 was present as single protein that was 

recognised by anti-NBD1 antibody L12B4 (Chemicon, USA) and displayed an 

intrinsic tryptophan fluorescence emission spectra consistent with folded NBD1 

protein (peak emission at 342 nm). Following incubation of the NBD1 in urea (6 M), 

the emission intensity greatly decreased and the peak shifted to 355 nm, consistent 

with the presence of fully denatured human NBD1 (data not shown, see [78]). 

Purified His-NBD1 (~1mg) was then incubated with Calu-3 cell lysates Briefly, 

Calu-3 cells were rinsed twice with pre-warmed PBS and then immediately scraped 

from the plastic surface. Cells were then harvested by centrifugation and pellet re-

suspended in lysis buffer (159mM NaCl, 50mM Tris, pH 8.5) containing protease 

inhibitor and 0.5% (w/v) NP40. After incubation at 4ºC for 10 min, the sample was 

centrifuged for pre-clearing and supernatant incubated with His-NBD1 (3 h at 4ºC) to 

capture proteins expressed in human respiratory epithelia. NBD1- CFTR-interacting-

proteins complexes were then captured from the cell extracts by incubation with 

Talon metal-affinity resin (3h at 4°C). To minimize non-specific binding of proteins, 

the resin was previously incubated with a blocking buffer (5% milk+1% BSA). 

Controls were performed by incubating the cell lysate with the resin without NBD1. 

Bound proteins were eluted from the resin using firstly 1M NaCl, 0.1M glycine buffer 

(pH = 6.5), then 1M NaCl, 0.1M glycine and 20% glycerol buffer (pH = 6.5) by altering 

the ionic strength, acidity and hydrophobicity of the buffer. Following elution, the 

recovered proteins were subsequently separated by 2D-electrophoresis. 
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4.6 2D-GELS 

Amicon centrifugal Filter Devices (Milipore Corporation, 2005, USA) were used 

to concentrate and desalt the fractions eluted from the column (described above in 

“affinity chromatography”). The samples were also further cleaned and precipitated 

using 2-D Clean-Up kit (Amersham Biosciences, New Jersey, USA) and, after 

addition of rehydration buffer (7M urea; 2M thiourea; 4% (w/v) CHAPS; 60 mM DTT; 

IPG buffer pH 3–10; 0.0002% (w/v) bromophenol blue), incubated for 1h at room 

temperature. Samples were cleared by centrifugation at 12,000 x g for 5 min and the 

supernatants were loaded onto 13 cm long Immobiline Dry Strips (Amersham 

Biosciences) with a nonlinear wide-range pH gradient (pH 3-10) for the first 

dimension (pI) separation. After gel strip re-hydration, IEF was run on an IPGphor 

IEF system for a total of 70kVh, during which the voltage was gradually increased up 

to 5000 V. Second dimension electrophoresis (SDS-PAGE) was as previously [79]. 

After electrophoresis protein visualization was carried out by silver staining, 

compatible to mass spectrometry (MS) analysis. By comparing the spot patterns on 

control and experimental gels, unique spots to the experimental gel were selected for 

commercial mass spectrometry (Maldi- Toff) and identified using the Mascott 

Program (Matrix Science Ltd). 

5 FUNCTIONAL ANALYSIS 

5.1 PATCH CLAMP  

HEK293 cells were grown on fibronectin (Invitrogen)/collagen (Vitrogen 100, 

Angiotech BioMaterials, Palo Alto, CA)-coated glass coverslips. Transfection of HEK-

293 cells was carried out one day after seeding on glass cover slips. After 48 to 72 h, 

cells were used for patch clamping. pEGFP-1 (Clontech, Palo Alto, CA, USA) at a 

ratio of 10:1 was co-transfected to allow the identification of the transfected cells by 

EGFP fluorescence to be used for patch clamp experiments. The cells grown on 

glass coverslips were then mounted on the stage of an inverted microscope (IM35, 

Zeiss). The bath was perfused continuously with Ringer solution pH 7.4: (in mM) 

NaCl 145, KH2PO4 0.4, K2HPO4 1.6, glucose 5, MgCl2 1, Ca-gluconat 1.3) warmed at 

37C. Patch pipettes were filled with a solution containing: (in mM) K-gluconat 95, KCl 
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30, NaH2PO4 1.2, Na2HPO4 4.8, glucose 5, MgCl2 2.38, EGTA 1, Ca-gluconat 0.726, 

with freshly added ATP (3 mM) and pH adjusted to 7.2. Patch clamp experiments 

were done in the fast whole-cell configuration. HEK cells’ membrane voltages (Vm) 

were clamped in steps of 10 mV, 1s each, from -50 mV to +50 mV relative to the 

resting potential. Membrane conductance (Gm) was calculated from the measured 

current (I) and Vm values according to Ohm’s law. Currents and voltages were 

recorded using a patch clamp amplifier EPC 9 and PULSE software (HEKA, 

Lambrecht, Germany) as well as Chart software (AD-Instruments, Spechbach, 

Germany). 

5.2 USSING CHAMBER 

For Ussing chamber experiments H441 cells were grown to confluence on 

permeable supports (Millipore, Schwalbach, Germany) until a tight monolayer was 

achieved after culturing the cells for ten days in air/liquid interface. Following this 

period cells on permeable supports were mounted into a perfused micro Ussing 

chamber. Mouse tracheas were dissected, opened longitudinally on the opposite side 

of the cartilage-free zone, and transferred immediately into an ice-cold buffer 

solution. The luminal and basolateral surfaces of the epithelium were perfused 

continuously with Ringer buffer solution pH 7.4: (in mM) NaCl 145, KH2PO4 0.4, 

K2HPO4 1.6, glucose 5, MgCl2 1, Ca-gluconat 1.3) at a rate of 5 ml/min (chamber 

volume 2 ml). All experiments were carried out at 37C° under open circuit conditions. 

Values for the transepithelial voltage (Vte) were referred to the serosal side of the 

epithelium. Transepithelial resistance (Rte) was determined by applying short (1 s) 

current pulses (∆I = 0.5 μA) and after subtracting the resistance of the empty 

chamber. The corresponding changes in Vte and basal Vte were recorded 

continuously. Rte was calculated according to Ohms law (Rte = ∆Vte/∆I). The 

equivalent short-circuit current (Isc) was calculated according from Vte and Rte (Isc = 

Vte / Rte). 

5.3 CRNA AND DOUBLE ELECTRODE VOLTAGE CLAMP 

Complementary (c)RNAs were synthesized by in vitro transcription. For this 

purpose, cDNA encoding each protein to be expressed was linearized at the 3’ end 
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of the insert using restriction enzymes. This cDNA was used as a template for in vitro 

transcription using T7, T3 or SP6 promotor and polymerase (Promega) accordingly to 

the vector in which the insert was cloned. 

Oocytes were isolated from adult Xenopus laevis female frogs and 

defolliculated by a 45-min treatment with collagenase (type A, Boehringer, Germany). 

Subsequently, oocytes were rinsed and kept at 18 °C in ND96 buffer (in mM): NaCl 

96; KCl 2; CaCl2 1.8; MgCl2 1; HEPES 5; sodium pyruvate 2.5; pH 7.55), 

supplemented with theophylline (0.5 mM) and gentamicin (5 mg/l); in the case of 

oocytes expressing ENaC NaCl was replaced by NMDG 96 mM plus HCl 80 mM to 

avoid having Na+ in the buffer, this way ENaC was kept inactive until the 

measurements. Oocytes were injected with cRNA (10 ng, 47 nl double-distilled 

water) encoding different proteins according to the study at the time, this included: 

wt- and F508del-CFTR, purinergic receptor P2Y2, β-adrenergic receptor kinase (β-

ARK, Grk2), Annexin A5, α,β,γ- ENaC (wt or mutant forms); SERP1, CNTFR. Water 

injected oocytes served as controls. Two to four days after injection, oocytes were 

impaled with two electrodes (Clark Instruments Ltd, Salisbury, UK), which had a 

resistances of < 1 MΩ when filled with 2.7 M KCI. Using two bath electrodes and a 

virtual-ground head stage, the voltage drop across the serial resistance was 

effectively zero. Membrane currents were measured by voltage clamping (oocyte 

clamp amplifier, Warner Instruments LLC, Hamden CT) in intervals from -60 to +40 

mV, in steps of 10 mV, each 1 s. The bath was continuously perfused with ND96 

buffer for all the experiments at a rate of 5 ml/min. All experiments were conducted at 

room temperature (22 °C). Conductances (G) were calculated according to Ohm’s 

law. 

5.4 MICROSCOPIC FMP ASSAY 

A549 or H441 cells were grown on glass cover slips and treated with siRNA 

one day after seeding and experiments were performed 2 days after. Cells were 

mounted on an inverted microscope IMT-2 (Olympus, Nürnberg, Germany) and were 

continuously perfused with Ringer solution pH 7,4. The cells were loaded by 

continuous bath perfusion with FLIPR® Membrane Potencial dye (FMP). 

Fluorescence was detected using a hight speed polychromator system (VisiChrom, 
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Puchheim, Germany). Amiloride-induced change in FMP fluorescence (FMPamil) 

was used as a read-out for the amount of amiloride (amil) sensitive epithelial Na+ 

conductance. Inhibition of Na+ absorption by amiloride at the concentrations used 

here is absolute specific for ENaC. Thus FMP quenching by amiloride (FMP-amil) 

indicates ENaC-conductance to 100 %. 

Plate reader experiments. To characterize the mechanism underlying ENaC 

regulation by DGK, the FMPamil assay was performed on A549 cells using a plate 

reader (Novostar, BMG Labtech, germany). A549 cells were transfected with either a 

scrambled or DGK-siRNA for 72h and the activity of several enzymes involved in 

phospholipid metabolism and signalling was modulated with specific inhibitors and/or 

activators (for 2-5 h) – PLC activator m3M3FBS at 25 μM, PLC inhibitor U73122 at 5 

μM, PI3K inhibitor LY294002 at 50 nM, PKC activator PMA at 100 nM, PKC inhibitor 

BIM at 50 nM. 

6 CHEMICALS AND STATISTICAL ANALYSIS 

All compounds used were of highest available grade of purity and were from 

SIGMA (Taufkirchen, Germany) or Calbiochem (Germany). Student’s t-test (for 

paired or unpaired samples as appropriate) or, when appropriate, ANOVA was used 

for statistical analysis. P<0.05 was accepted as significant. 
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Part I Effects of Annexin A5 on CFTR: Regulated Traffic 

or Scaffolding? 

1 ABSTRACT 

Previous studies have implicated annexins in regulating ion channels and in 

particular annexin A5 (AnxA5) in the traffic of the cystic fibrosis transmembrane 

conductance regulator (CFTR). In the present study, we further investigated the role 

of AnxA5 in regulating CFTR function and intracellular trafficking in both Xenopus 

oocytes and mammalian cells. Although we could confirm the previously reported 

CFTR/AnnxA5 interaction, we found that in oocytes AnxA5 inhibits CFTR-mediated 

whole-cell membrane conductance presumably by a mechanism independent of 

PDZ-binding domain at the C-term of CFTR but protein kinase C (PKC)-dependent 

and results from either endocytosis activation and/or exocytosis block. In contrast, in 

human cells, co-expression of AnxA5 augmented CFTR whole-cell currents, an effect 

that was independent of CFTR PDZ-binding domain. We conclude that annexin A5 

has multiple effects on CFTR, so that the net effect observed is cell system-

dependent. Nevertheless, both effects observed here are consistent with the 

described role of annexins forming scaffolding platforms at cell membranes, thus 

contributing to a decrease in their dynamics. Finally, we could not confirm that AnxA5 

overexpression rescues traffic/function of the most frequent disease-causing mutant 

F508del-CFTR, thus concluding that AnxA5 is not a promising tool for correction of 

the F508del-CFTR defect. 

2 INTRODUCTION 

Cystic Fibrosis (CF) is caused by mutations in the gene encoding the CF 

transmembrane conductance regulator (CFTR) protein, a cAMP-dependent and 

phosphorylation-regulated Cl- channel, formed by two membrane-spanning domains 

(MSDs), two nucleotide-binding domains (NBD1 and NBD2) and a regulatory domain 

(RD). CFTR assembly initiates with synthesis and folding in the endoplasmic 

reticulum (ER) where it is core-glycosylated. Once correctly folded, this immature 

form of CFTR migrates through the Golgi where it is processed by 
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glycosyltransferases being thereby converted into its mature form, until it reaches the 

cell surface. Depending on the cell type, only 30-70% of precursor wild-type (wt)-

CFTR matures. F508del-CFTR, the most common CF-causing mutation occurring in 

90% of CF patients worldwide, is a trafficking defect mutant which, due to misfolding, 

is mostly retained by the ER quality control (ERQC) and then rapidly ubiquitinated 

and targeted for proteasomal degradation. During its biogenesis and folding, multiple 

CFTR interacting proteins (CIPs), namely molecular chaperones account for the 

efficiency of those processes. Moreover, these constitute the major intervenients of 

the ER retention which, in our current ERQC working model, occurs at distinct 

checkpoints [80]. 

Detailed knowledge also exists for peripheral trafficking of CFTR after the 

Golgi and distal secretory pathway of CFTR, as well as membrane retrieval and 

recycling, where additional checkpoints assess the folding status of secretory 

proteins [15,79,80]. A number of interacting proteins (SNAREs, Rab’s, adaptors, 

cytoskeletal proteins as well as kinases) have also been described to affect the distal 

membrane traffic of CFTR. In fact, CFTR has been demonstrated to undergo 

regulated endocytosis in epithelial cells [83]. Studies aimed at identifying the 

structural features of CFTR required for endocytosis revealed that Y1424 and I1427 

act as essential signals favouring CFTR internalization [84–86]. Moreover, both the 

C-term [87] and more recently the N-term [88] were shown to stabilize CFTR at the 

plasma membrane. This stabilizing effect of CFTR through its ends was shown to be 

mediated by cytoskeleton anchoring, namely to filamins for the N-term [89] and to 

actin via NHERF through the PDZ binding domain (PDZ-BD) of CFTR (its last 3 

residues - TRL), the latter also required for the polarized apical expression of CFTR. 

Indeed, it was shown that deletion of the PDZ-BD (∆TRL-CFTR) reduced CFTR half-

life at the apical membrane from ~24 to 13 h, and this was shown to occur by 

reduction of CFTR endocytic recycling [86]. It is nevertheless believed that key 

proteins playing a role in CFTR traffic remain unidentified, namely those along the 

secretory pathway sensing the F508del-CFTR folding defect and targeting it off-

pathway. 
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Annexins have been implicated in regulating ion channels (reviewed in [90] 

and in particular CFTR was described to be regulated by annexin A2 [91]. Therefore, 

we decided to investigate the regulation of CFTR traffic and function by AnxA5, which 

was reported to be overexpressed in CF tissues [92]. More recently, AnxA5 was 

reported to interact with CFTR [93] and even to rescue the membrane expression of 

the most frequent mutant in CF [94].  

Our goal here was to further characterize the previously reported functional 

interaction between AnxA5 and CFTR and possibly also to identify novel CIP’s 

playing a role in CFTR traffic or function. By overexpressing AnxA5 in oocytes, we 

found an inhibition of CFTR function and that this effect is protein kinase C (PKC)-

dependent and results from either endocytosis activation and/or exocytosis block. In 

contrast, co-expression of AnxA5 in HEK293 cells augmented CFTR whole-cell 

currents, an effect that was independent of CFTR PDZ binding domain (PDZ-BD) 

located at the C-term and acting via NHERF1. Such an effect, however, was no 

longer observed for the CFTR endocytic-incompetent (Y1424A,I1427A) CFTR 

mutant. Since we could detect neither a direct in vivo co-localization nor interaction 

between AnxA5 and CFTR that would be suggestive of regulated traffic, we propose 

that AnxA5 acts dually by inhibiting both exocytosis (in oocytes) and endocytic 

recycling (in mammalian cells), by reducing membrane protein mobility, as previously 

described for annexins in general and AnxA5 in particular. 

3 RESULTS AND DISCUSSION 

3.1 ANNEXIN A5 INHIBITS CFTR IN XENOPUS OOCYTES 

We explored the potential effects of AnxA5 on CFTR by co-expressing wt-

CFTR and AnxA5 in Xenopus laevis oocytes and determining the effect on whole-cell 

conductances in double-electrode voltage clamp (DEVC) experiments. Co-

expression of AnxA5 reduced activation of CFTR by IBMX (1 mM) and forskolin (2 

mM) (I/F) (Figure IV.I 1A,B). Inhibition of CFTR conductance by AnxA5 may be due 

to reduced membrane expression or reduced channel activity. We reported earlier 

that the CFTR R-domain mutant S737A/S768A-CFTR exhibits an enhanced channel 

activity even under control conditions, i.e., in the absence of I/F, due to the inhibitory 



Chapter IV – Part I 

 
44

role that these residues play in regulating the CFTR channel pore [19,93]. Here, co-

expression of AnxA5 still reduced I/F-induced whole-cell currents generated by 

S737A/S768A-CFTR but does not inhibit the baseline, i.e., spontaneously active 

CFTR currents (Figure IV.I 1B). These data suggest that inhibition of CFTR activity 

by AnxA5 does not result from a direct effect on closure of an open CFTR channel 

through these two channel inhibitory residues (Figure IV.I 1C). This result led us to 

explore other mechanisms, namely a possible effect of AnxA5 on CFTR traffic. 

 

Figure IV.I 1: AnxA5 inhibits CFTR in Xenopus oocytes. (A) Original traces of the 
whole-cell current and (B) Summary of whole-cell conductances activated upon stimulation 
with IBMX and forskolin (I/F, 1mM, 2mM) of oocytes expressing CFTR in the absence (left) 
or presence (right) of co-expression AnxA5. A reduction in whole-cell conductance was 
observed when AnxA5 was co-expressed. (C) The inhibitory effect of AnxA5 on whole-cell 
currents is equally observed in oocytes expressing the CFTR-mutant S737A/S768A. Open 
bars indicate the conductance before stimulation, i.e., in the absence of I/F. Mean ± SEM, n 
= number of experiments. *Indicates significant activation of whole-cell conductances by I/F 
(paired t-test). # Indicates significant difference from cells lacking expression of AnxA5 
(unpaired t-test). 
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3.2 ANNEXIN A5 INHIBITS MEMBRANE TRAFFICKING OF CFTR IN 

XENOPUS OOCYTES 

Since the family of annexin proteins has been described to influence protein 

trafficking as well as to regulate interactions between membranes and the 

cytoskeleton [96], we examined whether compounds that are known to interfere with 

trafficking and the cytoskeleton are able to abolish the effects of AnxA5 in Xenopus 

oocytes. Thus, AnxA5 may control CFTR trafficking from the sub-membrane vesicle 

pool to the plasma membrane upon cAMP/PKA activation, which is known to be 

actin-dependent [97]. The actin-depolymerizing compound cytochalasin D (Cyto D) 

interferes with protein trafficking by inhibiting both endo- and exocytosis [95,96]. 

Here, we observe that Cyto D (10 µM, 2h) significantly reduced activation of CFTR by 

I/F (Figure IV.I 2A, left). Moreover, in the presence of Cyto D, AnxA5 had no further 

inhibitory effect on CFTR (Figure IV.I 2A, right), suggesting that AnxA5 may inhibit 

activation of CFTR by actin-dependent mechanism. 
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Figure IV.I 2: AnxA5 inhibits CFTR function in Xenopus oocytes independently of the 
PDZ domain. (A) Summary of whole-cell conductances activated upon stimulation with I/F (1 
mM, 2 mM) of oocytes expressing CFTR with and without AnxA5 co-expression. Effects of 
preincubation with cytochalasin D (Cyto D, 10 mM, 2h) on activation of CFTR. (B) Effects of 
pre-incubation with dynasore (80 mM, 2 h) on activation of CFTR. (C) Summary of whole-cell 
conductances activated upon stimulation with I/F (1 mM, 2 mM) in oocytes expressing CFTR 
mutant E1474X (lacking the PDZ-BD) with and without co-expression of AnxA5. (D) Effects 
of co-expressing the protein S100A8 on whole-cell conductance of oocytes expressing CFTR 
and AnxA5. Open bars indicate the conductance before stimulation, i.e., in the absence of 
I/F. Mean ± SEM, n = number of experiments. *Indicates significant activation of whole-cell 
conductances by I/F (paired t-test). #Indicates significant difference from cells lacking 
expression of AnxA5 (unpaired t-test). 

The cell-surface density of CFTR is determined by the rates of exocytosis and 

endocytosis, the latter being dependent on dynamin, a component of clathrin-coated 

vesicles [99]. We examined whether AnxA5 interferes with CFTR endocytosis by 

using the dynamin inhibitor dynasore (80 µM, 2h) previously described to affect 

CFTR endocytosis [98,99]. As a positive control for the effects of dynasore we show 

here that dynasore inhibits Nedd4-2-dependent endocytosis of ENaC induced by 

phenformin. Phenformin is known to induce Nedd4-2/dynamin mediated endocytosis 

of ENaC and inhibition of the membrane conductance (DG = 11.5 ± 1.7 nS). 

Dynasore largely reduced inhibition of ENaC by blocking dynaminmediated 

endocytosis (DG = 2.4 ± 0.4 nS). Already in the absence of AnxA5, dynasore did not 

cause a significant difference in I/F currents (Figure IV.I .2B, left) indicating that 

endocytic retrieval of CFTR does not seem to play a major role in oocytes. However, 

in the presence of dynasore, CFTR was no longer inhibited by AnxA5 (compare two 

‘dynasore’ black bars in left and right graphs of Figure IV.I .2B). These results 

suggest that AnxA5 inhibits CFTR, at least partially, by increasing endocytic retrieval 

from the cell membrane. 
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Moreover, this inhibitory effect of AnxA5 on CFTR in oocytes does not appear 

to rely on known retrieval sequences in CFTR [85] since mutation of essential amino 

acids within these motifs (Y1424A/I1427A-CFTR) do not abrogate the inhibitory effect 

of AnxA5 in oocytes (Supplementary Figure IV.I 1A). 

On the other hand, endocytosis can be augmented by protein kinase C (PKC) 

which is potently inhibited by 0.1 mMbisindolylmaleimide I (BIM, by interacting with 

the PKC kinase domain), and prolonged activation of PKC has been shown to inhibit 

membrane retrieval of CFTR [100,101]. In the presence of BIM, AnxA5 was unable to 

inhibit CFTR (Supplementary Figure IV.I 1B), while blocking of the Ca2+/calmodulin 

dependent (CaM) kinase with STO-609 (10 mM), or chelating Ca2+ with BAPTA-AM 

(50 mM, 1h), did not affect AnxA5-dependent inhibition of CFTR (Supplementary 

Figure IV.1 1C,D, respectively). These data suggest that in oocytes the endocytic 

retrieval of CFTR by AnxA5 is mediated by PKC, but independent of CAMK or of 

lowering the intracellular concentration of Ca2+ ([Ca2+]i). 

The PDZ-binding domain of CFTR is important for its stabilization at the 

plasma membrane in mammalian cells, but not in Xenopus oocytes [102,103]. To test 

whether CFTR lacking the PDZ-binding domain located at the C-term (∆PDZ-BD) is 

still inhibitable by AnxA5, the E1474X-CFTR construct was co-expressed in oocytes 

together with AnxA5. Results clearly show that CFTR-∆PDZ-BD was still inhibited by 

co-expression of AnxA5 (Figure IV.I 2C).  

Because the S100A8 protein is known to interact with AnxA5 and it was also 

captured in our affinity chromatography assay (Supplementary Figure IV.I 2 and 

Supplementary Table IV.I 1) we also tested the effect of overexpressing it together 

with AnxA5, on CFTR currents in oocytes (Figure IV.I 2D). Results show that the 

inhibition of CFTR currents caused by AnxA5 was the same in the presence or 

absence of S100A8. 

Taken together, these experiments suggest that in Xenopus oocytes, CFTR is 

inhibited by AnxA5 through enhanced retrieval from the plasma membrane in a PKC-

dependent fashion and that this endocytosis proceeds independently of the 
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Y1424/1427 motifs and PDZ-BD of CFTR. Data are also compatible with some 

inhibition of CFTR exocytosis in oocytes. 

3.3 REGULATION OF CFTR BY ANNEXIN A5 IN MAMMALIAN CELLS 

Interestingly, and in contrast to the above data obtained in oocytes, when co-

expressed in HEK293 cells we found that AnxA5 increased CFTR-mediated currents 

by about 30% (Figure IV.I 3), consistent to what has been described previously [93]. 
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Figure IV.I 3: AnxA5 activates CFTR-currents in HEK293 cells. (A) I/F (100 mM; 2 
mM) activated whole-cell currents in HEK293 cells expressing wt-CFTR or co-expressing wt-
CFTR and AnxA5. Partial removal of Cl- from the bath solution (32 Cl-) inhibits whole-cell 
currents, indicating activation of CFTR Cl- currents. (B) Summary of the whole-cell 
conductances activated upon stimulation with I/F. Patch-clamp experiments performed in the 
fast whole-cell configuration. Open bars indicate the conductance before stimulation, i.e., in 
the absence of I/F. Mean ± SEM, n = number of experiments. *Indicates significant activation 
of whole-cell conductances by I/F (paired t-test). # Indicates significant difference from cells 
lacking expression of AnxA5 (unpaired t-test). 

We then tested the effect of the above Y1424A/I1427A-CFTR mutant 

previously reported to reduce retrieval of CFTR from the cell membrane [85]. It is 

observed that in HEK cells expressing this variant, the baseline CFTR-mediated Cl- 

conductance (in the absence of IBMX/Fors), is already significantly larger than the 

one in wt-CFTR expressing cells. Indeed, an increase in the net current (at Vc = +50 

mV) by the Y1424A/Y1427A-CFTR variant is observed vs wt-CFTR (from 2.2 ± 0.3 to 

3.4 ± 0.2 nA), similarly to what has previously been reported (Peter et al. 2002) (1.07 

± 0.09 to 1.65 ± 0.2 nA). Thus, the Y1424/Y1427A –mutations show a relatively small 

increase in IBMX/Fors – induced whole-cell conductances (Figure IV.I 4A, left).  

We also observed that, in contrast to oocytes, co-expression of AnxA5 no 

longer enhanced whole-cell currents produced by Y1424A/I1427A-CFTR (Figure IV.I 

4A, black bars in left and right graphs). These data suggest that AnxA5 enhances 

membrane currents by interfering with CFTR-internalization. If Y1424A/I1427A-CFTR 

already shows maximal membrane expression, it is logical to assume that AnxA5 will 

no longer enhance it. So, while the internalization signal appears to be irrelevant in 

oocytes, it is important in mammalian cells. The trafficking (including endocytosis) of 

CFTR in oocytes is remarkably different when compared to mammalian cells, as 

previously noted [106]. 
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Figure IV.I 4: Enhancement of CFTR function by AnxA5 and membrane trafficking in 
mammalian cells. (A) Summary of the whole-cell conductances induced by I/F in HEK293 
cells expressing the CFTR membrane retrieval-mutant Y1424A/I1427A in the absence or 
presence of AnxA5. (B) Effects of co-expression of AnxA5 on Y1424A/I1427A-CFTR in the 
presence of the dynamin-inhibitor dynasore (40 mM). (C) Summary of the effects of co-
expression of AnxA5 on E1474X-CFTR mutant (DPDZ-BD). (D) I/F activated whole-cell 
conductances generated by the double retrieval/DPDZ-BD mutant Y1424A/I1427A/E1474X-
CFTR in the absence or presence of AnxA5. Open bars indicate the conductance before 
stimulation, i.e., in the absence of I/F. Mean ± SEM, n = number of experiments. *Indicates 
significant activation of whole-cell conductances by I/F (paired t-test). # Indicates significant 
difference from cells lacking expression of AnxA5 (unpaired t-test). 

Dynamin-dependent endocytosis can be potently blocked by dynasore [107]. 

As observed for the retrieval mutant Y1424A/I1427A-CFTR, inhibition of endocytosis 

by dynasore did not augment whole-cell conductance generated by wt-CFTR, but 

abrogated the effects of AnxA5 (Figure IV.I 4B). 

In contrast to Xenopus oocytes, stability of CFTR at the cell membrane is 

largely dependent on the PDZ-BD, being CFTR-∆PDZ-BD highly unstable in 

mammalian cells in comparison to Xenopus oocytes [15,102,103,106]. So, we further 

examined whether the PDZ-BD at the CFTR C-term is relevant to AnxA5-mediated 

upregulation of CFTR-currents, by expressing the CFTR-∆PDZ-BD mutant E1474X-

CFTR. Whole-cell conductances generated by I/F-dependent stimulation of E1474X-

CFTR (24.1 ± 2.1 nS) were reduced when compared to those of wt-CFTR (34.2 ± 2.8 

nS) but were still further augmented through co-expression of AnxA5 (Figure IV.I 4C). 

These data indicate that the stimulatory effect by AnxA5 on CFTR is independent of 

its PDZ-BD and hence of NHERF-binding. Both, the PDZ-BD and the putative 

retrieval sequences seem to be of little relevance for oocyte-expression of CFTR. We 
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then generated the triple mutant Y1424A/I1427A/ E1474X – CFTR to "mimic" the 

situation in oocytes, i.e., to abolish endocytic retrieval of CFTR. Notably, the whole-

cell conductance of Y1424A/I1427A/E1474X –CFTR was unchanged (33.4 ± 4.5 nS) 

when compared to that of wt-CFTR, and was no longer augmented but rather 

inhibited (21.0 ± 3.9 nS) by co-expression of AnxA5, thus unmasking an inhibitory 

effect of AnxA5 on CFTR expressed in mammalian cells (Figure IV.I 4D), similar to 

the one observed in Xenopus oocytes. 

3.4 EFFECT OF ANNEXIN A5 ON F508DEL -CFTR 

We also examined the effect of AnxA5 on F508del-CFTR, since it has been 

reported that AnxA5 increases cell surface expression and the Cl- channel function of 

the F508del-CFTR [94]. When F508del-CFTR was expressed in the absence of 

AnxA5, a small whole-cell conductance of 0.9 ± 0.2 nS (n = 7) was activated by I/F 

that was indistinguishable from background activation in non-expressing HEK293 

cells (Supplementary Figure IV.I 3). Co-expression of AnxA5 did not increase whole-

cell conductance activated by I/F (1.0 ± 0.2 nS; n = 7), suggesting that AnxA5 is 

unable to increase surface expression and activation of F508del-CFTR 

(Supplementary Figure IV.I 3). Taken together AnxA5 has multiple indirect effects on 

CFTR causing slightly enhanced Cl- conductance but does not correct the transport 

defect in F508del-CFTR [94]. 

3.5 DO ANNEXIN A5 AND CFTR INTERACT IN VIVO?  

To determine whether the increased CFTR activity caused by AnxA5 

overexpression in mammalian cells results from interaction of the two proteins, as 

previously proposed [109] we tested their in vivo co-localization by confocal 

microscopy. To this end, we co-expressed GFP-AnxA5 and mCherry-CFTR (both wt- 

and F508del) in either HEK293 or HeLa cells. Our data shows that wt-CFTR was 

mostly detected at the cell membrane (Figure IV.I 5, upper row, left panel) and 

F508del-CFTR at its typical intracellular localization (lower row, left panel), whereas 

AnxA5 showed an unstructured cytoplasmic pattern, and nuclear distribution, but not 

significantly at the plasma membrane (Figure IV.I 5A, middle panels in both rows), 

thus not significantly co-localizing with wt-CFTR. Co-localization between AnxA5 and 
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F508del-CFTR was not observed either. Importantly, no rescue of F508del-CFTR to 

plasma membrane occurred as a result of AnxA5 overexpression (Figure IV.I 5A, 

right panels, lower row). Similar results were obtained in HEK293 cells (data not 

shown). To exclude that co-localization is prevented by the presence of the GFP-tag 

which is fused to AnxA5 assessed the intracellular localization of endogenously 

expressed (non-tagged) AnxA5 in HeLa cells using an anti-AnxA5 Ab, showing the 

lack of membrane localization for untagged AnxA5 (Supplementary Figure 5). 

Indeed, AnxA5 localizes both on the cytoplasm and nucleus (Supplementary Figure 

5), although less visible than GFP-AnnxA5 (Figure IV.I 5) due to poor penetrance of 

the Ab into the nucleus. Nevertheless, nuclear localization of untagged AnxA5 is 

confirmed by its clear shift to the nuclear membrane upon ionomycin treatment 

(Supplementary Figure IV.I 5) just like GFP-AnxA5, as shown here (Supplementary 

Figure IV.I 4) and by others [74]. 
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Figure IV.I 5: CFTR and AnxA5 do not co-localize in vivo. (A) Confocal images of HeLa cells 
transiently co-transfected with GFP-AnxA5 and either mCherry-flag-wt-CFTR (upper row) or 
mCherry-flag-F508del-CFTR (lower row). Columns from left to right: mCherry- CFTR; GFP-
AnxA5; overlay of mCherry-CFTR and GFP-AnxA5. (B) Confocal images as in A but after 
treatment with 10 mM ionomycin for 5 min: HeLa cells transiently co-transfected with GFP-
AnxA5 alone (upper row); GFP-AnxA5 and mCherry-flag-wt-CFTR (middle row); or GFP-
AnxA5 and mCherry-flag-F508del-CFTR (lower row). Columns from left to right: DAPI 
nuclear staining (in AnxA5 alone cells) or mCherry-CFTR; GFP-AnxA5; overlay of the two 
previous columns. Scale bar: 10 mm. Cells were observed using a LSM710 Zeiss confocal 
microscope. Images are representative of at least n = 50 cells from n = 5 independent 
transfections. [Data obtained by Shehrazade Dahimène and included in this thesis with 
permission] 
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Since AnxA5 is a Ca2+-binding protein described to change its location upon 

changes in [Ca2+]i, and because in previous co-IP studies, CFTR-AnxA5 interaction 

was described to be Ca2+-dependent, we increased the latter by addition of 10 mM 

ionomycin and tested AnxA5 intracellular localization by immunocytochemistry 

(Figure IV.I 5B) and time-lapse imaging (Supplementary Figure IV.I 4). Interestingly, 

we observed a translocation of AnxA5 to the plasma membrane and also to the 

nuclear envelope (Figure IV.I 5B, middle panels in all rows). However, even under 

these high [c conditions, AnxA5 did not co-localize in vivo with either wt-CFTR or with 

F508del-CFTR (Figure IV.I 5B, right panel in middle and lower rows, respectively). 

Altogether, the lack of co-localization shown by these results, leads to the conclusion 

that AnxA5 does not interact in vivo with CFTR, even under high [Ca2+]i. 

Because we initially identified AnxA5 in an affinity capture in vitro assay using 

CFTR-NBD1 as a ‘bait’ and also because a putative interaction of AnxA5 and CFTR 

was recently described by co-immunoprecipitation [93], we also tested this approach 

here. First, we performed co-immunoprecipitations in BHK cells stably expressing wt-

CFTR and transiently transfected with AnxA5, by pulling-down CFTR and a band for 

AnxA5 could indeed be detected by Western blot (Figure IV.I 6A, upper panel, lane 4, 

upper band), albeit very faint despite that AnxA5 was present at significantly high 

levels in transfected (lane 2) versus non-transfected cells (lane 1). 
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Figure IV.I 6: CFTR and AnxA5 do not co-immunoprecipitate. (A) Western blot (WB) 
of AnxA5 (upper panel) or Hsc70 (a known CFTR interactor as a positive control, lower 
panel) in total lysates as control (lanes 1,2) or after CFTR co-immunoprecipitation (lanes 3,4) 
from stable CFTR-expressing BHK cells either non-transfected (lane 2) or transiently 
transfected (lanes 1,3,4) with AnxA5. In the total lysate controls for WB detection (lanes 1,2) 
specific bands for both AnxA5 and Hsc70 can be observed at the correct apparent molecular 
weight. The higher amount of AnxA5 levels detected in lane 2 shows that the transient 
transfection of AnxA5 was efficient. For samples undergoing coimmunoprecipitation (lanes 
3,4) the lysates from cells transiently transfected with AnxA5 were incubated without 
antibody, ‘beads-only’ (lane 3) or with (lane 4) anti-CFTR primary Ab (IgG) plus the beads to 
perform the CFTR pull-down. The CFTR-co-immunoprecipitated proteins were then analysed 
by WB for AnxA5 (upper panel) or Hsc70 (lower panel). Although AnxA5 was present in the 
CFTR pull-down (lane 4, upper panel), it was similarly present in the absence of the anti-
CFTR Ab (lane 3, upper panel). The lower band, marked ‘*’ corresponds to the IGg light 
chain. In contrast, Hsc70 was only present in the CFTR immunoprecipitate (lane 4, lower 
panel), but not in the absence of the anti- CFTR Ab (lane 3, lower panel). In (B) the CFTR-
immunoprecipitated material was analysed by WB for CFTR as the ‘input’ control of the 
experiment in (A). In (C), the opposite IP experiment of (A) was performed, i.e., AnxA5 was 
co-immunoprecipitated from AnxA5-transfected, CFTR-expressing BHK cells using AnxA5 
Ab and samples were immunoblotted for CFTR. For enhanced sensitivity, the same WB was 
exposed for longer (left panel) and shorter periods (middle panel). Presence of CFTR in the 
AnxA5 pull-down can only be observed in the left panel (high exposure time). As a control, a 
pull-down of CFTR was performed in parallel (right panel) showing that CFTR could be 
efficiently immunoprecipitated. [Data obtained by Shehrazade Dahimène and included in this 
thesis with permission] 

 



Chapter IV – Part I 

 
56

However, the same band, and of equivalent intensity, was also observed in 

pull-downs performed with beads only, i.e., no anti-CFTR Ab (Figure IV.I 6A, upper 

panel, lane 3, upper band), thus indicating that this band is not specific. As an 

additional control, we could specifically detect Hsc70, a known interactor of CFTR, in 

CFTR pull-downs (Figure IV.I 6A, lower panel), i.e., only when the CFTR Ab was 

added (lane 4) but never in the presence of the beads only (lane 3). When the 

opposite experiment was performed, i.e., co-immunoprecipitation of AnxA5 followed 

by anti-CFTR immunoblot, in some experiments, but not reproducibly, a very faint 

CFTR could be detected in co-immunoprecipitated AnxA5 (Figure IV.I 6C, left panel). 

The results from co-IPs regarding AnxA5 and CFTR were thus inconclusive in 

demonstrating a direct interaction between these two proteins. 

3.6 EFFECT OF ANNEXIN A5 ON ENDOGENOUS CFTR EXPRESSION 

IN PHYSIOLOGICALLY RELEVANT CELLULAR SYSTEMS 

To confirm whether AnxA5 also affects CFTR in human respiratory cells where 

it is endogenously expressed, we used human lung adenocarcinoma cell line H441. 

These cells express small but detectable levels of CFTR [110]. However, due to the 

difficulties in efficiently transfecting epithelial cells with cDNAs, we employed a siRNA 

strategy instead. Thus, when endogenous AnxA5 was knocked down by siRNA in 

polarized grown H441 cells, the reverse effect on CFTR conductance was observed 

(Figure IV.I 7). These data further support that in physiologically relevant cells grown 

to polarization; AnxA5 also has an activating role on CFTR. 

 

Figure IV.I 7: siRNA-AnxA5 suppresses whole-cell conductance generated by wt-
CFTR: (A) Representative original recording from an open-circuit Ussing chamber 
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experiment with H441 cells grown on permeable supports showing the negative deflection of 
the transepithelial voltage upon stimulation with I/F (100 µM/µ mM), indicating activation of 
CFTR-dependent Cl- secretion. Incubation of the cells with siRNA for AnxA5 reduced I/F-
induced Cl- secretion when compared to cells treated with scrambled (scrbld) siRNA. (B) 
Calculated equivalent shortcircuit current (Isc) activated by I/F (100 µM/2 µM) in cells treated 
with scrambled or AnxA5-siRNA. Mean ± SEM, n = number of experiments. #Indicates 
significant difference from cells treated with scrambled siRNA (unpaired t-test). 

4 DISCUSSION 

4.1 ANNEXIN A5 INHIBITS CFTR IN OOCYTES 

Annexin A5 (AnxA5) is a member of the annexin family, an evolutionary 

conserved multiprotein group. All annexins contain 4-8 repeats of the endonexin 

domain (a non-EF hand Ca2+-binding motif) which can function as organizers of 

membrane domains and as membrane-recruitment scaffolds for proteins they 

associate with, by interacting with negatively charged phospholipids in a Ca2+-

dependent manner [90]. AnxA5, in particular interacts with phosphatidylserines, but it 

was also shown to interact with the hydrocarbon chains of membrane lipids [96]. 

Here, we have studied the effect of AnxA5 overexpression on CFTR function 

both in Xenopus oocytes and in mammalian cells. Our functional data in oocytes 

showing an inhibitory effect by AnxA5 on CFTR, which disappears under 

cytochalasin D (Cyto D), clearly suggest that AnxA5 inhibits activation of CFTR by 

actin-dependent mechanisms, either by inhibiting exocytosis or enhancing 

endocytosis. We then tested whether in oocytes this effect would result from the 

described role of annexins in endocytosis, by using dynasore, a known inhibitor of 

dynamin-dependent CFTR endocytosis [98,99]. Strikingly, still in the absence of 

AnxA5, dynasore did not significantly enhance I/F currents, suggesting that endocytic 

retrieval of CFTR plays a minor role in oocytes. However, as I/F currents under 

dynasore were no further inhibited by AnxA5, this argues that the actin-dependent 

inhibitory effect by AnxA5 on CFTR in oocytes acts, at least partially, by enhancing 

endocytosis. Moreover, our data also indicate that in oocytes such stimulatory 

endocytic effect occurs independently of the Y1424/I1427 CFTR internalization 

motifs. The fact that inhibition of CFTR-currents by AnxA5 did not occur in oocytes in 

the presence of dynasore but was still observed for the endocytosis-deficient 

Y1424A/I1427A-CFTR variant, might be due to the absence in oocytes of the 
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internalization machinery required to recognize these residues. Nevertheless, 

possible side-effects of dynasore cannot be fully excluded. 

Results shown here also indicate that in oocytes this stimulatory endocytic 

effect occurs independently of the channel gating inhibitory residues S737/S768 and 

of the CFTR-PDZ binding domain (PDZ-BD). The latter efficiently mediates CFTR 

stabilization at the plasma membrane in mammalian cells by counteracting its 

endocytosis [111–113]. However, our results indicate that in oocytes the endocytic 

retrieval of CFTR by AnxA5 is mediated by PKC, a major promoter of internalization 

[103]. These results are consistent with recent data demonstrating that AnxA5 acts 

as a PKC activator [114], despite previous contrasting results [113,114]. 

Nevertheless, given that CFTR endocytosis does not seem to be a major pathway in 

oocytes, some of the inhibitory effect by AnxA5 may also result from a block in actin-

mediated exocytosis. Consistent with this possibility, it has previously been shown 

that activation of Cl- currents in Xenopus oocytes is partly due to membrane 

exocytosis of CFTR [117–119]. 

4.2 ENHANCEMENT OF CFTR FUNCTION BY ANNEXIN A5 IN 

MAMMALIAN CELLS 

Recent findings support a role for some annexins in regulating membrane 

traffic of various ion channels, both exocytosis (AnxA2; AnxA7; AnxA13) and 

endocytosis (AnxA1; AnxA2; AnxA6) [120]. Notably, by overexpressing AnxA5, 

Trouvé and co-workers demonstrated recently that AnxA5 is necessary for CFTR 

function and plasma membrane localization in airway epithelial cells, concluding that 

annexin A5 is necessary for normal CFTR Cl- channel activity [90,91]. Our results in 

mammalian cells here partially support these data, as co-expression of AnxA5 and 

CFTR resulted in a significant increase of I/F stimulated Cl- currents. Moreover, since 

this enhancement of CFTR function is abolished when cells are incubated with the 

dynamin-inhibitor dynasore, we conclude that this effect results from AnxA5 

interference with endocytosis, as generally reported for annexins. Since these 

proteins also regulate the dynamic assembly/ disassembly of monomeric actin into 

filamentous (F-) actin [119,120] and AnxA5, in particular was shown to interact 

directly with F-actin [109], actin could indeed be the link to the role of AnxA5 in CFTR 
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endocytosis. Consistently, previous studies have reported that actin-skeleton 

disruption decreases Cl- secretion [114], a finding which was also confirmed more 

recently [123]. Furthermore, it was proposed that annexins shuttle actin monomers 

with actin monomer-sequestering proteins, like profilins, [124] and remarkably, in our 

affinity capture, we also found profilin 2. 

Nevertheless, while in mammalian cells, the C-term PDZ-BD of CFTR and 

interacting proteins such as NHERF1 are required for proper expression and 

membrane stabilization through actin-skeleton tethering, this is not essential in 

oocytes [102,103]. Such an explanation can be the reason for the apparently 

opposing results that we obtained here in oocytes and mammalian cells, arguing that 

CFTR in oocytes is quite efficiently exocytosed but very little endocytosed, whereas 

this is not the case in mammalian cells. Indeed, by analyzing the E1474X-CFTR 

mutant, we reconfirmed in the present study previous findings demonstrating that 

PDZ-interactions are essential for CFTR stability/function in mammalian cells. 

However, we found that the positive effect that AnxA5 exerts on CFTR function is 

independent of the PDZ-BD, thus indicating that the putative stabilization CFTR by 

AnxA5 mimics it, but is not mediated by NHERF. Curiously, membrane expression 

CFTR in oocytes is known to be independent on PDZ-domains and we found that 

AnxA5 did not enhance CFTR currents in oocytes. 

4.3 DOES THE STABILIZING EFFECT OF ANNEXIN A5 ON CFTR 

RESULT FROM DIRECT INTERACTION? 

In their study of the effects of AnxA5 on CFTR, and based on co-staining in 

human native tissues, co-IP, overlay and surface plasmon resonance experiments, 

Trouvé and co-workers state that the observed enhancement of CFTR function 

results from a direct interaction between the two proteins [91,92]. However, when we 

thoroughly investigated the intracellular localization of Anx5 and CFTR in vivo, no 

significant co-localization could be observed between AnxA5 and wt-CFTR or 

F508del-CFTR, neither at the cell membrane, nor intracellularly. Indeed, we 

observed that both tagged and untagged AnxA5 localizes in the cytoplasm and in the 

nucleus. Only upon ionomycin treatment (raising [Ca2+]i to non-physiological levels), 

did AnxA5 move to the respective compartment membranes (cytoplasmic and 
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nuclear, respective), consistent with previous studies [72,123]. Since these data are 

inconsistent with those described by Trouvé and colleagues in human native 

bronchial tissues (Trouvé et al. 2007), a possible explanation could be that AnxA5 

requires polarization to be (apically) membrane localized and thus interact with 

CFTR, as described for AnxA2 [96]. However, our data show that the enhancement 

of CFTR function by AnxA5 occurs similarly in non-polarized and in polarized 

epithelial cells, thus hinting that the functional activation by AnxA5 does not require 

cell polarization. As membrane localization of AnxA5 is known to occur in apoptotic 

cells (being membrane-localized AnxA5 a common biomarker of apoptosis [96] or 

after cell wounding/injury [74], a possible explanation for the previously described co-

localization of CFTR and AnxA5 could be due to occurrence of either situation in 

those native tissues, causingAnxA5 to translocate to the plasma membrane. Since in 

the present study we did not observe AnxA5 at the plasma membrane, we can 

assume that the cells analysed here were not apoptotic. 

Because the previous AnxA5-CFTR association was described to be Ca2+-

dependent [93] and given that AnxA5 is known to change its location after an 

increase in [Ca2+]i which enhances its phospholipid binding [72,94], we further tested 

the possible co-localization of CFTR and AnxA5 in vivo after rising [Ca2+]i by addition 

of ionomycin. Under these conditions, we observed a major translocation of AnxA5 to 

the plasma membrane (also to the nuclear envelope) as previously described [72,94]. 

However, AnxA5 still did not significantly co-localize with either wt-CFTR or F508del-

CFTR, and the latter remained in its typical ER localization. Furthermore, although 

relocation of AnxA5 from the cytosol to the plasma membrane under high Ca2+ could 

be suggestive of a role in secretory trafficking, its intranuclear relocation is 

inconsistent with such a role, given that this effect is more compatible with its well-

described Ca2+- mediated membrane lipid binding [72,94]. 

Our biochemical data could equally not confirm the previously described co-IP 

interaction between AnxA5 and CFTR [93]. In fact, although we could detect AnxA5 

in CFTR co-IPs, the same result was obtained in the absence of anti- CFTR 

antibody, suggesting that AnxA5 also binds to the beads. Of note, in the co-IPs of the 

above study, this ‘beads only’ control was never shown [93]. Moreover, this study 

reported that the presence of AnxA5 in CFTR co-IPs was more significant when Ca2+ 
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was added in vitro to the immunoprecipitated complex, thus probably reflecting a 

Ca2+-mediated membrane lipid binding and not so much a real protein-protein 

interaction occurring in vivo. Such an association between AnxA5 and CFTR found to 

occur in lysates could thus be part of a larger complex, mediated by lipids and/or 

other proteins (e.g., actin binding proteins). Moreover, data from the NBD1-AnxA5 

obtained by surface plasmon resonance and NBD1-overlay in the same study [93], 

as well as our in vitro affinity capture reported here, may reflect an in vitro interaction 

whereby NBD1 may expose molecular surfaces which are hidden in vivo in the 

context of full-length CFTR. However, such interaction does not demonstrate that the 

two proteins interact in vivo, consistent with the lack of in vivo co-localization 

between AnxA5 and CFTR in results shown here. 

In summary, the present results indicate a dual role of AnxA5 in regulating 

CFTR function: (i) by stabilizing the channel at the plasma membrane in a PDZ-BD 

independent manner, through tethering to the actin-skeleton underlying the plasma 

membrane, as previously shown for AnxA2/A4/A6 regarding other ion channels [90] 

and (ii) by activating endocytic retrieval and blocking exocytosis in a PKC-dependent 

fashion. While the first mechanism prevails in mammalian cells, where endocytic 

retrieval predominates, the second occurs in oocytes. We conclude that both roles 

are consistent with the described role of annexins forming scaffolding platforms at 

cell membranes binding to phospholipids in a Ca2+-dependent way, hence 

contributing to a decrease in membrane dynamics and, in mammalian cells, 

organization of membrane microdomains. Although AnxA5 was identified as a 

binding partner of NBD1-CFTR, this interaction appears to occur predominantly in 

vitro, where possibly this domain is more exposed or/and through additional 

lipid/protein intermediates. In vivo, despite that AnxA5 clearly enhances CFTR 

function, the two proteins do not significantly co-localize. Moreover, we could not 

observe the rescue of F508del-CFTR plasma membrane traffic or function by AnxA5, 

in contrast to a previous observation [94]. Because of its limited (presumably 

unspecific) effects on wt-CFTR and lack of correction of F508del-CFTR, we conclude 

that AnxA5 is not a promising target for F508del-CFTR correction. 
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5 SUPPLEMENTARY DATA 

 

 

Supplementary Figure IV.I 1: AnxA5 inhibits CFTR in Xenopus oocytes independent 
of Ca2+ and Ca2+/calmodulin dependent (CaM) kinase: (A) Summary of whole-cell 
conductances activated upon stimulation with I/F (1 mM, 2 μM) of oocytes expressing the 
CFTR mutant Y1424A/I1427A with and without co-expression of AnxA5. (B) Comparison of 
the effects of the PKC inhibitor BIM (1 μM, 1 h) on whole-cell conductances generated by wt-
CFTR, in the absence or presence of co-expression of AnxA5. (C) Comparison of the effects 
of the CaM kinase inhibitor STO-609 (20 μM, 1 h) on whole-cell conductances generated by 
wt-CFTR in the absence and presence of co-expression of AnxA5. (D) Comparison of the 
effects of the Ca2+ chelator BAPTA/AM (50μM) on whole-cell conductances generated by wt-
CFTR in the absence or presence of co-expression of AnxA5. Open bars indicate the 
conductance before stimulation, i.e. in the absence of I/F. Mean ± SEM, n = number of 
experiments. * indicates significant activation of whole-cell conductances by I/F (paired t-
test). # indicates significant difference from cells lacking expression of AnxA5 (unpaired t-
test). 

His-tagged NBD1 was used as "bait" in affinity chromatography to capture 

novel binding proteins using extracts from the human respiratory cell line Calu-3. 
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Proteins which bound to His-NBD1 were eluted and subjected to high resolution 2D-

electrophoresis (Supplementary Figure IV.I 1A,B). By comparing the spot patterns on 

control (A) and experimental (B) gels, seven candidate CIPs unique to the 

experimental gel were selected (spots 1 - 7, Supplementary Figure IV.I 1B). 

 

Supplementary Figure IV.I 2: Isolation and analysis of human epithelial CIPs: 2D-
electrophoresis gel and silver staining of Calu-3 cell extract proteins; (A) bound non-
specifically by blocked resin in the absence of NBD1; and (B), bound by blocked resin 
incubated with NBD1-CIPs complexes. Candidate CIPs that were bound selectively by NBD1 
are numbered and circled in red. For other details, please refer to the Methods. Comparable 
results were obtained in three separate experiments (n = 3). [Data obtained by Luisa Alesio 
and included in this thesis with permission] 

Analysis of the selected and isolated spots from the 2D gel by MALDI-TOF 

mass spectrometry identified five of the seven selected spots (Supplementary Table 

IV.I 1) as putative CIPs. These five proteins were identified as: (1) Raichu404X 

(RAP1A, KREV1, KREV-1 or SMGP21) a Thr/Ser kinase; (2) hypothetical protein 

MGC35308 (Proline-rich region 18 or PRR18); (3) Profilin 2 (PFN2); (4) S100A8 

(calgranulin A; cystic fibrosis antigen, MRP8); (5) Annexin A5 (AnxA5). 

Spot GeneID # Score* Peptide Matched (seq) 
Protein 

name 

Mw 

(kDa) 
pI** 

1 5906 108 FSVSGEGEGDATYGK RAP1A 85 n.d. / 

2 285800 82 EAVDEGLVR PRR18 32 n.d. / 

3 5217 83 SQGGEPTYNVAVGR 
Profilin 2 

isoform b 

15 
5.9 / 

6.6 

4 6279 80 ELDINTDGAVNFQEFLILVIK S100 A8 11 6.5 / 

5  n.i. ----------- ----- ----- -----
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6  n.i. ----------- ----- ----- -----

7 308 84 GTVTDFPGFDGR Annexin A5 

(AnxA5) 

36 4.6 / 

4.9 

Supplementary Tabele IV.I 1: Following MALDI-TOF MS, candidate CIPs were 
identified in unique spots (1 - 4 and 7). *denotes the probability-based MOWSE (ion) score 
for each protein (MASCOT software; Matrix Science, USA) where a value of > 65 indicates 
identity (p < 0.05 that the match is random). ** pI, determined/predicted. n.i., not identified; 
Mw, molecular weight; pI, isoelectric point; n.d., not determined. 

 

Supplementary Figure IV.I 3: AnxA5 does 
not rescue F508del-CFTR. Summary of the whole-
cell conductances activated upon stimulation with 
I/F(100 μM; 2 μM) activated whole-cell currents in 
HEK293 cells expressing F508del-CFTR or co-
expressing F508del-CFTR and AnxA5. Patch-clamp 
experiments performed in the fast whole-cell 
configuration. Open bars indicate the conductance 
before stimulation, i.e. in the absence of I/F. Mean ± 
SEM, n = number of experiments. 

 

Supplementary Figure IV.I 4: 
Effect of increase in intracellular [Ca2+] on 
the localization of both AnxA5 and wt-
CFTR. (A) Time-lapse experiment in HeLa 
cells 24 h after transfection with mCherry-
Flag-wt-CFTR in pLenti vector and 
pEGFP-AnxA5. Live-cell imaging was 
performed to monitor the changes in the 
localization of these proteins during a 
treatment with 5μM of ionomycin. Panels 
show that GFP-AnxA5 is expressed mainly 
in the cytoplasm and the nucleus, but soon 
after addition of ionomycin (20s, left panel, 
lower row) a fast re-localization of AnxA5 
from the cytoplasm to the plasma 
membrane and from the nucleus to the 
nuclear envelope is observed. (B) 
Localization of CFTR in HeLa cells 
exposed to ionomycin. The localization of 
CFTR is not modified by increase in 
intracellular calcium. Cells were observed 
using a Olympus Cell^R microscope. Bar 
indicates 10 μm. [Data obtained by 
Shehrazade Dahimène and included in 
this thesis with permission] 
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Supplementary Figure IV.I 5: Untagged AnxA5 is not membrane localized. 
Immunolocalization of untagged (endogenous) AnxA5 in HeLa cells without any treatment 
(upper row) or after 10 μM ionomycin (lower row). DAPI was used to stain the nuclei (left 
column) and AnxA5 was immunostained with sc-8300 primary antibody, followed by 
rhodamine-conjugated secondary antibody (middle column). Right column: merge of left and 
middle images in the same row. Cells were observed using an LSM710 Zeiss microscope. 
Bar indicates 10 μm. Images are representative of at least n=50 cells from n=5 independent 
transfections. [Data obtained by Shehrazade Dahimène and included in this thesis with 
permission] 
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PART IV CFTR IS ACTIVATED THROUGH STIMULATION OF 

PURINERGIC P2Y2 RECEPTORS 

1 ABSTRACT 

It has been reported that the cystic fibrosis transmembrane conductance 

regulator (CFTR) can be activated through cAMP- and protein kinase A-independent 

pathways involving GTP-binding proteins and an unknown kinase. In this study we 

further examined how G protein-coupled pathways regulate CFTR. We demonstrate 

that stimulation of purinergic P2Y2 receptors in CFTR-expressing oocytes and in 

airway epithelial cells activates CFTR Cl- currents. Activation of CFTR Cl- currents via 

P2Y2 was inhibited by CFTRinh-172 and was independent of intracellular Ca2+, protein 

kinase C or calmodulin-dependent kinase (CAMK). However, activation of CFTR was 

suppressed by inhibition of phospholipase C and by the non-selective protein kinase 

inhibitor staurosporine. Activation of CFTR through P2Y2 receptors was enhanced 

when Gi proteins were inhibited by pertussis toxin. Inhibition of PKA and of protein 

kinases downstream of P2Y2 receptors such as mitogen-activated protein (MAP) 

kinases, tyrosine kinase, or c-src kinase did not interfere with activation of CFTR. 

The present results demonstrate an antagonistic regulation of CFTR by P2Y2 

receptors: CFTR is inhibited by stimulation of Gi proteins and is activated by 

stimulation of Gq/11/PLC, and an unknown downstream protein kinase. 

2 INTRODUCTION 

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

Caucasians and is characterized by a chronic obstructive lung disease as the major 

cause for mortality. CF is caused by mutations in the gene encoding the CF 

transmembrane conductance regulator (CFTR) protein, a cAMP-dependent and 

phosphorylation-regulated chloride (Cl-) channel, formed by two membrane-spanning 

domains (MSDs), two nucleotide-binding domains (NBD1 and NBD2) and a 

regulatory (R) domain [126]. CFTR is activated by binding of adenosine triphosphate 

(ATP) and dimerization of the two NBDs, along with phosphorylation of the R-domain 

by protein kinase A (PKA) at multiple phosphorylation sites [127–129]. 
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Apart from PKA several other kinases phosphorylate and activate CFTR such 

as Ca2+-dependent protein kinase C and cyclic-guanosine-monophosphate 

dependent kinase (PKG) [33]. Reddy and Quinton identified an additional mechanism 

for activation of CFTR in the native sweat duct epithelium through stimulation of G 

proteins [179,180]. The authors were able to exclude a role of cAMP, Ca2+ or Ca2+-

dependent kinases and suggested the contribution of an yet unknown protein kinase 

[130]. We therefore examined G protein-dependent regulation of CFTR in more 

detail, by stimulation of the metabotropic purinergic receptor P2Y2. ATP was shown 

previously to activate Cl- secretion in airway epithelial cells through stimulation of 

P2Y2 receptors. Activation occurs through Ca2+ -dependent and Ca2+ -independent 

signalling pathways by opening of outwardly rectifying Cl- channels, CFTR and Ca2+ -

dependent Cl- channels [132]. Studies on a number of other tissues also identified 

activation of CFTR by uridine triphosphate (UTP) [133–135]. Ishibashi and co-

workers showed a coexistence of CFTR and P2Y2 receptors on the luminal surface of 

submandibular duct cells. These authors proposed the interesting concept that 

muscarinic stimulation induces Cl- reabsorption through basal CFTR activity. CFTR is 

activated via P2Y2 receptors stimulated by ATP that is secreted into the salivary fluid 

[136]. Such a mechanism may also be present in the airways, which show 

pronounced P2Y2 expression, and may thus be relevant for cystic fibrosis [137]. 

3 RESULTS 

3.1 ACTIVATION OF CFTR BY STIMULATION OF P2Y2 RECEPTORS IN 

XENOPUS OOCYTES 

When purinergic P2Y2 receptors were expressed in Xenopus oocytes, 

stimulation with ATP (100 µM) activated an instantaneous but transient outwardly 

rectifying Cl- current that is attributed to endogenous Ca2+-activated Cl- channels 

(CaCC) [138] (Figure IV.II 1A,B). However, when oocytes were co-expressing P2Y2 

and CFTR, ATP activated an instantaneous (Ii) CaCC current that was followed by a 

delayed (Id) and non-transient current (Figure IV.II 1C,D). This was not observed in 

the absence of P2Y2 receptors (Figure IV.II 1E,F). Application of the specific CFTR 

inhibitor CFTRInh172 blocked activation of Id and replacement of bath Cl- by gluconate 
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reduced the delayed activated current (Figure IV.II 1G,H). This clearly demonstrates 

activation of CFTR by stimulation of P2Y2 receptors. 

Because stimulation of P2Y2 receptors leads to an increase in intracellular 

Ca2+ which may directly or indirectly control CFTR-activity, we performed a number of 

experiments to examine a possible contribution of Ca2+ or Ca2+-dependent pathways 

to activation of CFTR: (1) Incubation with the Ca2+ chelator BAPTA/AM (50 µM) did 

abolish ATP induced CaCC (i), but did not affect activation of CFTR (d) (Figure IV.II 

2A,B). (2) The inhibitor of the Ca2+/calmodulin-dependent kinase (CAMK) pathway 

STO-609 suppressed activation of CaCC, but did not affect CFTR (Figure IV.II 2C,D). 

(3) Inhibition of Ca2+-activated PKC by 0.1 – 1 µM bisindolylmaleimide 1 (BIM) did 

neither inhibit activation of CaCC nor activation of CFTR (Figure IV.II 2E,F). Taken 

together, these results indicate that intracellular Ca2+ and Ca2+-dependent kinases 

are irrelevant for activation of CFTR through stimulation of P2Y2 receptors. 
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Figure IV.II 1: Stimulation of P2Y2 receptors activates Ca2+-activated Cl- channels 
and CFTR: (A,B) Whole-cell currents and summary of the whole-cell conductances activated 
by ATP (100 µM) in oocytes expressing P2Y2 receptors only  or (C,D) co-expressing P2Y2 
receptors together with CFTR. A delayed activated whole-cell current was observed (Id) after 
initial activation of the Ca2+-activated Cl- current (CaCC; Ii) only in oocytes co-expressing 
CFTR. (E,F) No current was activated in the absence of P2Y2 receptors. (G) The delayed 
activated whole cell conductance (Gd), but not Gi was inhibited by the CFTRinh-172 (5 µM) (H). 
Replacement of extracellular Cl- by gluconate demonstrated that Gd is a Cl- conductance. * 
indicates significant difference from control according to paired t-test or ANOVA. The number 
inside the parenthesis represents number of experiments. 
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Figure IV.II 2: Activation of CaCC but not CFTR requires Ca2+ and CAMKK: (A,B) 
Whole-cell currents and summary of the whole-cell conductances in oocytes co-expressing 
P2Y2 receptors and CFTR. Effect of ATP (100 µM) on CaCC (Ii; i) and CFTR (Id; d) in the 
absence and presence of the Ca2+ chelator BAPTA/AM (50 µM) (C,D). Effect of ATP on 
CaCC (i) and CFTR (d) in the absence and presence of the calmodulin dependent kinase 
kinase STO-609 (20 µM) (E,F). Effect of ATP on CaCC (i) and CFTR (d) in the absence and 
presence of the protein kinase C inhibitor BIM (0.1 µM). *indicates significant difference from 
control (ANOVA). # indicates significant difference (unpaired t-test). The number inside the 
parenthesis represents number of experiments. 
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3.2 ACTIVATION OF CFTR BY P2Y2 DEPENDS ON PHOSPHOLIPASE C 

AND AN UNKNOWN DOWNSTREAM KINASE 

Purinergic P2Y2 receptors couple to intracellular GTP-binding proteins of 

different classes such as Gq/11 and Gi [139–141]. We used pertussis toxin, which 

prevents activation of αGi proteins by inducing adenosine diphosphate-ribosylation. 

Under these conditions, delayed activation of CFTR by P2Y2 was largely enhanced 

(Figure IV.II 3A), indicating that P2Y2 receptors activate αGi and inhibit CFTR. 

Control incubation with B-oligomer (100 ng/ml) was without any effects. Thus 

signalling pathways downstream of P2Y2 receptors transfer both stimulatory and 

inhibitory signals to CFTR. Inhibition of phospholipase C by U-73122 completely 

abolished both activation of CaCC and CFTR (Fig IV.II 3B). The data suggest that 

stimulation of CFTR via P2Y2 occurs through Gq/11 proteins and activation of 

phospholipase C. This pathway may include the function of a protein kinase 

downstream of phospholipase C, since activation of CFTR was significantly reduced 

by the non-specific kinase inhibitor staurosporine (1 µM) (Figure IV.II 3C).

 

 

Figure IV.II 3: Activation of CFTR by 
P2Y2 depends on phospholipase C and an 
unknown kinase: (A) Summary of ATP 
activated whole-cell conductances in 
oocytes co-expressing P2Y2 receptors 
together with CFTR. Effect of ATP (100 µM) 
on CaCC (i) and CFTR (d) in the absence 
and presence of the inhibitor of Gi proteins, 
pertussis toxin (PTX; 1 µg/µl). (B) Effect of 
ATP on CaCC (i) and CFTR (d) in the 
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absence and presence of the inhibitor of phospholipase C, U73122 (10 µM). (C) Effect of 
ATP on CaCC (i) and CFTR (d) in the absence and presence of the broad non-specific 
kinase inhibitor staurosporine (1 µM). *indicates significant difference from control (ANOVA). 
# indicates significant difference (unpaired t-test). The number inside the parenthesis 
represents the number of experiments. 

Stimulation of P2Y2 receptors may activate CFTR by enhancing intracellular 

cAMP levels and PKA activity, similar to P2Y6-receptors [142]. However, in the 

present experiments activation of CFTR by ATP stimulation of P2Y2 receptors was 

unchanged in the presence of the protein kinase A inhibitor KT5720 (3 µM) (Figure 

IV.II 4A). Moreover, inhibitors of other kinases which have been reported to couple to 

P2Y2 receptors, such as P38 MAP kinase (SB203580; 65 µM), MEK1/2 (U-0126; 25 

µM), tyrosine kinase (lavendustin A; 10 µM) and c-src tyrosine kinase (PP2; 10 µM) 

did not interfere with P2Y2 activation of CFTR (Figure IV.II 4). G protein-coupled 

receptor kinase type 2 (GrK2, β-adrenergic receptor kinase, β-ARK) has been shown 

recently to positively regulate the epithelial Na+ channel ENaC [143]. In the presence 

of injected Grk2, ATP activation of CFTR was reduced (Figure IV.II 4F). Moreover, 

P2Y2-independent activation of CFTR by isobutylmethylxanthine (IBMX) and forskolin 

(414 ± 51.1 µS; n = 17) was significantly reduced by co-expression of Grk2 (282.3 ± 

30.4 µS; n = 17). Thus it is unlikely that Grk-2 is the CFTR-activating kinase 

downstream of P2Y2 receptors. 
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Figure IV.II 4: Activation of CFTR by P2Y2 by an unknown kinase and inhibition by 
Grk2: Summary of ATP activated whole-cell conductances in oocytes co-expressing P2Y2 
receptors together with CFTR. Activation of CaCC (i) and CFTR (d) in the absence and 
presence of inhibitors of (A) protein kinase A (KT5720; 3 µM), (B) MAP kinase P38 
(SB203580; 65 µM), (C) MEK1/2 (U0126; 25 µM), (D) tyrosine kinase (lavendustin A; 10 µM), 
(E) c-src tyrosine kinase (PP2; 10 µM), and (F) by co-expression of the β-adrenergic receptor 
kinase (β-ARK, Grk2). # indicates significant difference from control (unpaired t-test). The 
number inside the parenthesis represents the number of experiments. 

3.3 P2Y2 DEPENDENT ACTIVATION OF CFTR IN HUMAN AIRWAY 

EPITHELIAL CELLS 

In order to rule out the possibility that activation of CFTR via P2Y2 receptors 

may be a phenomenon only observed in Xenopus oocytes, we examined P2Y2 

regulation of CFTR in polarized grown H441 human airway epithelial cells. H441 cells 
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express primarily amiloride-sensitive Na+ channels (ENaC) and small amounts of 

CFTR, but no Ca2+
-activated Cl- channels [193,194]. Moreover, H441 cells express 

P2Y2 receptors, as detected by reverse transcription polymerase chain reaction (RT-

PCR) (data not shown). When examined in an Ussing chamber under open circuit 

conditions, H441 demonstrate a large amiloride-sensitive (A, 10 µM) Na+ absorption 

(Figure IV.II 5A). In contrast to mouse airway epithelial cells (1), ATP (100 µM) did 

not activate an instantaneous Ca2+-activated Cl- secretion, but stimulated a delayed 

Cl- secretion, as indicated by a small negative voltage deflection (Figure IV.II 5A). 

Negative voltage deflections and activation of short circuit currents were also induced 

by adenosine (-2.4 ± 0.4 µA/cm2; n = 9) and IBMX (100 µM) and forskolin (2 µM) (-

4.1 ± 0.3 µA/cm2; n = 9).  

 

 

Figure IV.II.5: Activation of CFTR by P2Y2 in human airway epithelial cells: (A) 
Original recording from an open circuit Ussing chamber experiment with the human airway 
epithelial cell line H441, showing the effects of amiloride (A) and ATP in the absence or 
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presence of the P2Y-inhibitor suramin (100 µM), as well as IBMX (100 µM)/forskolin (2 µM), 
and adenosine (ade, 100 µM). (B) Calculated equivalent short circuit currents (Isc) activated 
by luminal ATP (100 µM). Inhibition of CFTR by CFTRinh-172 (5 µM) and suramin attenuated 
the effect of ATP. (C) Effect of the protein kinase inhibitor staurosporine (1 µM) on Isc 
activated by ATP. *indicates significant difference from control (paired t-test, ANOVA). The 
number inside the parenthesis represents the number of experiments. 

Adenosine is well known to activate CFTR, as also demonstrated in Xenopus 

oocytes co-expressing A2B-receptors. Pre-incubation of the monolayers with the 

CFTR inhibitor 172 (5 µM), or inhibition of purinergic receptors by suramin (100 µM) 

attenuated Cl- secretion activated through purinergic stimulation (Figure IV.II 5B). 

Moreover, the nonspecific protein kinase inhibitor staurosporine suppressed ATP-

induced stimulation of CFTR in H441 cells (Figure IV.II 5C). Thus, also in airway 

epithelial cells, stimulation of P2Y2 receptors activates CFTR. Taken together, 

stimulation of P2Y2 receptors by ATP inhibits CFTR through activation of Gi proteins, 

however, inhibition of CFTR is overcome by activation through an unknown kinase 

that is downstream of the phospholipase C pathway (Figure IV.II 6).  

 

Figure IV.II 6: Purinergic activation of CaCC and CFTR: Summary of the signalling 
pathways for activation of CaCC and CFTR by stimulation of P2Y2 receptors and inhibitors 
used in the present study. An unknown downstream kinase is involved in the activation of 
CFTR, while Gi proteins are inhibitory on CFTR. 
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4 DISCUSSION 

In the present study, we report activation of CFTR through stimulation of the 

metabotropic receptor P2Y2. Activation occurs through an unknown kinase that is 

different from protein kinase A and other protein kinases downstream of P2Y2. 

Activation of CFTR by heterotrimeric G proteins has been previously detected in the 

native sweat duct [179,180]. Activation of CFTR was depending on an unknown 

protein kinase, and was inhibited by staurosporine [130]. The present results show 

that G proteins and CFTR are activated by P2Y2 receptors through activation of an 

unknown protein kinase.  

Apart from CAM kinase, PKC and MAP kinase and also tyrosine kinases and 

src are possible candidates for a CFTR-activating kinase, since they were shown to 

be downstream of P2Y2 [195,196]. The nonreceptor tyrosine kinase c-yes is localized 

in a subapical protein complex together with CFTR [148]. Notably src has been 

shown to participate in the protease receptor-mediated activation of CFTR in 

intestinal epithelial cells and the tyrosine kinase p60c-src regulates gating of CFTR 

[198,199]. Interestingly, both CFTR and the outwardly rectifying Cl- channel (ORCC) 

are co-activated by src kinase but are co-inhibited by Gαi-2 [151–154]. Nonetheless, 

tyrosine kinases did not seem to be in charge of CFTR activation by P2Y2. Notably, in 

Clara cells guanylin receptor, guanylate cyclase C and CFTR are all confined to the 

luminal membrane. Thus NO/cGMP and PKG are other potential mediators for 

activation of CFTR [155]. Typically exogenous ATP activates a CFTR-independent 

Cl- conductance [156]. However, in airway epithelial cells, ATP activates outwardly 

rectifying Cl- channels, CFTR and Ca2+-dependent Cl- channels [132]. Basal 

activation of CFTR by ATP, as described above for mandibular duct cells [136], may 

also be present in the airways. Thus co-stimulation of CFTR and Ca2+-dependent Cl- 

secretion would facilitate compartmentalized activation of MCC [157]. 

The present report demonstrates that P2Y2 receptors confer activatory and 

inhibitory signals to CFTR. Flavonoids such as genistein have been found to inhibit 

P2Y2 receptors, but have been otherwise proposed as potentiators of CFTR, to 

rescue residual function of mutant CFTR [158]. We earlier identified a biphasic effect 

of flavonoids on CFTR function, with inhibition of Cl- secretion at higher flavonoid 
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concentrations [159]. Given the present results, it is entirely possible that inhibition of 

CFTR is due to an antagonistic effect of genistein on P2Y2 receptors. Notably, 

stimulation of heterotrimeric Gαi-2 inhibits exocytosis of CFTR in normal cells, while 

inhibition of Gαi-2 activates exocytosis and Cl- conductance in CF airway cells 

[202,209]. It was concluded that heterotrimeric Gαi-2 regulates CFTR in human 

airway epithelial cells by modulating vesicle trafficking and delivery of CFTR from an 

intracellular vesicular pool to the plasma membrane [160]. G proteins may couple 

differentially to P2Y2 receptors, probably in a cell type specific manner. Interestingly, 

CFTR was also shown to alter G protein coupling to purinergic receptors and 

downstream signalling cascades [161]. Thus differential G protein coupling allows 

differential regulation of CFTR by ATP/UTP in cytosolic compartments and the 

plasma membrane. 
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PART II REGULATION OF ENAC 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 (ENaC). A 

balance between Na+ absorption and Cl- secretion is crucial to maintain an adequate 

level of airway surface liquid (ASL), necessary for effective 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 
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Golgi, in order to find ways to increase plasma membrane expression of misfolded 

F508del-CFTR, which otherwise remains in the ER [124,125]. Moreover small 

molecule strategies aim to rescue F508del-CFTR to the plasma membrane 

[124,126]. 

It is believed that airway Na+ absorption by ENaC is a major factor that 

controls ASL and MCC [165–168]. However, little is known about mechanisms that 

control intracellular maturation of ENaC [62,105,131]. 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 [132,133]. 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) [172], 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 [172]. Since Sec61alpha and Sec61beta but not 

SERP1 associate with newly synthesized integral membrane proteins under stress, it 

was concluded that stabilization of membrane proteins in response to stress involves 

the concerted action of SERP1, molecular chaperones and other components of the 

translocon [172]. Our results suggest SERP1 as a novel binding partner of the β-

subunit of ENaC, which dramatically 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 
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integral membrane proteins as baits to hunt for partner proteins [132,133]. We 

decided to use βENaC as a bait, since it is a highly regulated subunit of ENaC 

[19,65]. The βENaC bait was tested by pairwise interaction with the two other ENaC-

subunits, αENaC and γENaC, which both interacted with βENaC in the split-ubiquitin 

system (Figure IV.III 1A, left panel). Screening of a human lung cDNA library with 

βENaC 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 (Figure IV.III 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 (Figure IV.III 1B).  
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Figure IV.III 1: SERP1 interacts 
with βENaC 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). (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. [Split-ubiquitin assay (A) was obtained by Nicholas Lentze; real-time RT-PCR 
(B) was obtained by José Paulo Martins; co-IP (C) was obtained by Simão Luz; 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 (Figure 

IV.III 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 (Figure IV.III 1C upper 

right panels). Moreover, αENaC and βENaC could be co-immunoprecipitated by each 

other, suggesting that SERP1 and αβγENaC form a complex (Figure IV.III 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 (Figure IV.III 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 (Figure IV.III 2A,B) and immunofluorescence (Figure IV.III 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 (Figure IV.III 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 [172]. 
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Figure IV.III 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 
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expression in A549 cells treated with siRNA-SERP1 (relative to scrambled), normalized to β-
actin (loading control). (F) 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). [Figure IV.II 2A-E was obtained 
by Luisa Alessio 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 (Figure IV.III 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) (Figure IV.III 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 (Figure 

IV.III 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 pronounced inhibitory effect on amiloride-sensitive Na+ transport probably by 

affecting early biogenesis of ENaC. 
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Figure IV.III 3: 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 
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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) 

3.3 SERP1 INHIBITS TRAFFICKING OF ENAC 

Although unlikely, ENaC may be inhibited by SERP1 through enhanced 

dynamin-dependent endocytosis and retrieval from the plasma membrane. We 

therefore examined the effects of siRNA in the absence or presence of the dynamin-

inhibitor dynasore [173]. As expected, dynasore enhanced amiloride-sensitive 

transport significantly, due to inhibition of endocytosis of ENaC. However, in the 

presence of dynasore siRNA-knockdown of SERP1 still upregulated ENaC-

dependent transport (Figure IV.III 3C). These results suggest that SERP1 does not 

operate through activation of endocytic pathways. Hypoxia has been shown to inhibit 

ENaC in alveolar epithelial cells, probably due to activation of chaperones and 

reduced membrane expression [174–176]. In deed hypoxia significantly inhibited 

FMP-Amil, and this negative effect of hypoxia on Na+ transport was significantly (p < 

0.05) antagonized by knockdown of SERP1 (Figure IV.III 3D). SERP1 could therefore 

have a role in hypoxia-induced inhibition of ENaC [174–176]. 

In order to examine whether a similar SERP1-dependent regulation of Na+ 

absorption occurs in airway epithelial cells, and to see whether this also takes place 

under polarized conditions, we examined amiloride-sensitive transport in filter grown 

H441 airway epithelial cells in a perfused Ussing chamber under open circuit 

conditions. In fact, knockdown of SERP1 enhanced the lumen negative 

transepithelial voltage (Vte) that was produced by amiloride-sensitive Na+ channels 

(Figure IV.III 3E). From amiloride-induced voltage deflections we calculated the Na+ 

transport by ENaC (Isc-Amil) and found a significant upregulation of ENaC by siRNA 

knockdown of SERP1 (Figure IV.III 3F; p<0.05). 

3.4 NEDD4-2-INDEPENDENT INHIBITION OF ENAC 

We also examined regulation of ENaC by SERP1 when expressed in Xenopus 

oocytes using double-electrode voltage clamp, which is a powerful system to study 



Chapter IV – Part III 

 
92

functional interactions of protein [177]. Expression of all three ENaC subunits in 

Xenopus laevis oocytes generated a large Na+ current that was strongly inhibited by 

amiloride (A) (Figure IV.III 4A, left tracing - con). Co-expression of ENaC with SERP1 

abolished (p<0.05) amiloride-sensitive membrane currents and whole cell 

conductance (Figure IV.III 4A,B). 

 

Figure IV.III 4: SERP1 inhibits ENaC in Xenopus oocytes. (A) Original tracings of 
whole-cell currents measured in oocytes expressing three (αβγ) ENaC subunits in the 
absence or presence of co-expressed SERP1. (B) Summary of the calculated amiloride-
sensitive whole-cell conductances. (C) Original tracings of whole-cell currents measured in 
oocytes expressing H648H-αENaC together with wt βγENaC subunits in the absence or 
presence of co-expressed SERP1. (D) Summary of the relative inhibition of amiloride-
sensitive currents generated by wild-type αβγENaC or H648H-α,βγENaC. (E) Expression of 
βENaC in oocyte membranes as detected by chemiluminescence and inhibition of 
membrane expression by co-expressed SERP1. Numeral within parentheses indicates the 
number of experiments. Number sign indicates significant difference (unpaired t test) 

SERP1 not only inhibited amiloride-sensitive membrane currents but also 

reduced membrane expression of ENaC, as measured by chemiluminescence, using 

a βENaC subunit that was FLAG-tagged in the extracellular epitope in combination 

with peroxidase coupled antibodies (Figure IV.III 4E; p<0.05). The ubiquitin-ligase 
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Nedd4-2 is a distal regulator of plasma-membrane expression of ENaC [178–180]. 

Truncation of the C-term of αENaC (H648X-αENaC) has been shown to interfere with 

regulation of ENaC by Nedd4-2 [177]. If SERP1 would inhibit ENaC via a Nedd4-2-

dependent mechanism, ENaC channel formed by H648X-αENaC,β,γ should be 

largely independent of SERP1. As expected, expression of H648X-αENaC,β,γ 

produced largely augmented amiloride-sensitive whole-cell conductances (G = 121 ± 

34 µS; n = 18), when compared to wt-αENaC,β,γ (G = 32 ± 4.3 µS; n = 10) (Figure 

IV.III 4C). However, the fraction of H648X-αENaC,β,γ inhibited by co-expression of 

SERP1 was almost identical to that of wt-αENaC,β,γ (Figure IV.III 4D). This suggests 

that SERP1 inhibits ENaC in a Nedd4-2-independent fashion and probably at an 

early stage during biogenesis. Also chemiluminescence of FLAG-tagged alpha-

ENaC-H648X was changed by co-expression of SERP1 from 2100 ± 190 to 710 ± 96 

rel.U. (n = 6). Taken together the results show that enhanced expression of SERP1 

inhibits expression of ENaC, probably at an early stage of biogenesis. 

3.5 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 (Figure IV.III 5A,B; Supplementary 

Figure IV.III 1). 
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Figure IV.III 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) [co-
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IP (A-B) was obtained by Simão Luz, DEVC on oocytes expressing CFTR (C-E) was 
obtained by Yuemin Tian and included in this thesis with permission] 

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. Thus SERP1 interaction is not unique to ENaC but is also 

demonstrated for CFTR (also shown in Supplementary Figure IV.III 1). 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 (Figure IV.III 5C,D). However, in contrast 

to wtCFTR, residual Cl- currents generated by the most frequent CFTR-mutant 

F508del-CFTR were not augmented by SERP1. Expression of SERP1 alone did not 

change the properties of oocytes (data not shown). 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. 

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 [181]. 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 
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tunnel. There it interacts with Sec61α and Sec61β. Thus SERP1 has been implicated 

in stabilizing newly synthesized membrane proteins and regulating N-linked 

glycosylation [182].  

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 [172]. 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 [172]. 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 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 [138,145–147]. Inhibition of ENaC is due to compromised 

trafficking of ENaC to the cell membrane [186]. However, Bouvry and collaborators 

demonstrated that hypoxia also disrupts the cytoskeleton as well as tight junctions in 

alveolar epithelial cells [186]. 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 [184]. 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 [172]. In fact, we detected upregulation 

of SERP1 protein and mRNA by hypoxia in both A549 and H441 cells 

(Supplementary Figure IV.III 2). Using semi-quantitative RT-PCR, increased 
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expression of SERP1 was related to expression of the housekeeping protein RPLP0 

(Supplementary Figur IV.II 2C) 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 [137,149]. Also, in our studies, we found complete blockage of 

hypoxic inhibition of ENaC in A549 cells by 0.1 µM dexamethasone (Supplementary 

Figure IV.III 2D). 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 [175]. 

4.3 SERP1 ACTIVATES CFTR 

We 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 [162]. 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 [188–190], F508del-CFTR is 

targeted to degradation at an earlier folding checkpoint during protein synthesis, 

involving the Hsp70 chaperone machinery and mostly independently of calnexin [27]. 

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 [168] 

5 SUPPLEMENTARY DATTA 
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Supplementary Figure IV.III 1: 
Co-immunoprecipitation of CFTR with 
SERP1. 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. [Data were obtained by Simão Luz 
and included in this thesis with permission]  

 

 

Supplementary Figure IV.III 2: 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 
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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. Resuts 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. [Data 
from real-time RT-PCR was obtain by Martins; included in this thesis with permission] 
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Part IV HIGH-CONTENT SIRNA SCREEN REVEALS CNTFR 

AS A NOVEL ENAC REGULATOR AND DAG KINASE AS A ROBUST 

THERAPEUTIC TARGET FOR CYSTIC FIBROSIS  

1 ABSTRACT 

Dysfunction of ENaC, the epithelial sodium channel regulating in salt and 

water reabsorption in epithelia, is the cause of several human diseases, including 

Cystic Fibrosis (CF) and some forms of hypertension. To achieve a more complete 

understanding of molecular regulators of ENaC trafficking /function identify novel 

drug targets for CF, we performed here a large-scale loss-of-function siRNA 

microscopy screen using a live-cell assay in human airway cells. From a total of 

6,396 screened genes, 1,626 were found to regulate ENaC: 887 targeted by ENaC-

activating and 739 by ENaC-inhibiting siRNAs. Among the latter 166 (30%) were 

validated with 2 independent siRNAs. The phosphatidylinositol signalling system was 

the top enriched pathway. Among the seven validated genes outside known ENaC 

regulatory pathways, two were further investigated: diacylglycerol kinase iota (DGK), 

known ENaC regulator but novel CF drug target, and ciliary neurotrophic factor 

receptor (CNTFR) to demonstrate the screen potential in identifying novel hits. Both 

were proven to be key ENaC regulators and DGK a potential novel CF therapeutic 

target. 

2 INTRODUCTION 

ENaC, the epithelial sodium (Na+) channel, is the major regulator of salt and 

water reabsorption and hence of epithelial hydration in a number of tissues, including 

the pulmonary airways and alveolar sacs, ducts of exocrine glands, distal kidney 

nephron and distal colon. For example, ENaC plays a prominent role in lung liquid 

clearance by the alveolar epithelium at birth by reabsorbing fetal lung fluid [191]. 

ENaC, a member of the degenerin ion channel family, consists of three main 

subunits, α-, β- and γ-ENaC [192], or in more rare combinations with the δ subunit 
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[193]. ENaC impairment leads to multiple diseases associated by Na+ and water 

imbalance in tissues / organs where the channel is expressed. ENaC loss-of-function 

results for example in renal salt wasting (type I pseudohypoaldosteronism; PHA-I) or 

pulmonary edema [194] and gain-of function of this channel leads to several forms of 

salt-sensitive hypertension (e.g., Liddle syndrome) or cystic fibrosis [195–198]. 

CF is a life-threatening disease mostly caused by mutations in the gene 

encoding the CF transmembrane regulator (CFTR) protein, a chloride (Cl-) channel 

localized in the apical membrane of epithelial cells [11]. Under physiological 

conditions CFTR, however, inhibits of ENaC, thereby decreasing Na+ absorption 

[199]. The absence of active CFTR in CF thus leads to ENaC-mediated Na+ 

hyperabsorption, which contributes to dramatic dehydration of airway surface liquid 

(ASL), ), a hallmark of this disease [39,200]. Compelling evidence for the major role 

that ENaC plays in CF airways was provided by the βENaC overexpressed mouse 

that mimics various aspects of human CF respiratory disease, like ASL dehydration, 

reduced mucus clearance, airway mucus obstruction and chronic airway 

inflammation [168], in striking contrast to CFTR knock-out or mutant mice, which do 

not develop lung disease [163,164]. Membrane levels of ENaC are mostly regulated 

by endocytosis and proteolysis mediated by the E3 ubiquitin-ligase Nedd4-2. Another 

mouse model, a lung-specific Nedd4-2 knock-out, was recently shown to also 

develop a CF-like condition, thus further strengthening the key role of ENaC in CF 

airway disease[203]. 

ENaC inhibitors, by reducing Na+ reabsorption and increasing ASL hydration, 

are thus of therapeutic interest for CF. plausibly, either alone or as adjuncts to CFTR 

correctors and/or potentiators in combined therapy [162]. Furthermore, restoring the 

hydration of mucosal airway surfaces may also be of interest to treat acquired forms 

of lung disease such as chronic obstructive lung disease, disseminated 

bronchiectasis or even impaired CFTR function caused by cigarette smoking [204]. 

ENaC blockers may also serve to hydrate other mucosa like those of the 

gastrointestinal tract, mouth, nose and eye as well as for ENaC-related forms of 

hypertension and other ENaC gain-of-function conditions [64]. So far, amiloride a 

direct blocker of the ENaC is in use for the management of hypertension and 

congestive heart failure. Amiloride, a direct blocker of ENaC, in use for the 
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management of hypertension and congestive heart failure, was the first ENaC 

inhibitor tested in CF, but studies showed no significant improvement due to its short 

half-life in the lungs [205]. Longer-acting and more potent ENaC inhibitors (IC50 ≈10 

nM) include amiloride derivatives such as benzamil (benzyl amiloride) or PS552 

(Parion Sciences, Durham, NC) both evidencing disappointing results in trials for CF 

[168,169]. Despite the pharmacological interest in finding direct inhibitors of ENaC, 

excessive blocking of Na+ absorption may cause severe harm, like undesirable 

accumulation of fluid in the lungs (i.e., pulmonary edema). Accordingly, compounds 

are needed to restore the balance of fluid homeostasis of ASL through the 

physiological regulation of ENaC. If this is achieved independently of CFTR, it would 

allow correction of ion transport in CF patients with any CFTR mutation, namely 

those not rescued by CFTR modulators currently under trial [208]. To achieve this 

goal, detailed and holistic insight into ENaC regulation is essential. 

Although there is detailed knowledge on several factors (including CFTR) 

regulating ENaC activity by controlling either channel number at the cell surface or its 

open probability [64], many aspects of ENaC biogenesis, traffic and regulation 

questions are to be solved. Remaining to be elucidated is also a global view of the 

pathways regulating ENaC activity and how they are mechanistic linked. We have 

therefore undertaken a large-scale loss-of-function (siRNA) screen for ENaC with the 

ultimate goal of identifying druggable targets for further therapeutic development.  

We used live-cell assay and automatic imaging to functionally assess ENaC in 

human epithelial respiratory cells after reverse siRNA transfection with siRNA 

libraries targeting a total of 6,396 genes. This led to the identification of 1,626 ENaC 

regulator genes, being 887 inhibitors (i.e., genes targeted by ENaC-activating 

siRNAs) and 739 activators (i.e., genes targeted by ENaC-inhibiting siRNAs). 

Bioinformatic analysis of primary hits evidenced the phosphatidylinositol (PI) 

signalling system as the top enriched pathway. Reassessment of the top ~60% 

ENaC-activator genes with two additional independent siRNAs, validated 138 genes 

(30%). These were then experimentally subjected to distinct treatments for 

classification into known ENaC regulatory pathways and seven genes were found to 

lie outside such pathways. Among these, two genes were chosen for further 
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investigation, i) diacylglycerol (DAG) kinase iota (DGK), member of the PI signalling 

pathway and previously implicated in ENaC regulation [67] was selected to validate 

the screen and as a possible drug target; and ii) ciliary neurotrophic factor receptor 

(CNTFR), ), with no known role on ENaC regulation was selected to demonstrate the 

potential of the screen in identifying novel hits. Both were proven to be key ENaC 

regulators: while CNTFR is demonstrated to regulate ENaC by acting through the 

mTOR pathway, chemical inhibition of DGK in primary cultures of human CF airway 

cells is demonstrated to restore ENaC activity to its physiological levels. We conclude 

that this kinase may constitute a potential therapeutic target for CF and possibly also 

for other lung conditions. 

3 RESULTS 

3.1 DGK AS A NOVEL REGULATOR OF ENAC.  

As a result from the screen and after bioinformatics analysis, the DGK gene 

encoding diacylglycerol (DAG) kinase isoform iota (DGK) was chosen as our main 

therapeutic target to be further studied and validated. Mainly because this target was 

previously implicated in ENaC regulation and it was our goal to validate the screen 

data [67] and also because being a kinase, DGK is more amenable of small-

molecule inhibition and thus, more likely to become a drug target. Nevertheless, and 

to demonstrate the full potential of the screen data, we also further investigated the 

regulation of ENaC by CNTFR, given the high novelty of this hit. 

PIP2 dependent regulation of ENaC has been proposed in earlier studies, 

having DAG kinase inhibitors been used to interfere with resynthesis of PIP2 in one of 

them [67] However, the present large-scale analysis identified an entire network of 

phospholipid regulating enzymes, i.e., 30 genes from the phosphatidylinositol 

signalling system (Figure IV.IV 1), thus highlighting its importance for ENaC 

regulation. Moreover, hitting a pathway which is physiologically relevant validates the 

quality of the screen. 

DGKs are key enzymes in the phosphatidylinositol (PI) signalling pathway 

(Figure IV.IV 1) and play a central role in the biosynthesis of membrane 
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glycerophospholipids. DGK is a member of a unique and conserved family of 

intracellular lipid kinases that phosphorylate DAG and thus catalyse its conversion 

into phosphatidic acid (PA). Both substrate (DAG) and product (PA) of this reaction 

have diverse biological functions, and therefore DGKs bridge lipid metabolism to 

intracellular signalling pathways [209]. DAG is obtained from phospholipase C (PLC)-

dependent hydrolysis of phosphatidylinositol 4,5-bisphosphate (PiP2) or 

phosphatidylcholine (PC). DGK and other DGK isoforms are thus intrinsic 

components of the lipid cycle that is essential for regeneration of 

phosphatidylinositols.  

 

Figure IV.IV 1: The phosphatidylinositol signalling pathway as the most significant in 
primary screen. Graphic representation of KEGG pathway map 04070 illustrating the 
phosphatidylinositol signalling pathway which appeared as the most significant in GSEA of 
primary screen hits. Here, we found that siRNAs targeting 30 crucial enzymes in this 
pathway, namely in the synthesis of phosphatidylinositol (PI) and of several PI-derived 
phosphoinositides, were scored as hits in the primary and validation screens (marked with  
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and , respectively). DGK, later selected for further investigation as an ENaC modulator is 
also included in this pathway 

We thus, chose to examined expression of DGK isoforms and to target a 

specific isoform of DGK for its therapeutic relevance, since it resembles a crucial step 

during resynthesis of PIP2. This was carried out both in respiratory cell lines and 

native airways and found broad expression in native human airways and lungs, as 

well as airway (H441) and alveolar (A549) cell lines (Figure IV.IV 2).  

 

Figure IV.IV 2: Relative expression of diacylglycerol kinases (DGKs) in relevant cells/ 
tissues. The expression levels of different diacylglycerol kinases (DGKs) were determined by 
real-time qRT-PCR in various physiologically relevant epithelial cells and tissues, namely in 
two cell lines: A549 (used as "calibrator" since it was the one used in the screen, thus not 
shown) and H441 (alveolar); in freshly collected human nasal epithelial cells obtained by 
brushing ("nasal epithelial"); in primary cultures of human bronchial cells ("Bronchial"); and 
intact human lung alveolar tissue ("Lung"). The graph shows relative quantification of basal 
expression of these DGKs in each cell line/ tissue relative to the expression in the A549 cell 
line ("calibrator" cells) represented by the horizontal dashed line. [Data obtained by José 
Paulo Martins and included in this thesis with permition]. 

Next, we demonstrated in various cell types that indeed DGK is essential to 

maintain ENaC activity. Firstly, we show that chemical blockers of DGK (DGKinh, 25 

M) inhibited uptake of the voltage-sensitive dye FMP into A549 cells and attenuated 

the effects of amil on fluorescence by about 50%, indicating inhibition of ENaC 

(Figure IV.IV 3A,B). Secondly, in mouse tracheas measured ex vivo in Ussing 

chambers, DGKinh attenuated amil-induced voltage deflection and inhibited amil-

sensitive short-circuit current, indicating inhibition of ENaC by about 60% (Figure 

IV.IV 3C,D).  
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Figure IV.IV 3. Regulation of ENaC by DGK. (A) Recordings of the FMP-fluorescence 
in individual A549 cells show that, as added to the perfused bath, FMP is taken up by the 
cells and fluorescence increases and upon amil application, as ENaC-mediated Na+ transport 
is blocked, membrane voltage is hyperpolarized leading to quenching of FMP-fluorescence. 
(B) Summary of data indicates reduced amil-induced quenching after 25 µM DGKinh. (C) 
Original recordings of transepithelial voltages (Vte) in mouse trachea measured in Ussing 
chamber experiments under open-circuit conditions before and after treatment for 1-2 h (n = 
13) with 25 µM DGKinh. (D) Amil-sensitive short-circuit currents demonstrate inhibition of 
ENaC by DGKinh. (E) Summary of the effect of DGKinh on ENaC activity, when expressed in 
Xenopus oocytes and assessed by two-electrode voltage clamp. The amount of amil-
sensitive conductance (Gamil) that is inhibited by DGKinh is shown for wt αβγ-ENaC, for ENaC 
containing a truncated α-subunit (αH648Xßγ-ENaC), and for ENaC lacking an N-term PIP2-
interaction domain in the β-subunit (αβ∆Nγ-ENaC) (each n = 12). (F) FMP assay on A549 
cells treated either with scrambled- or DGK-siRNA. Cells were incubated for 2-5h with 
different compounds inhibiting (20 µM U73122) or activating PLC (25 µM m3M3FBS), 
inhibiting PI3K (10 µM LY294002) or activating PKC (10 µM phorbol 12-myristate 13-
acetate). Mean ± SEM. #represents significant difference vs control treatment (unpaired t-test 
and ANOVA; p < 0.05).  

Thirdly, these data were confirmed in polarized H441 human airway epithelial 

cells and M1 mouse collecting duct cells (data not shown), as well as for ENaC 

overexpressed in Xenopus oocytes (Figure IV.IV 3E).  

To better understand the mechanisms by which DGK maintains ENaC-activity 

we co-expressed the three wt-ENaC subunits (αβγ-ENaC), which generated an amil-

inhibited whole-cell conductance (Gamil). In double-electrode voltage-clamp 

experiments we found that about 30% of Gamil was inhibited by DGKinh (Figure IV.IV 

3E). In contrast, 60% of Gamil was inhibited by DGKinh when a truncated α-ENaC 

(αH648X) was co-expressed with wt βγENaC. The truncated αH648X lacks of an 

essential binding site for the ubiquitin ligase Nedd4-2, resulting in enhanced ENaC-

activity (Gamil = 107.27±26.4 vs. 47.25±4.8 μS) that is subjected to regulation by PIP2 

and DGKinh [67]. Here, the inhibitory effect of DGK-siRNA on ENaC was augmented 

when Nedd4-2 was downregulated. In contrast, deletion of the N-term of β-ENaC 

largely inhibited ENaC conductance (Gamil = 1.4 ± 0.5 μS) and only 20% of the 

remaining conductance was inhibited by DGKinh (Figure IV.IV 3E). Since binding of 

N-terminus of ENaC to the membrane phospholipid PIP2 is essential to maintain 

ENaC activity, the data support the concept that DGK activates ENaC by maintaining 

sufficiently high PIP2 levels.  

This conclusion was further substantiated by pharmacological manipulation of 

enzymes that are crucial for phosphatidylinositol metabolism and ENaC activity, 
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some of which were hits in the primary screen (Figure IV.IV 1). Using amil-sensitive 

FMP-fluorescence in A549 cells as a measure for ENaC activity, siRNA-knockdown 

of DGK inhibited about 50% of ENaC activity (black bar), while scrambled RNA had 

no effect (white bars) (Figure IV.IV 3F). Inhibition of phospholipase C (PLC) by 

U73122 which antagonizes hydrolysis of PIP2 (PLC inhibitor), completely abrogated 

the inhibitory effects of siRNA-DGK on ENaC. In contrast, activation of PLC by 

m3M3FBS (PLC activator) inhibited ENaC by about 40% and, more importantly, 

siRNA-DGK had no further inhibitory effects on ENaC. These results clearly suggest 

that DGK activates ENaC by maintaining PIP2 pools in the inner membrane leaflet. 

The PiP2 content may also be lowered by phosphatidylinositol-4,5-biphosphate 3-

kinase (PI3K) and through synthesis of phosphatidylinositol (3,4,5)-trisphosphate 

(PIP3) out of PIP2 (Figure IV.IV 1). As expected, inhibition of PI3K by LY294002 

(PI3K inhibitor) slightly reduced ENaC activity, because PIP3 has also been 

described to be a regulator of ENaC [65]. Notably, siRNA-DGK had no inhibitory 

effects on ENaC in the presence of the PI3K inhibitor, possibly because of enhanced 

PIP2 pools. However, in contrast to DGK that is confined to resynthesis of apical 

PIP2, PI3K controls numerous cellular processes and is therefore not a specific target 

to control ENaC activity [210]. Finally, inhibition of DGK also leads to accumulation of 

DAG, a potent activator of protein kinase C (PKC), which is a known inhibitor of 

ENaC [211]. To rule out that DGK-dependent activation of ENaC is associated with 

DAG-stimulated activation of PKC, we analysed the effect of DGK silencing on 

ENaC function upon simultaneous modulation of PKC activity. As expected, PKC 

activation by phorbol 12-myristate 13-acetate (PMA) inhibited ENaC by about 50%. 

However, siRNA-knockdown of DGK further reduced ENaC activity, suggesting a 

PKC-independent inhibitory effect on ENaC (Figure IV.IV 3F). These results are 

supported by data which demonstrate that the PKC-inhibitor bisindolylmaleimide 

(BIM) is unable to fully restore ENaC activity in DGK-siRNA treated cells (data not 

shown). Thus DGK activates ENaC by regenerating PiP2 pools in the inner plasma 

membrane leaflet. 



Chapter IV – Part IV 

 
112

3.2 CNTFR AS A NOVEL REGULATOR OF ENAC 

CNTFR appeared as a novel hit in the present screen that could not be ranged 

in the known regulator pathways for ENaC. We first assessed its physiological 

relevance in the lung by confirming that it is expressed in native human airways and 

in A549 and H441 airway epithelial cells Figure IV.IV 4A. Next, we downregulated 

CNTFR by siRNA in H441 cells (as confirmed by Western blot, Figure IV.IV 4B) and 

found that this ihibited amiloride-sensitive transport (Isc) (Figure IV.IV 5A,B). CNTFR 

couples to several intracellular pathways, one of them being the mammalian target of 

rapamycin [212]. We next inhibited mTOR by rapamycin, which also inhibited ENaC-

mediated Na+ transport (Figure IV.IV 5,B). However, rapamycin was without effect on 

Isc-Amil after siRNA-knockdown of CNTFR, thus suggesting that indeed CNTFR acts 

through mTOR. CNTFR was further validated by overexpression of CNTFR in 

Xenopus oocytes, which enhanced amiloride-sensitive conductance by co-expressed 

ENaC. Notably, incubation of oocytes for 48 hrs with the cytokine CNTF (CNTFR 

lingand) further increased amiloride-sensitive conductance(Figure IV.IV 5C,D), while 

inhibition of mTOR by rapamycin strongly inhibited ENaC Figure IV.IV 5E [213,214]. 

Thus CNTFR/CNTF resembles a novel regulator pathway for ENaC that operates 

through mTOR [215].  

    

Figure IV.IV 4: Expression of CNTFR. (A) Expression of CNTFR in native airways and 
airway epithelial cells (RTPCR). RT = reverse transcriptase. (B) Western blots of CNTFR, 
βENaC, and β-actin and effects of knockdown of CNTFR and rapamycin in polarized grown 
H441 cells. [RTPCR data obtained by Luka Clark and included in this thesis with permition] 
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Figure IV.IV 5. Regulation of ENaC by CNTFR and effect of mTOR inhibition by 
rapamycin. (A) Original recordings of transepithelial voltages (Vte) in H441 cells measured in 
Ussing chamber experiments under open-circuit conditions after si-CNTFR treatment. (B) 
Summary of effects of CNTFR knockdown by si-CNTFR and of mTOR inhibition by 
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rapamycin, as amiloride sensitive short-circuit currents from Ussing chamber measurements 
of polarized grown H441 cells. (C) Original recordings of the whole cell currents measured in 
CNTFR and ENaC co-expressing oocytes. 24h incubation with CNTF ligand enhanced 
amiloride sensitive Na+ currents. (D) Summary of the effects of incubation with CNTF on 
amiloride-sensitive whole-cell conductances measured in ENaC-expressing Xenopus 
oocytes. (E) Summary of whole-cell conductances measured in ENaC-expressing Xenopus 
oocytes and effect mTOR inhibition by rapamycin. *significant effect of amiloride; p < 0.05; 
paired t-test. # different to control; p < 0.05; ANOVA. [Oocytes data obtained by Lalida 
Sirianant and included in this thesis with permition] 

3.3 VALIDATION OF DGK AS DRUG TARGET FOR ENAC IN HUMAN 

CF AIRWAYS 

Although our present results clearly demonstrate inhibition of ENaC by DGKinh, 

the crucial question is whether this could be used to inhibit Na+ hyperabsorption in 

CF airways. We therefore, isolated airway epithelial cells from lungs of CF patients 

and grew them as highly differentiated polarized cultures under ALI-conditions. 

Original Ussing chamber recordings demonstrate large amil-induced voltage 

deflections, indicating pronounced ENaC activity and Na+ absorption in CF airways 

(Figure IV.IV 6A,C). 
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Figure IV.IV 6: DGK inhibits ENaC in primary CF airway cultures. (A) Original Ussing 
chamber recordings of transepithelial voltage (open-circuit) measurements in primary 
cultures of CF-HBE cells grown in an air liquid interface. Effects of amil (10 µM) and 
stimulation of apical P2Y receptors by 100 µM ATP. (B) Ussing chamber recording after 
incubation of the airway culture with 25 µM DGKinh for 4-6h. (C) Summary of the calculated 
amil-sensitive equivalent short-circuit currents (Isc-Amil) before and after exposure to DGKinh 
and in the absence or presence of ATP. (D) Summary of Isc-Amil and effects of DGKinh and 
ATP obtained in non-CF monolayers. Mean ± SEM. n = 5-7 for non-CF and CF patients, 
respectively. # indicates significant difference from control and CF-tissues, respectively 
(p<0.05, unpaired t test). *indicates significant effect of amil (p<0.05, unpaired t test). [Data 
obtained by Marisa Sousa and included in this thesis with permission]. 

ENaC in CF airways is known to be inhibited by stimulation of apical purinergic 

P2Y2 receptors, as also demonstrated here by pronounced attenuation of amil-

induced voltage deflections and amil-sensitive transport (Isc-Amil) after stimulation with 

ATP. When CF monolayers were treated with DGKinh, amil-sensitive Na+ absorption 

was largely reduced to its physiological levels (Figure IV.IV 6B,C). Moreover, 

stimulation with ATP only slightly further reduces Na+ absorption. In non-CF airway 

cultures Isc-Amil was reduced when compared to CF airways and treatment with 

DGKinh showed no significant effects on ion transport. These experiments indicate 

that enhanced amil-sensitive Na+ absorption is attenuated by DGK inhibition, to 

levels found in normal non-CF airways, i.e., restoring Na+ transport homeostasis and 

not completely blocking it. Inhibitors of DGK are therefore, a potential valuable tool 

for treatment of the CF lung disease. 
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4 DISCUSSION 

The goal of this study was to perform a loss-of-function screen mainly 

designed to identify regulators of ENaC traffic and/or activity. In particular we aimed 

to identify inhibitors which could serve as putative drug targets for Cystic Fibrosis 

(CF) and possibly other ENaC-associated human diseases like some forms of 

hypertension. To this end, as screen end-point we used a cell-live assay based on 

fluorescent measurements of a voltage-sensitive dye coupled to the ENaC-specific 

inhibitor, amiloride.  

Functional bioinformatic analysis, together with literature search, led us to 

select DGK as a putative drug target to be further pursued in mechanistic 

experiments. Indeed, DGK, being a kinase, is in fact a more "druggable" target. 

Importantly, Gene Set Enrichment Analysis (GSEA) indicated the phosphatidylinositol 

signalling pathway (where DGK is included) as the most enriched with primary 

screen hits (Figure IV.IV 1). Moreover, previous studies had implicated a member of 

this pathway, PI3-K and its product phosphoinositides - PiP2 and PiP3 – as key 

regulators of ENaC channel open probability [63,65,173,174]. Based on these 

arguments and as DGK itself had never been directly described as an ENaC 

modulator, it was selected for further studies and to be demonstrated as a relevant 

target. We thus characterized the mechanism of action of DGK on ENaC using 

different electrophysiological techniques as well as FMP - assays in various 

mammalian cell preparations and Xenopus oocytes. We found that DGK supports 

ENaC-activity by maintaining PIP2 levels in the inner plasma membrane leaflet. DGK 

is an intrinsic component of the lipid cycle that is essential for regeneration of 

phosphatidylinositols such as PIP2.  This way, our results support the concept that 

DGK activates ENaC by regenerating the PIP2 pool present in the inner leaflet of the 

apical plasma membrane (Figure IV.IV 7A).  
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Figure IV.IV 7: Models for activation of ENaC by DGK and CNTFR. (A) Activation of 
ENaC by DGK: (I) DGK maintains ENaC-activity by regenerating the PIP2 pool present in the 
inner leaflet of the apical plasma membrane of non-stimulated airway cells. (II) Activation of 
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purinergic P2Y receptors largely augments PIP2 hydrolysis by PLC, leading to increased 
intracellular IP3 and Ca2+. DAG and Ca2+ activate PKC, which inhibits ENaC. When ENaC is 
no longer anchored via N-term lysines due to lack of PIP2 in the inner leaflet, this leads to 
closure of the channel and reduced open probability. (III) PIP2 pools in the inner membrane 
leaflet are replenished by re-synthesis through lipid- and inositol- cycle, where DGK is a 
crucial enzyme. However, inhibition of DGK depletes the membrane of PIP2 inactivating 
ENaC. (B) Activation of ENaC by CNTFR: Upon CNTF binding the receptor activates several 
pathways among which the PI3K/Akt > mTOR activates ENaC [213]. mTOR upregulates the 
transcriptional elongation factor elF4F, which is also in charge of postnatal upregulation of 
ENaC due to increase in O2 partial pressure [218]. 

Negatively charged phosphoinositides like PIP2 interact with positively charged 

lysine residues at the N-term of β- and γ-ENaC, keeping the channel open [67]. 

Stimulation of purinergic receptors activates PLC and consequently PIP2 hydrolysis 

leads to inhibition of ENaC (Figure IV.IV 7A). We then showed that downregulation or 

inhibition of DGK by either a specific siRNA or by chemical compounds inhibits 

around 50% of the ENaC activity in various cell types including mouse trachea, and 

about 65% in primary human CF airway cultures. Notably, attenuation of ENaC by 

inhibition of DGK was pronounced in CF airway cultures but was not detected in non-

CF airways, thus indicating the physiological relevance of inhibiting DGK to restore 

ENaC function and Na+ homeostasis. As expression of DGK in human native lung 

tissues was similar to that in cultured cells, DGK appears as an ideal 

pharmacological target in CF (Figure IV.IV 2). When inhibiting DGK in cells even for 

long periods of time (up to 72h), we did not recognize any obvious toxicity. Moreover 

the exclusive localization of PIP2 in the apical membrane should limit the chance for 

unexpected effects of DAK inhibitors. Recently DGK inhibitors have also been 

proposed as treatment for inflammation, coagulation and cancer [219–221] with no 

report on toxicy, but more work targeting potential toxicity may be required. However 

and importantly, inhibition of DGK in CF airway cultures does not completely block 

ENaC activity, but rather seems to restore normal levels of Na+ absorption in CF 

airways, a condition which should be fulfilled for potential drugs modulating ENaC. 

Taken together, inhibition of DGK, a novel regulator of ENaC function, seems to 

constitute a powerful tool to normalize Na+ absorption and fluid homeostasis in ASL 

of CF airways and possibly in other conditions too. 

Another significant hit in the present screen CNTFR with no known role on 

ENaC regulation, was selected to demonstrate the potential of the screen in 
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identifying novel ENaC regulators and indeed it was proven to regulate ENaC. 

Although it was not possible to fully explore the intracellular pathways that lead to 

activation of ENaC through CNTFR, the data strongly suggest that it operates 

through the mTOR pathway (Figure IV.IV 7B). In fact, earlier studies in mice with 

enhanced mTOR activity due to reduced expression of the tumor suppressor APC 

demonstrated pronounced upregulation of ENaC in vivo [214]. This is probably due to 

upregulation of the transcriptional elongation factor elF4F (Figure IV.IV 7B), which is 

also in charge of postnatal upregulation of ENaC [218]. 
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V GENERAL DISCUSSION, CONCLUSIONS AND FUTURE 

PERSPECTIVES 

Cystic fibrosis (CF) is cause by failure of the CFTR Cl- channel located at the 

plasma membrane of many epithelial tissues. Disease manifestations appear in 

many organs, but main morbidity and mortality currently arise from airway disease, 

where inflammation and infection progressively lead to destruction the respiratory 

function. Given the clinical complexity and multi-organ nature of CF, it is not 

surprising that CFTR acts more than just a Cl- channel. In fact, CFTR has been 

reported as the major epithelial regulator with a broad spectrum of influence to 

ensure physiologically adequate ion transport and cellular homeostasis across 

epithelia. This is in part explained by the variety of functional and physical 

interactions of CFTR with other proteins. By unravelling how protein complexes 

regulate the intracellular trafficking and activity of CFTR and of other key players of 

the transepithelial ion transport defect in CF we expect to identify novel drug targets 

for CF therapy. 

To this end, the first part of the present work was focused on identifying novel 

proteins interacting with or modulating CFTR activity.  

We thus identified Annexin A5 (AnxA5) as a new CFTR regulator and explored 

its the role in modulating CFTR function and intracellular trafficking in both Xenopus 

oocytes and mammalian cells. We first observed an inhibitory effect of AnxA5 in 

CFTR-mediated Cl- conductance in Xenopus oocytes. Further experiments pointed 

towards an increased retrieval of CFTR from the plasma membrane, in a PKC-

dependent manner but independent of the PDZ-binding domain of CFTR. 

Alternatively, its internalization motifs, which generally affect CFTR expression in 

mammalian cells, had no contribution to the regulation of CFTR in oocytes. In 

contrast, results in mammalian cells showed that AnxA5 increased CFTR-mediated 

Cl- conductance by interfering with CFTR-internalization. The trafficking of CFTR in 

oocytes is regulated differently when compared to mammalian cells. The 

internalization signal in the C-term of CFTR, which was previously found to be 

fundamental to CFTR endocytosis, had no contribution in increasing CFTR-mediated 
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currents in oocytes and had also no contribution to the effect of AnxA5 observed in 

oocytes. On the other hand, the effect of AnxA5 on CFTR mediated currents was 

abolished in mammalian cells expressing a mutation on the internalization motif. By 

expressing in mammalian cells a CFTR construct with mutations both in the PDZ-

domain and in the internalization motif, which contribute both to CFTR endocytosis in 

this cell system, we could mimic the inhibitory effect of AnxA5 on CFTR present to 

the one observed in Xenopus oocytes. 

The second part of the present doctoral work aimed at the analysis of the 

regulation of CFTR by P2Y2-receptor stimulation. As mentioned in the introduction 

(section I 3.2), ENaC in CF airways is known to be inhibited by stimulation of apical 

purinergic P2Y2 receptors. Besides, the conventional model indicates that CFTR is 

activated through cAMP and PKA through stimulation, for instance, of β-adrenergic 

agonists, whereas agonists like UTP leads to intracellular Ca2+ increase and 

activation of CaCC. Interestingly this stimulation can also promote activation of CFTR 

as reported in this thesis, suggesting a cross-talk between the Ca2+ and cAMP 

pathways. This way, UTP activation of P2Y2 receptors regulates each of the major 

ion channels involved in airway epithelial fluid transport, including CFTR, CaCC, 

ENaC, and also basolateral Ca2+-activated K+ channels. In addition to the analysis of 

signaling pathway for CFTR activation by purinergic stimulation, our findings have 

important implications for normal airway physiology and airway pathophysiology in 

CF. 

Studies included in this thesis were conducted both in Xenopus oocytes and in 

human bronchial epithelial cells. We demonstrated that expression of purinergic P2Y2 

receptors in Xenopus oocytes together with CFTR, activated an instantaneous but 

transient Cl− current upon stimulation with ATP, attributed to endogenous CaCC, 

which was followed by a delayed and nontransient current that was reduced in the 

presence of CFTR inhibitor. Activation of CFTR by P2Y2 was shown to depend on 

phospholipase C and an unknown downstream kinase, and to be independent on the 

levels of intracellular Ca2+. Furthermore, recently CFTR has also been reported to be 

activated through UTP stimulation in well differentiated primary human bronchial cell 

cultures [222]. 
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As referred in the introduction (section I 5.2), Therapeutic use of a P2Y2 

receptor agonist to promote lung hydratation in CF has been clinically tested in the 

treatment of CF. Purinergic activation has been shown to promote components of 

mucociliary clearance such as ciliary beat frequency and mucus secretion. Taken 

together, administration of these compounds can contribute to the homeostasis of the 

ASL by inhibiting Na+ hyperabsorption, activating CaCC and by helping to recover or 

increase residual activity of mutant CFTR in the airways of CF patients. 

ENaC is another key player of the transepithelial ion transport in the airways 

and also in CF pathophysiology. Indeed, enhanced amiloride-sensitive Na+ 

absorption mediated by ENaC has been reported in many CF studies over the years. 

It is believed that ENaC is downregulated by CFTR through an increase in the 

intracellular Cl- concentration [36] and also by direct interaction between the 

channels, namely it was shown that wt-CFTR prevents ENaC endoproteolytic 

activation. This regulation is impaired when mutant F508del-CFTR is expressed 

[37,211]. Nevertheless, it was recently reported that human and porcine airway 

epithelia have reduced Cl- conductance but not increased Na+ absorption [212,213]. 

These studies acknowledge the fact that the transepithelial voltage and short-circuit 

current sensitive to amiloride is increased in CF compared to non-CF epithelia but 

these differences did not translate into a net increase in Na+ transport measured by 

transepithelial 22Na+ fluxes [212,213]. 

On the other hand, there is evidence that changes in Na+ transepithelial 

transport can affect the lung function. Compelling evidence for the major role that 

ENaC plays in CF airways comes from the fact that transgenic mice overexpressing 

β-ENaC mimic the CF lung phenotype [168], in striking contrast to CFTR knock-out 

or mutant mice, which do not develop lung disease [201,202] Also it was shown in 

clinical trials that inhibition of ENaC improved CF patients. Although these trials had 

limitations, mostly derived from the short half-live of the ENaC inhibitors tested (like 

amiloride) and the limited access of the aerosolized drug to the target tissue, since in 

most cases the lung epithelia was covered by a thick sticky layer of mucus [34]. 

Apart from this controversy, an essential point remains, which is the fact that 

the hydration and the amount of fluid in the airways is of extreme importance in 
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promoting an efficient MCC and protection against infection and inflammation. As 

mentioned before, the regulation of the electrolyte transport in the airway epithelial 

cells is controlled both by factors that promote Na+absorption through ENaC 

activation as well as factors that enhance Cl-secretion through CFTR. 

A third part of this thesis was focused on studying newly identified ENaC 

regulators that may serve as potential targets for drug development for CF. We 

employed two different approaches in the present doctoral work that led to the 

identification of SERP1 as a novel regulator of ENaC expression in the airways and 

DGK as a new molecular factor affecting ENaC activity. 

We first established that SERP1, identified as a ßENaC interactor through the 

split-ubiquitin yeast assay, also interacts and co-localizes with β-ENaC in airway 

epithelial cells. Knockdown of SERP1 expression leads to increased ENaC activity in 

A549 cells and also in polarized H441 grown on permeable support to promote 

differentiation and polarization. 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. 

Importantly, we also demonstrated that SERP1 acts as an effective positive 

regulator of CFTR expression. Remarkably, knockdown of SERP1 largely reduced 

expression of CFTR-Band C in airway cells expressing CFTR endogenously (Calu-3) 

or overexpressing CFTR (CFBE-wtCFTR). Against this background, activation of 

SERP1 could be beneficial in CF therapy by affecting simultaneously CFTR and 

ENaC activity. It seems an ideal drug target since it would serve to counteract 

hyperabsorption of Na+ while promoting secretion through CFTR. However, lack of 

specifitity by this pleiotropic chaperone, appeared as a disadvantage to further 

pursue its drug target potential. 

The last study included in this thesis led to the identification of DGK and 

CNFTR as relevant modulators of ENaC activity. DGK is an intrinsic component of 

the lipid cycle that is essential for regeneration of phosphatidylinositols such as PIP2. 

We determined that DGK promotes ENaC activity by maintaining PIP2 levels in the 

inner plasma membrane leaflet. PIP2 binding motifs have been identified in the N-
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term of β- and γ-ENaC subunits [66] and its interaction is essential for channel 

opening. CNTFR was selected for further studies as an example to demonstrate the 

screen potential in identifying novel hits. ENaC regulation by CNTFR was confirmed 

in different cell systems and a link connecting CNTFR and mTOR signalling appears 

to explain this mechanism. 

 

Future Perspectives: 

The overall goal of the studies included in this thesis was to bring new insight 

into the regulation of CFTR as well as of ENaC activity, both highly relevant for CF 

treatment. During this doctoral work, the strategies used to identify novel proteins 

interacting or modulating CFTR and ENaC activity have identified many protein hits. 

Several of these hit proteins have never been described in association to CFTR or 

ENaC activity. Future work should aim at selecting a subset of these proteins to 

perform validation studies that would help to confirm or discard the initial observation 

and to continue with functional and biochemical studies that would help to unravel the 

mechanism behind the regulatory function. The usage of this mechanistic molecular 

knowledge is fundamental to identify relevant therapeutic targets for the development 

of small molecules with the purpose of modulating their activity. 
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