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Abstract 
 
Statement of Problem: ΔF508-CFTR is the most prevalent mutation 

among patients with Cystic Fibrosis. At present, there are no successful 

FDA-approved therapies for treatment. The CFTR-Associated Ligand 

(CAL) is a PDZ domain containing protein, which interacts with the C-

terminus and CFTR. Here, we posit that CAL arrests trafficking of ΔF508-

CFTR in the ER and as such regulates the cell surface expression of the 

mutant protein. 

Methods: Research for this dissertation was conducted using patient 

derived CFBE41o- cells that are stably transduced with either WT-CFTR 

or ΔF508-CFTR. CAL was overexpressed using an HA-tagged CAL 

plasmid and CAL was inhibited using a CAL specific siRNA. Experiments 

performed include western blotting, cell surface biotinylation, co-

immunoprecipitation, confocal fluorescent microscopy, and the short 

circuit current assay. 

Results: CAL is localized to the endoplasmic reticulum (ER), is 

proteasomally degraded, and binds to ΔF508-CFTR in ΔF508-CFBE cells. 

Inhibition of CAL by siRNA caused the de novo production of a cell 

surface C band detected by cell surface biotinylation. This cell surface C 

band was shown to be functional using the short circuit current assay. 

Using microscopy, it was also shown that ΔF508-CFTR colocalizes with 

plasma membrane marker cadherin when CAL is inhibited. Additionally, 

CAL inhibition decreased binding of ΔF508-CFTR to VCP and increased 



 iii 

ΔF508-CFTR binding to HSP70. Levels of NHERF1 increased in total 

lysate and ΔF508-CFTR colocalization with NHERF1 increased in ΔF508-

CFBE cells.  

 Overexpression of CAL caused the immature cell surface B band of 

ΔF508-CFTR to increase. This cell surface B band was shown to be 

nonfunctional. By microscopy, we noted that CAL overexpression 

enhances ΔF508-CFTR colocalization with ER marker, KDEL. 

Overexpression also increased the binding of ΔF508-CFTR to HSP40 and 

Aha1. NHERF1 levels decreased in total lysate, as did colocalization 

between NHERF1 and ΔF508-CFTR. 

Conclusions: CAL arrests trafficking of ΔF508-CFTR in the ER. When 

CAL is overexpressed, the sequestration of ΔF508-CFTR in the ER is 

enhanced but some nonfunctional ΔF508-CFTR escapes. When CAL is 

inhibited, ΔF508-CFTR is free to traffic through a conventional pathway 

to the cell surface where it successfully traffics chloride. 
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Chapter 1: Introduction 

Cystic Fibrosis and CFTR 

Ion transport regulates the balance of ions within the cell and can 

occur by active or passive means. A variety of transporter types are 

involved in the regulation of ion transport. Of particular interest to this 

study are ion channels. Ion channels are pores through which ions can 

passively travel across biological membranes. These channels are often 

highly specific for a particular ion species such as chloride, calcium, 

potassium, or sodium. Ion channels open and close to regulate transport 

through a process called gating. There are many ways to regulate gating, 

including voltage, ligand presence, pH, temperature, and stretch. While 

ion channels are perhaps best known for aiding in the process of 

generating electrochemical current, they are also critical for maintaining 

salt and water balance in epithelial cells.  

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

disorder among the Caucasian population.(Davis et al., 1996) The 

disease is caused by loss of function mutations in the Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR) gene which encodes a 

chloride channel present on the apical membrane of epithelial cells in a 

variety of organs. (Kerem et al., 1989; Pilewski and Frizzell, 1999; 

Riordan et al., 1989) There are over 1900 mutations responsible for 

causing CF.(Ferec and Cutting, 2012) Mutations in CFTR result in 

improper salt/water balance in epithelial cells leading to a multitude of 
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organ system specific effects. Affected organ systems include the lungs, 

pancreas, intestines, sweat glands, reproductive system, and liver. 

(Rosenstein, 2002; Sheppard and Welsh, 1999) 

CF lung disease is characterized by airway surface liquid depletion 

brought about by defective chloride ion transport. By dehydrating the 

airway surface, mucus becomes hyperviscous and the ability of the cilia 

to beat properly and clear the mucus is compromised. Compromised 

mucociliary clearance makes CF airways vulnerable to infection and 

inflammation.(De Boeck et al., 2006) Recurrent lung exacerbations 

promote scarring and airway destruction which lead to respiratory failure 

and death. (De Boeck et al., 2006) The most common bacterial pathogen 

found in CF lungs is Pseudomonas aeruginosa, and clinically is 

particularly difficult to eliminate. (Pillarisetti et al., 2011) Pseudomonas 

colonization is associated with an extremely poor prognosis. (Pillarisetti 

et al., 2011) 

The CF intestinal tract is also directly impacted by defective 

chloride ion transport. There are issues of malabsorption as well as a 

resistance to diarrheal disease and cholera among the patient 

population. (Haack et al., 2013) Furthermore, there is a high degree of 

pancreatic insufficiency among patients leading to a high proportion of 

diabetes mellitus in the adult patient population. (Walkowiak et al., 

2008) Sweat glands are significantly affected by CF and produce sweat 

with elevated chloride and sodium concentrations. (De Boeck et al., 
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2006) Finally, it is important to note that males with CF are often infertile 

due to the absence or atrophy of the vas deferens in their reproductive 

system. (Lissens et al., 1996) 

On a historical note, Dorothy Anderson made the first detailed 

description of Cystic Fibrosis in 1938 although historical accounts 

detailing a deathly illness among children with salty tasting skin date 

back to the 18th century. (Anderson, 1938; (Lubamba et al., 2012) The 

increased sweat chloride and subsequent salty tasting skin eventually 

lead to the development of the pilocarpine sweat test in 1959 as a new 

method for identifying CF in a patient population. (Gibson and Cooke, 

1959) The CFTR gene, the cause of the disease, was not cloned until 

1989 and since then some of the molecular biology surrounding CF has 

been elucidated. (Kerem et al., 1989; Riordan et al., 1989) 

 The CFTR gene is located on chromosome 7 and is quite large. 

(Wainwright et al., 1985) The gene contains 27 exons and is 

approximately 250kb in size. The encoded 1480 amino acid protein 

product is a cAMP regulated chloride channel that belongs to the ATP-

binding cassette (ABC) Transporter class. ABC transporters are one of 

the largest and oldest protein superfamilies with family members present 

in all extant phyla. These transporters are transmembrane proteins that 

use ATP hydrolysis to carry out biological functions, including transport 

of substrates across membranes. As a member of the ABC Transporter 

family, CFTR contains several homologous structural features including 
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two membrane spanning domains (MSD) and two nucleotide binding 

domains (NBD). The NBDs Each membrane spanning domain is 

comprised of six hydrophobic transmembrane helices. Two glycosylation 

sites are located between transmembrane helices 7 and 8. (Ford et al., 

2011; Gadsby et al., 2006) 

Differences in glycosylation are what allow researchers to 

distinguish immature and mature CFTR. (Cheng et al., 1990) N-linked 

glycosylation, the mark of immature CFTR or B band is acquired in the 

ER and produces a protein product that runs at approximately 150 kDa 

on a western blot (Fig. 1.1). Mature CFTR acquires further complex 

glycosylation in the Golgi, a later point in the cellular trafficking 

pathway. Mature CFTR is heavier and can be distinguished from 

immature CFTR by western blot due to its increased size of 180 kDa (Fig. 

1).  

CFTR contains a unique regulatory (R) domain that is not present 

in other ABC Transporters. The R domain contains sites for 

phosphorylation by entities such as protein kinase A (PKA) and protein 

kinase C (PKC). The R domain separates the two MSDs and interacts 

with NBD1. PKA phosphorylation of the R domain, driven by intracellular 

cAMP levels, contributes to regulation of CFTR gating along with protein 

conformation changes triggered by ATP binding. (Ford et al., 2011; 

Gadsby et al., 2006; Lubamba et al., 2012) 
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Under wildtype circumstances, the CFTR gene is transcribed and 

translated into the CFTR protein. The CFTR protein is folded, 

glycosylated, and trafficked to the plasma membrane where it functions 

as a chloride channel. There are five classes of CFTR mutations that are 

defined by their departure from the wildtype model. Class I mutations 

are primarily premature stop codons in the protein sequence that 

prevent CFTR from being synthesized. (Boyle and De Boeck, 2013) Class 

II mutations are characterized by a block in CFTR trafficking. Here, the 

CFTR channel is synthesized, but the mutation produces an unstable 

protein product that is misfolded and prematurely degraded by the 26S 

proteasome. (Benharouga et al., 2002; Kopito, 1999) It is thought that 

some class II mutant channels escape premature degradation and traffic 

to the cell surface where they are nonfunctional. The most common 

mutation among CF patients is the class II mutation ΔF508, which is 

present in approximately 87% of the total patient population. (Boyle and 

De Boeck, 2013) 

Class III mutations result in a synthesized CFTR protein that folds 

properly, undergoes mature glycosylation in the Golgi, and traffics to the 

plasma membrane. However, the class III mutant channel is completely 

nonfunctional at the cell surface due to defects in channel gating. Its 

activation and regulation are disrupted. (Boyle and De Boeck, 2013) One 

of the most prominent and well-characterized class III mutants is 

G551D. Currently, the only FDA approved therapy for CF, Ivacaftor, is 
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targeted towards patients carrying this mutation. Ivacaftor is a 

potentiator that is thought to enhance and regulate proper gating of the 

channel through the uncoupling of the ATP hydrolysis cycle and the 

actual channel opening event. (Accurso et al., 2010; Jih and Hwang, 

2013) 

Class IV mutations result in synthesized CFTR that reaches the 

plasma membrane but has severely limited chloride conductance. In 

essence, Class IV mutant channels become very narrow straws compared 

to wildtype channels. Chloride can still pass through the channel but in 

a much smaller volume. Unlike Class IV mutations, Class V mutations 

result in mature functional CFTR that reaches the plasma membrane 

and behaves much like wildtype in terms of chloride conductance. 

However, the splice mutations that account for the bulk of Class V 

mutants produce a reduction in overall CFTR synthesis. Thus, there are 

fewer CFTR channels present at the surface of the cell and as a result 

overall conductance and transport is notably decreased. (Boyle and De 

Boeck, 2013) 

Conventional and Unconventional Trafficking of CFTR 

As a plasma membrane protein, CFTR follows a conventional 

trafficking process to reach the cell surface that is common to other 

plasma membrane proteins. Initially in this process, the CFTR gene is 

transcribed into mRNA and translated into protein. The unfolded amino 

acid protein sequence is then targeted to the endoplasmic reticulum (ER) 
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by signal recognition particles (SRP) that bind to a signal sequence. The 

unfolded protein is then threaded into the ER through the Sec61 

translocon. While in the ER, CFTR is folded and glycosylated (N-linked). 

COP II coated vesicles carrying CFTR bud from the ER and traffic to the 

Golgi where the cargo is unloaded and glycosylated again, but this time 

the acquired glycosylation is complex, marking the CFTR protein as fully 

mature. From there, transport vesicles bud from the Golgi and transport 

CFTR to the plasma membrane where it is capable of trafficking chloride. 

Throughout this conventional trafficking pathway, there are several 

ways for excess or unneeded CFTR to be degraded. Early in the 

trafficking pathway, CFTR is degraded by the 26S proteasome. Immature 

CFTR in the ER is targeted by the quality control machinery of the cell 

which ubiquitinates CFTR making it a target for proteasomal transport 

chaperone VCP. Once the protein reaches the proteasome, it is chopped 

up and destroyed. (Benharouga et al., 2002; Goldstein et al., 2007; 

Kopito, 1999) 

CFTR can also be degraded by the aggresome. The aggresome is 

part of the autophagic degradation response. Aggresomes are detergent 

insoluble intracellular bodies to which misfolded or aggregated proteins 

are targeted by chaperone protein HDAC6. The formation of the 

aggresome is considered to be a protective response by the cell to a stress 

event that results in the production of a high volume of misfolded protein 

aggregates, which could be cytotoxic. The aggresome itself is not a 
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degradative body, rather it eventually fuses with the lysosome to dump 

its contents for subsequent destruction. (Kawaguchi et al., 2003; Ouyang 

et al., 2012) 

The lysosome is a membrane bound cellular organelle that serves 

to destroy intracellular waste. It is an acidic body, made so by the 

presence of a V-type ATPase that pumps hydrogen ions to generate an 

acidic gradient. Additionally, the lysosome contains many degradative 

enzymes that aid in the elimination of cellular waste. The lysosome 

degrades through a process called autophagy, in which it engulfs the 

unwanted waste. Mature wildtype CFTR is often degraded by the 

lysosome once it enters the endosomal recycling system and is no longer 

targeted to the plasma membrane. (Bradbury, 1999; Sharma et al., 2004) 

Class III, IV, and V mutants can also be lysosomally degraded. Class II 

mutants, such as ΔF508-CFTR, are very rarely degraded by the lysosome 

as they are primarily degraded by the 26S proteasome. 

CFTR is capable of being trafficked through unconventional means 

to the surface of the cell. ER-associated stress signals, blockade of ER to 

Golgi transport, and Golgi Reassembly Stacking Proteins (GRASPs) have 

all been shown to play critical roles in unconventional trafficking of core-

glycosylated immature CFTR (B band). GRASP proteins are associated 

with the trans-Golgi and were first identified as factors necessary for the 

stacking of Golgi cisternae. In vertebrates, only two isoforms of GRASP 

have been found, GRASP55 and GRASP65. GRASP proteins play no 
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known role in conventional protein trafficking, but in several studies 

conducted in invertebrates as well as drosophila, GRASP proteins were 

shown to be critical for Golgi-independent trafficking to the cell surface. 

(Gee et al., 2011; Yoo et al., 2002) 

In Gee et al. (2011), it is shown that the surface expression of core-

glycosylated WT-CFTR and ΔF508-CFTR increases when ER to Golgi 

transport is blocked through a variety of intracellular interventions. In 

the process of trying to determine the mechanism of how this immature 

form of CFTR reaches the cell surface, the authors discovered that 

inhibition of GRASP55 by siRNA in HEK293 cells abolished the 

unconventional transport of CFTR to the cell surface when ER to Golgi 

transport was blocked. Furthermore, GRASP55 was identified as a CFTR 

binding partner. Finally, ER-associated stress signals were shown to 

activate the GRASP dependent unconventional trafficking of CFTR. 

The ΔF508 Mutation: Trafficking and Clinical Progress 

 The ΔF508 mutation, a class II CFTR mutant, is the deletion of 

three nucleotides resulting in the absence of a phenylalanine amino acid 

at position 508 in the CFTR protein sequence. Since the ΔF508 mutation 

is located in NBD1, the deletion destabilizes the interaction between 

NBD1 and intracellular loop 4 (ICL4) resulting in a misfolded protein 

product. (Molinski et al., 2012) This misfolded protein is targeted by the 

quality control machinery of the cell and polyubiqutinated. 

Subsequently, it is degraded by the 26S proteasome. ΔF508-CFTR is 
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degraded early in the trafficking pathway, and thus it is only an 

immature core-glycosylated protein that is represented by western blot 

as the 150 kDa B band.  In theory, some ΔF508-CFTR may escape 

degradation by the proteasome and traffic to the cell surface but it is 

considered to be functionally impaired.  

The ΔF508 mutation is the most common mutation among CF 

patients. 87% of the patient population is heterozygous for this mutation 

while 50% is homozygous. (Boyle and De Boeck, 2013) Given its 

prevalence among the patient population, ΔF508 represents the most 

critical research and patient care problem within the field. Currently, the 

only FDA-approved treatment, Ivacaftor/Lumacaftor combination 

therapy, is extremely limited and has little clinical benefit. (Jones and 

Barry, 2015) In an in vitro cell culture model, ΔF508-CFTR can be 

corrected through temperature. (Kwon et al., 2007) When cells are placed 

at 26 degrees for 36-48 hours, it is later noted by western that ΔF508-

CFTR appears in a mature complexly glycosylated form (C band). Efforts 

in the clinic to address lack of protein maturation and premature 

degradation of ΔF508-CFTR in patients have focused primarily on VX-

809 (lumacaftor) given in combination with VX-770 (Ivacaftor). VX-809 is 

a small molecule corrector drug that is believed to stabilize the 

interactions between NBD1 and ICL4, allowing the ΔF508-CFTR protein 

to fold properly. While this is the hypothesized mechanism of VX-809, it 

has not yet been shown exactly how the drug works and other 
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mechanisms have been proposed. (Molinski et al., 2012; Okiyoneda et 

al., 2013) 

In clinical trials designed to address the ΔF508 problem, VX-809 

has been combined with VX-770, a potentiator drug that has been FDA-

approved for the treatment of G551D mutations. In patients homozygous 

for the ΔF508 mutation, VX-809 was shown to have little clinical benefit 

as a monotherapy. (Clancy et al., 2012) Thus, it was thought that a 

combination of the two drugs might correct both protein folding of 

ΔF508-CFTR and the gating of ΔF508-CFTR once the channel reaches 

the cell surface. Combination therapy has so far shown limited 

improvement in lung function among patients carrying the ΔF508 

mutation. (Jones and Barry, 2015; Wainwright et al., 2015) 

While VX-770 was shown to be somewhat effective in combination 

therapy and to restore the low opening rate of ΔF508-CFTR in vitro, 

Lukacs’ group demonstrated that VX-770 can diminish functional 

expression of ΔF508-CFTR. VX-770 reduced cell surface expression of 

ΔF508-CFTR and also diminished its stability in the ER. (Veit et al., 

2014) Overall, the evidence related to VX-809 and VX-770 indicates that 

there is still a great need for the development and optimization of new 

therapies for treating ΔF508. 

Like other small molecule correctors, VX-809 is thought to affect 

ΔF508-CFTR by stabilizing domain interactions and allowing the protein 

to fold properly. While this theory is quite popular in the literature, it has 
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not yet been completely proven, and other research groups have 

suggested that small molecule correctors may enhance the proper folding 

of ΔF508-CFTR by directly affecting the chaperone proteins involved in 

the folding process instead of CFTR itself. (Mu et al., 2008; Powers et al., 

2009) CFTR folding is a complicated endeavor that involves a laundry list 

of chaperone proteins that assist in folding, trafficking, and degradation. 

In this section of the dissertation, I will briefly discuss the chaperone 

proteins that were of greatest interest to me during my studies and have 

been well outlined in a chaperone map (Fig. 1.2). 

The first chaperone protein to consider is HSP27 which acts at the 

lowest point in the CFTR trafficking and folding pathway. HSP27 

localizes to the nucleus and the perinuclear region. It has been shown to 

bind both WT-CFTR and ΔF508-CFTR, and is present in greater quantity 

in the total lysate of ΔF508-CFBE cells compared to WT-CFBE cells (Fig. 

1.3). Overexpression of HSP27 has been shown to target mutant CFTR 

for proteasomal degradation. (Ahner et al., 2013) However, HSP27 may 

block protein aggregation and stabilize partially denatured proteins for 

refolding in other instances. (Kampinga et al., 1994) It also has 

established roles in apoptosis and various forms of signal transduction. 

(Matsumoto et al., 2015) 

Once CFTR is sent to the ER for preliminary folding and core 

glycosylation, other chaperone proteins begin to dominate the process. 

Hdj-2 and Hsc70 were found to bind to NBD1 and facilitate early steps of 
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CFTR assembly. However, these two chaperones can lead CFTR down a 

pro-folding or anti-folding pathway. When coupled to co-chaperone CHIP, 

an E3 ubiquitin ligase, Hsc70 directs CFTR to degradation by the 

proteasomal pathway. An E3 ubiquitin ligase like CHIP catalyzes the 

transfer of ubiquitin molecules from an E2 carrier protein to a protein 

targeted by the cell for degradation, such as CFTR. (Matsumura et al., 

2011; Meacham et al., 2001) Once CFTR is polyubiquitinated, chaperone 

proteins such as VCP (Fig. 1.2) bind to and transport CFTR to the 

proteasome. VCP is a ring shaped protein that interacts with 

polyubiquitinated proteins and is often associated with clatherin or 

Hsc70. (Goldstein et al., 2007; Wang et al., 2004) VCP is also present in 

greater quantity in ΔF508 CFBE (Cystic Fibrosis Bronchial Epithelial) 

cells than in WT CFBE cells (Fig. 1.2) which is fitting as most ΔF508-

CFTR is degraded in the proteasome.  

If the pathway is pro-folding, CHIP will not be involved, and HSP70 

will bind to CFTR along with a partner, HSP40 (Hdj-1). HSP40 has been 

shown to stabilize WT-CFTR and bind to ΔF508-CFTR. It is also required 

for HSP70 to promote protein folding. (Farinha et al., 2002; Young, 2014) 

The cycling of HSP40 and HSP70 results in the recruitment of several 

smaller co-chaperones such as HOP, which stimulates the loading of 

CFTR onto cargo-specific HSP90 folding complexes. (Marozkina et al., 

2010; Young, 2014) Additionally, it has been shown that overexpression 

of HSP70 and co-chaperone DNAJB1 induced modest improvements in 
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trafficking and stabilization of ΔF508-CFTR. (Choo-Kang and Zeitlin, 

2001; Farinha et al., 2002) Both WT-CFTR and ΔF508-CFTR have been 

shown to bind to HSP40, HSP70, and HSP90. Levels of HSP40 in total 

lysate are equivalent in both WT-CFBE and ΔF508-CFBE cells. HSP70 is 

more prevalent in ΔF508-CFBE cells, while HSP90 is more prevalent in 

WT-CFBE cells (Fig. 1.3). 

HSP90 is generally considered to be a critical decision point in the 

CFTR folding process. If HSP90 activity is inhibited, more CFTR will be 

bound to HSP70 complexes and co-factors that promote degradation will 

be recruited leading CFTR down the pathway to proteasomal degradation 

as discussed above. (Skach, 2006) HSP90 stimulation and regulation is 

therefore of great interest to many CF researchers that are curious about 

the role chaperones play in CFTR trafficking and maturation. Aha1 is a 

co-chaperone protein that acts as a potent stimulator of HSP90 ATPase 

activity and also, as a late cofactor of the HSP90 complex. HSP90 

function is regulated by ATPase activity and by ATP binding. (Panaretou 

et al., 2002; Wegele et al., 2004) Wang and her colleagues show that 

overexpression of Aha1 destabilizes ΔF508-CFTR, while inhibition of 

Aha1 increases the surface expression of ΔF508-CFTR. The data 

suggests that Aha1 inhibits the interactions of HSP90 and CFTR and 

provides ΔF508-CFTR with more time to fold properly and be transported 

to the surface for expression. (Wang et al., 2006) The latter effect occurs 

via knockdown. 
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Other chaperones considered as part of this study are HDAC6 and 

Calnexin. HDAC6 is a histone deacetylase that can repress transcription, 

regulate HSP90, and bind to ubiqutinated proteins. It has been closely 

associated with the aggresome, a degradative that collects aggregated 

and cytotoxic proteins for eventual degradation in the lysosome. HDAC6 

can bind to and transport these problematic proteins to the aggresome 

for short term storage. While there is HDAC6 present in ΔF508-CFBE 

cells and HDAC6 can bind ΔF508-CFTR, it is in greater quantity in WT-

CFBE cells as the aggresomal degradation pathway is more utilized. 

(Kawaguchi et al., 2003; Ouyang et al., 2012) 

Calnexin is an ER transmembrane lectin that is critically 

important for the early stages of protein folding. The protein has been 

shown to bind both WT and ΔF508-CFTR, and it has been shown that 

calnexin overexpression may affect ΔF508-CFTR stability and ER 

retention. However, Farinha and colleagues show that ΔF508-CFTR is 

targeted to degradation independently of calnexin. (Farinha and Amaral, 

2005) 

Overall, chaperones play a critical role in the trafficking and 

degradation of both WT-CFTR and ΔF508-CFTR. In my research, I 

pursued avenues that focused on key chaperone protein binding to 

ΔF508-CFTR and assessed how chaperones might be of use to elucidate 

mechanisms behind ΔF508-CFTR regulation. ΔF508-CFTR remains the 

greatest problem for the CF field in terms of research and patient care. 
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The mechanism of its premature degradation has not been fully 

elucidated, and we are still searching for potential therapeutic targets 

within the trafficking pathway that could allow for surface expression 

and function of ΔF508-CFTR.  The purpose of this thesis is to further 

elucidate the ΔF508-CFTR mechanism and propose a new potential 

therapeutic target. 

The CFTR-Associated Ligand and ΔF508-CFTR 

 The CFTR-Associated Ligand (CAL) is a PDZ domain containing 

protein that weighs approximately 55 kDa and has two coiled-coil 

domains. CAL is an extremely pertinent subject for a study of CFTR 

trafficking due to the well-established role it plays in WT-CFTR 

trafficking. The CFTR C-terminus contains a type I PDZ-binding motif 

that allows the CFTR protein to interact with PDZ domain containing 

proteins. Four PDZ domain proteins (NHERF-1, NHERF-2, PDZK1, and 

CAL) interact with the C-terminus of CFTR and can influence the 

function, localization, and expression of CFTR. (Cheng et al., 2002; 

Cheng et al., 2004) In this dissertation, CAL is the main protein of 

interest, and throughout the rest of this section, I will outline its 

importance, its function, and its connection to CFTR. 

CAL is also known as PIST (PDZ domain protein interacting 

specifically with TC10), GOPC (Golgi-associated PDZ and coiled-coil 

motif-containing protein), and FIG (fused in glioblastoma). (Charest et al., 

2001; Cheng et al., 2002; Neudauer et al., 2001; Yao et al., 2001) It has 
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been previously established that CAL is localized at the Golgi and in 

Golgi-derived vesicles. CAL colocalizes with CFTR in the trans-Golgi and 

reduces CFTR chloride currents upon channel stimulation by cAMP. It 

has been shown that CAL can reduce cell surface WT-CFTR, retain WT-

CFTR in the cell, and promote WT-CFTR degradation in the lysosome. 

CAL overexpression drives a reduction in cell surface expression of WT-

CFTR. CAL’s effect on cell surface expression can be counteracted by the 

overexpression of NHERF-1, another PDZ domain containing protein that 

anchors CFTR to actin cytoskeleton. NHERF-1’s ability to reverse the 

effects of CAL overexpression on CFTR is dose-dependent which suggests 

that NHERF-1 and CAL compete for binding to CFTR’s PDZ domain. 

(Cheng et al., 2002; Cheng et al., 2004) 

 TC10, a small Rho GTPase, binds to CAL’s second coiled-coil 

domain. Rho GTPases are molecular switches that play important roles 

in a variety of signal transduction pathways. Like other Rho GTPases, 

TC10 can exist in an inactive GDP bound state and an active GTP bound 

state. When TC10 is constitutively active, it prevents WT-CFTR from 

being degraded in the lysosome and enhances WT-CFTR cell surface 

expression. Thus, TC10 can counteract CAL’s influence on shifting WT-

CFTR trafficking towards degradation in the lysosome. (Cheng et al., 

2005) 

Another study investigated the interaction of CAL and Syntaxin 6 

(STX6) as well as their role in the WT-CFTR trafficking pathway. STX6 is 
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a SNARE protein that localizes mainly to the trans-Golgi network and the 

endosome. STX6 is known to be required for protein sorting from the 

endosome. Cheng and his colleagues show that STX6 binds to CAL 

forming a complex that recruits E3 ubiquitin ligase MARCH2 and 

promotes transport of WT-CFTR to the lysosome for degradation. (Cheng 

et al., 2010; Cheng and Guggino, 2013)  

Given the role CAL plays in WT-CFTR trafficking, it has been 

postulated that CAL may be an important regulator of ΔF508-CFTR. 

Cushing and his colleagues note the importance of identifying 

“stabilizers,” chemical compounds capable of extending ΔF508-CFTR 

half-life. This study identifies a decameric peptide inhibitor specific for 

the CAL PDZ domain. When CAL’s activity is inhibited, functional ΔF508-

CFTR is rescued through extension of ΔF508-CFTR half-life. (Cushing et 

al., 2010) Wolde’s research further supports this hypothesis by showing 

that knockdown of CAL increases chloride current of ΔF508 surface 

CFTR. (Wolde et al., 2007) Given this data, CAL appears to be an 

excellent candidate protein for further investigation into the mechanism 

of ΔF508-CFTR. 

Overview of Dissertation 

The overarching purpose of this dissertation pertains to the 

intracellular regulation of ΔF508-CFTR. In particular, it will address the 

mechanisms governing its trafficking, maturation, and degradation in the 

proteasome. My focus is with CAL, a PDZ domain protein that contains 
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two coiled-coiled domains and is generally associated with the Golgi. CAL 

interacts with the type I, C-terminal PDZ-binding motif of CFTR. I 

conducted a molecular and cellular analysis of CAL’s role in ΔF508-CFTR 

trafficking and maturation through the execution of two specific aims. 

The first aim was to determine the physiological role of CAL in ΔF508-

CFTR trafficking and regulation. The second aim was to identify 

chaperone proteins CAL interacts with to regulate the mechanism of 

ΔF508-CFTR trafficking and degradation. 

The data raises the idea that CAL may be a switch that determines 

whether ΔF508-CFTR remains tethered in the ER and is eventually 

targeted for degradation, or trafficked to the plasma membrane where it 

is functional and transports chloride. We concluded based on the results 

presented here that CAL plays a significant role in the early trafficking of 

ΔF508-CFTR, regulating availability of cell surface ΔF508-CFTR and 

influencing rates of proteasomal degradation. This dissertation addresses 

a critical barrier to progress in the CF field, as the experiments described 

here represent a new area of investigation with implications for our 

understanding of ΔF508-CFTR processing and trafficking. Through a 

better understanding of trafficking and maturation pathways for ΔF508-

CFTR, as well as its key regulators, we can begin to narrow our focus 

and determine viable targets for treatment of class II CF mutations. 
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Figure 1.1: Distinguishing ΔF508-CFTR by Glycosylation. 

WT-CFTR is represented by a small B band at 150 kDa and a 
large C band at 170 kDa. In contrast, ΔF508-CFTR is 
represented by a small B band and the absence of C band. 
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Figure 1.2: Chaperones are important to the trafficking of the CFTR 

protein. HSP27 plays a role very early in the trafficking pathway. HSP40 and 

HSP70 cycle together before properly folded proteins are handed off to HSP90 
complexes. VCP takes proteins to the proteasome. HDAC6 is an aggresomal 

chaperone. CAL, TC10, and STX6 balance trafficking to the lysosome and the 
plasma membrane. 
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Figure 1.3: Chaperone protein levels in total lysate of WT-CFBE and 

ΔF508-CFBE cells. Levels of HDAC6, HSP70, HSP27, and VCP are higher 
in ΔF508-CFBE cells. Total lysate levels of HSP90 and Aha1 are higher in 
WT-CFBE cells. Levels of HSP40 and Ezrin (control) are the same. 
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Chapter 2: Materials and Methods 

Reagents and Antibodies  

 MG-132, bafilomycin, and tubacin were obtained from Sigma 

Aldrich. The HA-CAL plasmid and the GFP-ΔF508 CFTR plasmid were 

made in the Guggino lab. The KDEL-td-tomato plasmid was a gift from 

Dr. Carolyn Machamer. Anti-CFTR antibodies were obtained from the 

University of North Carolina (217, 596, and 769) and Millipore (M3A7). 

Anti-GFP antibody (#11814460001) was purchased from Roche. HA-

probe (sc-7392), VCP (sc-133125), HSP70 (sc-66048), HSP40 (sc-59554), 

NHERF1 (sc-271552), and Ezrin (sc-58758) antibodies were purchased 

from Santa Cruz Biotechnology. Anti-PIST antibody (ab133472) was 

purchased from Abcam. Anti-AHSA1 antibody (#H00010598-M01) was 

purchased from Abnova. HSP90 antibody (ADI-SPA-830-C) was 

purchased from Enzo Scientific. Anti-KDEL (ADI-SPA-827-D) was 

purchased from Enzo Scientific, Anti-Golgin 97 (#A-21270) was 

purchased from Invitrogen, and anti-pan Cadherin (ab6528) were 

purchased from Abcam. Dapi, Alexa488 goat anti-rabbit, Alexa488 goat 

anti-mouse, and Alexa594 goat anti-mouse were purchased from 

Invitrogen (molecular probes). ProLong Gold Antifade was purchased 

from Invitrogen (molecular probes). The CAL specific siRNA was 

purchased from Qiagen (GOPC_9). AllStars Negative Control siRNA 

(SI03650318) was also purchased from Qiagen. 
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Cell Culture and Transfection 

 CFBE41o- cells (a cell line from bronchial epithelial cells of a cystic 

fibrosis patient), also called D cells, were cultured in minimal essential 

medium Eagle (MEM, Invitrogen) with 10% fetal bovine serum (FBS, 

Invitrogen), penicillin/streptomycin (Invitrogen), and glutamine 

(Invitrogen). CFBE-ΔF508CFTR cells (CFBE41o- cells stably transfected 

with ΔF508-CFTR) were cultured in MEM with 10% FBS, 

penicillin/streptomycin, glutamine, and puromycin. CFBE-WTCFTR cells 

(CFBE41o- cells stably transfected with wildtype CFTR) were cultured in 

MEM with 10% FBS, penicillin/streptomycin, glutamine, and hygromycin 

B. Human embryonic kidney cell line HEK 293 was stably transfected 

with ΔF508-CFTR and maintained in Dulbecco’s minimal essential 

medium (DMEM) with 10% FBS, penicillin/streptomycin, L-glutamine 

and hygromycin B. African green monkey kidney cell line COS-7 was 

maintained in DMEM with 10% FBS, penicillin/streptomycin, and L-

glutamine. All cell lines were stored in a humidified 37°C CO2 incubator. 

Cells were transiently transfected with lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s instruction and incubated for 48 hours. 

Cells were transfected with siRNA using Interferin and incubated for 48 

hours.  

Co-immunoprecipitation and Western Blotting 

 Cells were washed twice with cold Dulbecco’s phosphate buffered 

saline (DPBS, Invitrogen) and then resuspended in lysis buffer (150 mM 
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Tris HCl pH 7.5, 50 mM NaCl, 1% Nonidet P-40) with Halt Protease 

Inhibitor Cocktail and EDTA Solution (Thermo Fisher) added. After 30 

minutes rotating at 4°C, the lysates were cleared by centrifugation at 

15,000 g for 15 minutes. Pellets were discarded, and supernatants were 

collected for further experimental use. Protein A/G Plus-Agarose beads 

(Santa Cruz Biotechnology) were mixed with lysates, and primary 

antibodies, and rotated overnight at 4°C. Beads were then washed five 

times with lysis buffer and incubated in Laemmli sample buffer at 37°C 

for 20 minutes. Total lysates were denatured in Laemmli sample buffer at 

37°C for 20 minutes. The protein concentration of each sample was 

measured and equal amounts of total proteins were loaded onto 10% 

HCl-Tris gels.  

Proteins were separated by SDS-PAGE and transferred to PVDF 

membranes (BioRad). After transfer, membranes were blocked with 5% 

milk in tris-buffered saline with .05% Tween (TBST) for 1 hour. The 

membranes were incubated with primary antibodies in 5% milk in TBST 

at 4°C overnight. Membranes were then washed 3 times in TBST and 

incubated with the appropriate horseradish peroxidase-conjugated 

secondary antibody in 5% milk in TBST for an hour. Following secondary 

incubation, membranes were washed 3 times and incubated with Super 

Signal West Dura Extended Duration Substrate (Thermo Fisher) for two 

minutes. Results were visualized using a Fujifilm LAS4000 developer.  
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Cell-surface Biotinylation 

 Cells were washed twice with cold DPBS containing 1 mM Ca2+ and 

1 mM Mg2+. Following the wash, cells were incubated with 0.5 mg/ml 

sulfo-NHS-SS-biotin (Thermo Scientific) in DPBS with Ca2+ and Mg2+ at 

4°C for 30 minutes. Free sulfo-NHS-SS-biotin was then quenched by 

washing with cold 50 mM glycine in DPBS three times. Cells were 

subsequently washed twice with DPBS containing 1 mM Ca2+ and 1 mM 

Mg2+ and twice with cold DPBS. Following these washes, cells were lysed 

with lysis buffer, rotated for 30 minutes, and the lysates were centrifuged 

at 15,000 g at 4°C for 15 minutes. The supernatants were incubated with 

NeutrAvidin UltraLink Resin (Thermo Scientific) at 4°C for 1 hour. The 

beads were washed four times with lysis buffer, and proteins were eluted 

with Laemmli sample buffer at 37°C for 20 minutes. Biotinylated protein 

samples were analyzed by western blotting as described above. 

Fluorescent Microscopy 

 A Zeiss LSM 510 laser scanning system and 63x oil-immersion 

lens were used. Cells were seeded onto cover glasses and later transiently 

transfected with plasmids such as KDEL-td-tomato or HA-CAL, as well 

as a CAL specific siRNA for 48 hours. The following steps were done at 

room temperature to prepare slides for assessment: After two washes 

with cold DPBS, cells were fixed with 4% paraformaldehyde for 15 

minutes. Subsequently, cells were permeabilized with 0.3% Triton X-100 

in DPBS for 5-7 minutes and blocked with 3% bovine albumin serum 
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(BSA) for 45 minutes. After blocking, cells were washed once with DPBS 

and then incubated with primary antibodies in 3% BSA for 1 hour. 

Finally, cells were incubated with secondary antibodies conjugated to 

goat anti-rabbit Alexa488 or goat anti-mouse Alexa 594 depending on 

animal origin of the primary antibody. Cells were incubated with a 

1:1000 dilution of DAPI for 5 minutes and washed three times with 

DPBS. Cells were mounted using ProLong Gold Antifade (Invitrogen). 

Short Circuit Current Assay 

Short-circuit current (ISC) measurements were performed in a six-

channel Easy-Mount chamber system (Physiologic Instruments, San 

Diego, CA) that accepts Snapwell filters (Corning Costar, Acton, MA; 

3407). ISC was measured with a VCCMC6 multichannel voltage-current 

clamp amplifier (Physiologic Instruments) in the voltage-clamp mode. 

Data were acquired on an 1.71-GHz PC running Windows XP (Microsoft, 

Redmond, WA) and equipped with DI-720 (DATAQ Instruments, Akron, 

OH), with Acquire and Analyze version 2.3.159 (Physiologic Instruments) 

software. Cells were cultured to confluence on Snapwell filters before 

measurement. The cell monolayers were bathed on both sides with 

solution containing 115 mM NaCl, 25 mM sodium gluconate, 5 mM 

potassium gluconate, 1.2 mM MgCl2, 1.2 mM CaCl2, 10 mM D-glucose 

and 10 mM HEPES (pH 7.4 with NaOH). The mucosal side was replaced 

with a low Cl− solution containing 139 mM sodium gluconate, 1.2 mM 

NaCl, 5 mM potassium gluconate, 1.2 mM MgCl2, 1.2 mM CaCl2, 10 mM 
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D-glucose, and 10 mM HEPES (pH 7.4 with NaOH). The solution was 

constantly circulated, maintained at 37°C, and bubbled gently with air. 

Amiloride (20 µM) was added to the mucosal solution, and after 

stabilization, forskolin (10 µM) was added to the serosal chamber, 

followed by the CFTR channel inhibitor CFTRinh-172 (5 µM). 

Statistical Analysis 

All quantitative results are given as means ± standard error (SE). 

Statistical significance was determined using Student’s t-test. Values of 

p<0.05 were considered significant. 
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Chapter 3: The Effect of CAL Inhibition on ΔF508-CFTR 

Maturation and Cell Surface Trafficking 

To find out how CAL regulates ΔF508-CFTR trafficking, we first 

investigated the effect of CAL knockdown on ΔF508-CFTR B band and C 

band in total lysate collected from ΔF508-CFBE cells. The B band, which 

is approximately 150 kDa in size, represents the immature core-

glycosylated form of ΔF508-CFTR. The C band, which is 170 kDa, 

represents the mature complex glycosylated form of ΔF508-CFTR (Cheng 

et al., 1990). Cells were transiently transfected with 20nM of a CAL 

specific siRNA for 48 hours. Western blotting showed that CAL 

knockdown results in an increase in immature B band ΔF508-CFTR, 

about six times more than the control (Fig. 3.1A). An increase in mature 

C band ΔF508-CFTR is also seen in total lysate (Fig. 3.1A). Quantified C 

band is about five times greater than what is seen in control. These 

results were shown to be statistically significant by the Student’s t-test, 

with p=.0011 for the B band and p=.0003 for the C band (Fig. 3.1B,C). 

Percent knockdown of CAL was statistically significant with a p-value of 

.0002, and a median knockdown percentage of 76% (Fig. 3.1D). 

 Several parameters were tested when considering the efficacy of 

the CAL specific siRNA. 20nM was shown to be the best dose for optimal 

CAL inhibition, compared to 10nM, 50nM, and 100nM. Furthermore, the 

best level of knockdown was achieved 48 hours post-transfection 

compared to 24 hours and 72 hours. Even with optimal dosage and 
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timing, level of CAL knockdown varied a bit from experiment to 

experiment, anywhere from 40% to 70%. Level of knockdown was shown 

to be statistically significant by student’s t-test compared to control 

levels of CAL (Fig. 3.1D). A scramble was also tested as a negative 

control. Transfection of 20nM of Qiagen’s AllStar Negative Scramble into 

ΔF508-CFBE cells for 48 hours produced no changes in the B band or C 

band of ΔF508-CFTR compared to control and also caused no changes in 

CAL protein expression level (Fig. 3.1E). 

Next, to confirm that these results were not an artifact associated 

with the cell line, we preformed the same knockdown experiment in HEK 

293 cells that were stably transfected with ΔF508-CFTR (Fig. 3.2). The 

same results were observed in this cell line as were seen in ΔF508-CFBE 

cells. Knockdown of CAL increased the immature B band and mature C 

band of ΔF508-CFTR (Fig. 3.2). 

In order to investigate whether CAL knockdown directly or 

indirectly affects ΔF508-CFTR trafficking and maturation, we examined 

the binding relationship between ΔF508-CFTR and CAL (Fig. 3.3). Other 

studies have already shown that CAL can bind to WT-CFTR in order to 

regulate its trafficking to the lysosome, as opposed to the plasma 

membrane (Cheng et al., 2002; Cheng et al., 2004; Guggino and Stanton, 

2006). However, it has not yet been shown whether CAL can bind to 

ΔF508-CFTR. We transfected COS-7 cells with GFP-tagged ΔF508-CFTR 

and HA-tagged CAL. As a control, some cells were transfected with GFP-
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tagged WT-CFTR and HA-tagged CAL. To assess binding, a co-

immunoprecipitation was performed, in which the transfected CFTR 

plasmid was pulled down by its GFP tag using a GFP antibody (Roche). 

Our data shows not only that ΔF508-CFTR binds to CAL, but it does so 

in greater quantity than WT-CFTR (Fig. 3.3). 

Once we determined that CAL binds to ΔF508-CFTR, and CAL 

knockdown affects ΔF508-CFTR trafficking, we set out to investigate the 

site of CAL degradation in ΔF508-CFBE cells. Previous research on WT-

CFTR places CAL’s site of action for CFTR trafficking above the Golgi, a 

very high point in the trafficking pathway. (Cheng et al., 2002) The CAL 

protein is tightly linked to the lysosome in WT-CFTR trafficking, as it 

directs WT-CFTR to the lysosome for degradation. For this study, we 

wanted to determine if CAL acts at a lower point in the CFTR trafficking 

pathway, below the Golgi, since essentially all of ΔF508-CFTR is 

prematurely degraded in the proteasome.  

ΔF508-CFBE cells were transfected with HA-tagged CAL and then 

treated with either bafilomycin, tubacin, or MG-132. Bafilomycin, is an 

inhibitor of the lysosomal V-type ATPase and thus blocks lysosomal 

degradation through inhibition of its acidification mechanism. Tubacin 

blocks aggresome driven degradation by inhibiting HDAC6, a chaperone 

protein that binds to and brings proteins to the aggresome. MG-132 is an 

inhibitor of the 26S proteasome, preventing the degradation of 

ubiquitilated proteins in the proteasome. ΔF508-CFBE cells were treated 
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with these compounds for 12-16 hours, and then cell lysates were 

collected for analysis by western blot.  

Transfection of HA-tagged CAL caused an increase in the immature 

B band and mature C band of ΔF508-CFTR in control lanes as expected 

(Fig. 3.4A). Following treatment with bafilomycin, no changes in CAL 

were observed. Furthermore, in the presence of bafilomycin, HA-CAL had 

a similar effect on ΔF508-CFTR as in the control sample, increasing the 

B band and C band (Fig. 3.4A), but not causing any kind of additive 

effect. Tubacin also had no effect on HA-CAL, and in the presence of 

tubacin HA-CAL had the same effect on ΔF508-CFTR as the control (Fig. 

3.4B) with no noted additive effect. Finally, treatment with MG-132 

increased levels of CAL to 1.5 times that of the control, indicating that 

CAL is degraded in the 26S proteasome. These results were shown to be 

significantly significant using a Student’s t-test with a p-value of .0004 

(Fig. 3.4C). Additionally, overexpression of CAL in the presence of MG-

132 noticeably increased the B band and C band of ΔF508-CFTR, 

creating an additive effect, which indicates CAL overexpression can block 

the premature proteasomal degradation of ΔF508-CFTR (Fig. 3.4B). This 

is a result that will be further investigated in chapter 4.  

Since CAL knockdown by siRNA can cause maturation of ΔF508-

CFTR in total lysate to a statistically significant level, we next questioned 

whether CAL knockdown could affect cell surface expression of ΔF508-

CFTR. It is well established that ΔF508-CFTR does not reach the cell 
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surface and that most of ΔF508-CFTR is thought to be prematurely 

degraded in the proteasome. (Benharouga et al., 2002; Kopito, 1999) This 

is a major problem for addressing treatment of patients that carry this 

particular mutation, as issues in the efficiency of chloride transport 

cannot even be addressed until we find a way to create surface 

expression.  

To determine if CAL knockdown affects ΔF508-CFTR surface 

expression, we preformed several surface biotinylations. Samples were 

assessed by western blot. We saw the immature B band of ΔF508-CFTR 

on the cell surface of the control ΔF508-CFBE cell sample. In contrast to 

this, ΔF508-CFBE cells transfected with CAL specific siRNA had both 

mature C band and immature B band present on the cell surface (Fig. 

3.5A). This result is critical, as it shows that the CAL protein is integral 

to regulating the surface expression and maturation of ΔF508-CFTR. 

Total lysate from ΔF508-CFBE cells was used as a control for the 

biotinylation and membranes were blotted for ezrin, a protein that is not 

expressed at the cell surface. Ezrin was only seen in the total lysate 

control lane and not in any of the biotinylation sample fractions, 

indicating that the experiment was properly preformed (Fig. 3.5A). The 

quantification of the de novo cell surface C band produced by CAL 

inhibition was shown to be statistically significantly when compared 

against the null, with a p-value of .0001 (Fig. 3.5B). 

Additionally, total lysate samples corresponding to the 
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biotinylation sample fractions were run on the same gel. As seen 

previously, CAL inhibition by 20nM of CAL specific siRNA produces a 

noticeable increase in B band and C band of ΔF508-CFTR in total lysate 

(Fig. 3.5A). Ezrin is used as a loading control and is unchanged from 

sample to sample. 

Since we have shown that CAL knockdown by siRNA results in cell 

surface expression of mature ΔF508-CFTR, the next logical question was 

whether or not this mature ΔF508-CFTR was functional. To determine 

whether CAL inhibition increased chloride current compared to control 

samples, we utilized the short circuit current assay. Cells were plated in 

special Snapwell plates and treated with 20nM of CAL specific siRNA for 

48 hours before assay measurements were made.  

During the experiment, cells were in the presence of 10μM 

forskolin, which is used to raise levels of cyclic-AMP (cAMP). During the 

measurements, 30μM of genistein was applied. Genistein has been 

shown to increase ΔF508-CFTR activity via potentiation. When genistein 

is applied, a peak in chloride current can be observed (Fig. 6A). Finally, 

10μM CFTR specific inhibitor 172 was applied at the end of the 

experiment as a control, to observe a decrease in chloride current for all 

samples (Fig. 3.6A). Our results show that samples transfected with CAL 

specific siRNA for 48 hours have a statistically significant higher chloride 

current amplitude compared to control untransfected cells (Fig. 3.6B). 

This indicates that CAL knockdown not only creates mature cell surface 
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ΔF508-CFTR, but that this ΔF508-CFTR is also functional.  

 Our next step was to determine the specific mechanism by which 

CAL knockdown could create mature cell surface ΔF508-CFTR. To 

address this question, we turned to chaperone proteins. Chaperone 

proteins are integral to proper cellular function and viability due to the 

various roles they play within the cell. One of the most well characterized 

functions of chaperones is their ability to fold and transport other 

immature intracellular proteins. Without chaperones, plasma membrane 

expressed proteins such as CFTR would never reach the cell surface. 

 To begin this part of the study, we selected a set of chaperone 

proteins for assessment that are known to interact with both WT-CFTR 

and ΔF508-CFTR. Chaperone proteins of interest to this study included 

HSP27, HSP40, HSP70, HSP90, HDAC6, HDAC7, VCP, NHERF1, and 

Aha1. In the set of experiments that followed, ΔF508-CFBE cells were 

transfected with 20nM of CAL specific siRNA for 48 hours. ΔF508-CFTR 

was then pulled down using the M3A7 antibody. Co-immunoprecipitation 

and total lysate samples were then used in western blots where we 

probed for changes in the levels of specific chaperone protein binding to 

ΔF508-CFTR.  

 No changes were observed in HSP27, HSP40, HSP90, HDAC6, 

HDAC7, and Aha1 binding to ΔF508-CFTR (data not shown). However, 

with CAL inhibition, changes were observed in ΔF508-CFTR binding to 

HSP70 and VCP (Fig. 3.7). ΔF508-CFTR binding to HSP70 increased 
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while ΔF508-CFTR binding to VCP decreased (Fig. 3.7A). These results 

were shown to be statistically significant by the student’s t-test with a p-

value >.0001 for the increase in HSP70 binding to ΔF508-CFTR, and a p-

value of .0436 for the decrease in binding of VCP to ΔF508-CFTR (Fig. 

3.7B,C). We were also able to correlate the decrease in VCP binding to 

ΔF508-CFTR with the percent CAL knockdown compared to control 

samples (Fig. 3.7D). The better the knockdown of CAL, the greater the 

decrease in ΔF508-CFTR binding to VCP.  These results indicate that 

CAL knockdown leads to a shift away from the proteasomal degradation 

pathway and towards ER to Golgi trafficking and subsequent protein 

maturation. 

Results for total lysate indicate that overall levels of VCP increased 

slightly with CAL siRNA treatment even though binding to ΔF508-CFTR 

decreased (Fig. 3.7A). Additionally, total lysate levels of HSP70 were 

unchanged after knockdown, indicating that changes in binding are 

unrelated to the overall amount of HSP70 available for binding. Finally, 

assessment of total lysate allows us to see that CAL knockdown was 

successful and increased levels of ΔF508-CFTR B and C band. 

When CAL was inhibited in ΔF508-CFBE cells, we observed an 

increase in scaffold protein NHERF1 in total lysate (Fig. 3.8A). The 

increase in NHERF1 is statistically significant with an associated p-value 

of .0099 (Fig. 3.8A). This result is consistent with our biotinylations and 

supports the conclusion that CAL inhibition enhances cell surface 
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expression of ΔF508-CFTR. To confirm that the increased amount of 

NHERF1 had an effect on ΔF508-CFTR, we used fluorescent confocal 

microscopy to observe how colocalization of the two proteins was affected 

by CAL inhibition (Fig. 3.8B). Colocalization between NHERF1 and 

ΔF508-CFTR increased when CAL was inhibited, with corresponding 

increases in associated Pearson’s coefficients (Fig. 3.8B). This indicates a 

direct interaction between ΔF508-CFTR and NHERF1, which increases 

under conditions of CAL inhibition. 

Our next experimental goal was to learn more about the 

localization of the CAL protein in ΔF508-CFBE cells, and to show 

improved ΔF508-CFTR intracellular trafficking with CAL knockdown. We 

assessed co-localization of CAL with CFTR in ΔF508-CFBE cells. Cells 

were plated on coverslips and either transfected with a CAL specific 

siRNA for 48 hours or left unaltered until fixation. After fixation, cells 

were permeabilized and incubated with primary antibodies for CFTR 

(769) and CAL (anti-PIST). Secondary antibodies were targeted towards 

CFTR and CAL, with goat anti-mouse Alexa594 labeling CFTR and goat 

anti-rabbit Alexa488 labeling CAL.  

Control images show that CAL and CFTR co-localize in ΔF508-

CFBE cells (Fig. 3.9A), bolstering our result that CAL can interact with 

ΔF508-CFTR and affect intracellular trafficking. CAL knockdown results 

in decreased co-localization between CAL and CFTR, indicating that 

knockdown eliminates binding and interaction between the two proteins 
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(Fig. 3.9A). Following this, we wanted to determine where CAL is localized 

in ΔF508-CFBE cells. CAL is localized to the trans-Golgi in COS-7 cells 

and thus can affect WT-CFTR trafficking. However, it was unknown 

where CAL might localize to in ΔF508-CFBE cells. To investigate this, 

ΔF508-CFBE cells were plated on coverslips and transfected with a KDEL 

td-tomato plasmid, which can be used as a marker for the ER. In control 

cells, CAL co-localizes with KDEL, indicating that CAL is associated with 

the ER (Fig. 3.9B). Inhibition of CAL decreases this co-localization with 

the ER (Fig. 3.9B). These results indicate that there is a link between 

CAL and the ER, which can be eliminated by CAL knockdown. 

To investigate whether CAL inhibition can affect ΔF508-CFTR 

colocalization with the ER, we assessed ΔF508-CFTR colocalization with 

our ER marker KDEL. ΔF508-CFBE cells were plated on coverslips, 

transfected with the KDEL td-tomato plasmid, as well as 20nM of CAL 

siRNA, and then subjected to a co-immunofluorescence protocol. Primary 

antibodies targeted CFTR (769), and secondary antibody goat anti-mouse 

AlexaFluor 488 was used. In control ΔF508-CFBE cells, ΔF508-CFTR 

colocalized with KDEL (Fig. 3.9C). After transfection with 20nM of CAL 

specific siRNA, colocalization of ΔF508-CFTR with KDEL is decreased 

(Fig. 3.9C). It appears that CAL inhibition affects the spread and shape of 

ΔF508-CFTR, causing it to release from the area around the nucleus and 

spread closer to the edges of the cell. This indicates that knockdown 

affects ΔF508-CFTR distribution and may improve intracellular ΔF508-
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CFTR cell surface trafficking. Overall, this data shows that knockdown of 

CAL affects ΔF508-CFTR’s association with the ER, possibly preventing 

premature degradation in the proteasome and enhancing potential 

trafficking to the surface. 

Given that CAL inhibition noticeably affects ΔF508-CFTR 

intracellular distribution and decreases its association with the ER, we 

postulated that CAL inhibition would improve ΔF508-CFTR maturation 

and cell surface expression. Thus, we expected that knockdown would 

lead to increased levels of ΔF508-CFTR co-localization with the Golgi and 

the plasma membrane. To investigate this further, we continued with our 

current approach of confocal fluorescent microscopy. ΔF508-CFBE cells 

were plated on coverslips and transfected with 20nM of CAL siRNA for 48 

hours. Cells were fixed, permeabilized, and incubated with primary 

antibodies for CFTR, Golgin-97, and cadherin. Golgin-97 is an excellent 

marker for the trans-Golgi, and cadherin is a marker for the plasma 

membrane. Secondary antibodies utilized were goat anti-rabbit 

AlexaFluor 488 and goat anti-mouse AlexaFluor 594. 

Data from untransfected control ΔF508-CFBE cells showed that 

very little ΔF508-CFTR colocalizes with the Golgi (Fig. 3.10A). This is in 

keeping with what we know about ΔF508-CFTR, which is that a little bit 

is thought to escape the ER and traffic to the Golgi, although none 

reaches the plasma membrane. After CAL inhibition, the level of 

colocalization between the Golgi and ΔF508-CFTR is greatly increased 
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(Fig. 3.10A). This indicates that CAL directly influences the trafficking 

and maturation of ΔF508-CFTR. When CAL is inhibited, ΔF508-CFTR 

can traffic through the conventional pathway to the Golgi for maturation. 

We assessed colocalization of ΔF508-CFTR and cadherin to see if it 

was possible to affect cell surface expression of ΔF508-CFTR via CAL 

knockdown. Data from untransfected control ΔF508-CFBE cells shows 

that no ΔF508-CFTR reaches the plasma membrane (Fig. 3.10B). This is 

consistent with our knowledge of ΔF508-CFTR trafficking in that ΔF508-

CFTR is prematurely degraded in the proteasome and does not reach the 

cell surface, unlike other well-known CFTR mutants. When CAL is 

inhibited, colocalization between cadherin and ΔF508-CFTR is observed 

(Fig. 3.10B). This result indicates that CAL knockdown causes cell 

surface expression of ΔF508-CFTR through a conventional trafficking 

pathway. This data correlates well with the rest of our study, which 

shows the presence of mature ΔF508-CFTR at the cell surface by 

biotinylation, as well as increased channel functionality by short circuit 

current due to CAL inhibition. 
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Figure 3.1: CAL inhibiton increases the C band and B band of ΔF508-CFTR in total 
lysate. ΔF508-CFBE cells were transfected with 20nM of CAL specific siRNA (A) for 48 
hours. Cells were lysed and lysate was collected for testing by western blot. C band and B 
band of ΔF508-CFTR were quantified and found to be statistically significant by the 
student’s t-test (B,C). CAL knockdown was quantified and found to be significant as well (D). 
ΔF508-CFBE cells were transfected with a negative control siRNA for 48 hours for the 

purposes of comparison (E).  
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Figure 3.2: CAL inhibition causes an increase in the C band and B band of 
ΔF508-CFTR in the total lysate of ΔF508-CFTR HEK293T cells. HEK293T 
cells stably transfected with ΔF508-CFTR were transfected with either 4μg of 
HA-CAL of 20nM of CAL siRNA for 48 hours. Cells were lysed, and lysate was 
collected and run on a western blot. Blots were probed with anti-CFTR, anti-

PIST (CAL), and anti-TC10 antibodies. 
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Figure 3.3: CAL binds to ΔF508-CFTR. COS-7 cells were co-transfected with either 4μg 
of GFP-WT-CFTR and HA-CAL or 4μg of GFP-ΔF508-CFTR and HA-CAL. Cells were lysed 
and lysates were collected. Lysates were used in co-immunoprecipitation experiments 
with GFP antibody overnight and samples were then run on a western blot. Blots were 

probed with anti-GFP and anti-HA antibodies. 
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Figure 3.4: CAL is degraded in the proteasome. ΔF508-CFBE cells were 
transfected with 4μg of HA-CAL for 48 hours and treated with either bafilomycin, 
tubacin, or MG-132 for 12-16 hours before lysates were collected (A,B). Samples 
were run on western blots and blots were probed with anti-CFTR, anti-HA, and 
anti-Ezrin antibodies. Bands for CAL were quantified and determined to be 

statistically significant by student’s t-test (C). 
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Figure 3.5: CAL inhibition produces a de novo cell surface C band in ΔF508-
CFBE cells. ΔF508-CFBE cells were transfected with 20nM of CAL specific siRNA for 
48 hours. Cells were incubated with biotin in PBS and then lysed. Lysates were 

incubated with streptavidin beads (A). Samples were run on western blots and blots 
were probed with anti-CFTR, anti-PIST (CAL), and anti-Ezrin antibodies. Ezrin was 
used as a control since it is only present in the total lysate samples (A). Cell surface 
C band was quantified and compared against the null (B). 
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Figure 3.6: CAL inhibition enhances the chloride current of ΔF508-CFTR by 
short circuit current. Cells were plated in snapwell filters and transfected with 20nM 
of CAL siRNA for 48 hour (A,B). Measurements were performed in a six-channel Easy-
Mount chamber system that accepts Snapwell filters. ISC was measured with a 
VCCMC6 multichannel voltage-current clamp amplifier. Cells were treated with 

forskolin, genistein and CFTR inh-172 and chloride current levels were recorded (B).    
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Figure 3.7: ΔF508-CFTR binding to HSP70 and VCP is affected by inhibition of 
CAL. ΔF508-CFBE cells were transfected with 20nM of CAL specific siRNA for 48 
hours (A). Cells were lysed and lysates were incubated with A/G beads and CFTR 
antibody 769 overnight (A). Changes in binding of VCP and HSP70 to ΔF508-CFTR 
were quantified and found to be statistically significant (B,C). Percent CAL knockdown 

was correlated to VCP quantification (D). 
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Figure 3.8: NHERF1 increases when CAL is inhibited. ΔF508-CFBE cells were 
transfected with 20nM of CAL siRNA for 48 hours (A,B). Cells were lysed, and lysates were 
run on western blots and blots were probed with anti-CFTR, anti-NHERF1, anti-PIST 
(CAL), anti-TC10, and anti-Ezrin antibodies (A). NHERF1 levels were quantified and 
assessed by student’s t-test (A). ΔF508-CFBE cells were labeled using anti-CFTR and anti-
NHERf1 primary antibodies (B). Alexa Fluor 488 and Alexa Fluor 594 were used as 

secondaries (B).  
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Figure 3.9: CAL inhibition causes ΔF508-CFTR to be released from the ER. ΔF508-CFBE 
cells were plated on coverslips and transfected with 20nM CAL siRNA for 48 hours. CAL was 
labeled using an anti-PIST antibody and Alexa Fluor 488 goat anti-rabbit secondary (A,B). 

KDEL-td-tomato was transfected in and detected by its tomato tag (B,C). CFTR was detected 
using anti-mouse 769 primary antibody and either Alexa Fluor 488 or Alexa Fluor 594 as a 
secondary (A,C). Colocalization was established by the presence of a yellow signal and changes 
in associated Pearson’s coefficients. All image processing was performed using Imaris Imaging 

Software.  
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Figure 3.10: CAL inhibition causes more ΔF508-CFTR to traffic to the Golgi and 
plasma membrane. ΔF508-CFBE cells were plated on coverslips and transfected with 
20nM of CAL siRNA. The Golgi was labeled with a Golgin-97 primary antibody and Alexa 
Fluor 594 secondary (A). The plasma membrane was labeled with a cadherin primary 
antibody and Alexa Fluor 488 secondary (B). Colocalization was established by the 
presence of a yellow signal and changes in associated Pearson’s coefficients. All image 
processing was performed using Imaris Imaging Software.   
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Chapter 4: The Effect of CAL Overexpression on ΔF508-CFTR 

Trafficking and Degradation 

 To further elucidate CAL’s role in ΔF508-CFTR trafficking, 

maturation, and degradation we decided to investigate the effects of CAL 

overexpression on these processes. Overexpression was achieved through 

transfection of an HA-tagged CAL plasmid made in the Guggino Lab. 

Before beginning an intensive study into CAL overexpression, we first 

determined optimal conditions for HA-CAL transfection. 4μg was 

determined to be the optimal dose of plasmid DNA for transfection into 

CFBE cells using lipofectamine 2000 at the transfection reagent. 

Additionally, 48 hours was deemed the optimal time for transfection, 

compared to 24 and 72 hours.  

 Preliminary experiments showed us the effect of CAL 

overexpression on the B band and C band of ΔF508-CFTR in the total 

lysate of ΔF508-CFBE cells. When ΔF508-CFBE cells were transfected 

with 4μg of HA-CAL plasmid for 48 hours, we observed a large increase 

in the B band of ΔF508-CFTR (Fig. 4.1A). This was accompanied by an 

increase in the C band of ΔF508-CFTR. HA-CAL was detected using an 

anti-HA antibody and was only present in the transfected sample. Total 

lysate from WT-CFBE cells was used as a control sample and ezrin was 

used as a loading control. Results were shown to be statistically 

significant using the student’s t-test. Increases in B band were 

approximately four times greater than that of the control B band with a 
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p-value of .0041. Increases in C band were also approximately four times 

greater than that of the control C band with an associated p-value of 

.0007 (Fig. 4.1B). The C/B ratio and the C/(B+C) ratio were non-

significant compared to the controls. This indicates that the rate of 

protein maturation of ΔF508-CFTR from B band to C band is unaffected 

by CAL overexpression. Rather, the increase in immature ΔF508-CFTR 

itself is what causes the increase in mature ΔF508-CFTR. Since there is 

so much immature ΔF508-CFTR, it overwhelms the ER, and some 

manages to escape and make it to the Golgi. 

 A control experiment for this project was run in HEK293T cells, 

which were stably transfected with ΔF508-CFTR. The purpose of the 

experiment was to test whether the effects of CAL overexpression on 

ΔF508-CFTR was consistent among multiple cell lines. Overexpression of 

CAL using 4ug of the HA-CAL plasmid produced increases in B band and 

C band in total lysate (See Fig. 3.2). This is consistent with results 

obtained for ΔF508-CFBE cells.  

 We have already shown through our study on the mechanism of 

CAL knockdown that ΔF508-CFTR binds to CAL. Furthermore, we have 

established that CAL can be degraded in the proteasome through 

treatment of ΔF508-CFBE cells with proteasomal inhibitor MG-132. 

Approximately 12-16 hours after treatment, CAL protein level increased 

to one and a half times that of CAL protein level in the untreated control 

sample. Although this result was statistically significant, the increase in 



 

 54 

protein level was not as high as we expected. Rather, it seemed quite low. 

MG-132 totally blocks proteasomal degradation and thus huge increases 

in the level of proteins degraded by this organelle are expected. This 

result raised the question of where the rest of the CAL was localizing 

inside of the cell. As a result, we set about to assess surface expression 

and co-localization of ΔF508-CFTR under conditions of CAL 

overexpression to determine why so little is degraded in the proteasome.  

 To assess the cell surface expression of ΔF508-CFTR after 

overexpression of HA-CAL, we conducted cell surface biontinylation 

experiments. We determined that CAL overexpression drives an increase 

in the cell surface B band of ΔF508-CFTR but did not lead to the 

generation of a cell surface C band (Fig. 4.2A). Changes in the expression 

of the cell surface B band of ΔF508-CFTR were shown to be statistically 

significant by student’s t-test with a p-value of .0004 (Fig. 4.2B). 

Additionally, in samples where CAL was overexpressed, CAL can be 

detected at the cell surface. Since CAL is not a plasma membrane protein 

and cannot be imbedded in the membrane, it seems likely that CAL is 

bound to the immature ΔF508-CFTR that trafficked to the cell surface.  

 Samples were also treated with tubacin, an inhibitor of aggresome 

associated chaperone HDAC6, and Bafilomycin, an inhibitor of the 

lysosomal V-type ATPase. Treatment with these compounds, in addition 

to overexpression of CAL using the HA-tagged plasmid, produced a slight 

decrease in the amount of cell surface immature ΔF508-CFTR as well as 
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cell surface CAL. We had expected to see an increase in the cell surface B 

band by blocking aggresomal and lysosomal degradation, but this was 

not the case.  

 Total lysate was also run for this experiment with the same 

conditions (Fig. 4.2A). Overexpression of HA-CAL caused an increase in 

the B band and C band of ΔF508-CFTR as was seen previously in Figure 

4.1. After treatment with tubacin and bafilomycin for 12-16 hours, in 

combination with CAL overexpression, B and C band levels remain 

elevated while levels of HA-CAL decrease. Ezrin is used as a loading 

control and as a control for the biotinylation itself, as ezrin is not present 

on the cell surface and thus cannot be probed for in the biotinylated 

fraction. 

 CAL overexpression does not affect ΔF508-CFTR maturation and 

can increase immature cell surface ΔF508-CFTR, but very little CAL is 

degraded in the proteasome. Given these points, we wanted to determine 

where exactly CAL is localizing within the cell and how that localization 

is affected by overexpression of the HA-CAL plasmid so that we could 

hypothesize a mechanism by which CAL might increase immature 

ΔF508-CFTR at the cell surface in ΔF508-CFBE cells. To do this, we 

utilized fluorescent confocal microscopy as an experimental approach. 

ΔF508-CFBE cells were plated onto coverslips. Controls were transfected 

with a td-tomato KDEL plasmid that serves as an ER marker since KDEL 

is an ER retention sequence. Overexpression samples were transfected 



 

 56 

with both td-tomato KDEL as well as HA-CAL. An anti-rabbit PIST (CAL) 

antibody from abcam was used to target CAL after cell fixation and 

permeabilization. Goat anti-rabbit AlexaFluor 488 was used as a 

secondary to detect CAL.  

 ΔF508-CFBE control cells showed colocalization between CAL and 

KDEL, visualized by the presence of a yellow signal where the green 

signal representing CAL overlapped with the red signal produced by the 

tomato tagged KDEL. Thus, we can conclude, under control conditions, 

CAL is localized to the ER in ΔF508-CFBE cells (Fig. 4.3A). Upon 

overexpression of the HA-tagged CAL plasmid, colocalization between 

CAL and KDEL increased (Fig. 4.3A). This indicated to us that CAL 

overexpression may be causing a situation in which CAL is bound to 

ΔF508-CFTR and holding it at the ER, allowing much of the immature 

ΔF508-CFTR to avoid premature proteasomal degradation. To determine 

if this was in fact the case, we assessed how CAL overexpression affects 

the colocalization of CAL with ΔF508-CFTR in ΔF508-CFBE cells. 

Primary antibody 769 was targeted against ΔF508-CFTR and anti-rabbit 

PIST was targeted against CAL. ΔF508-CFTR was detected using goat 

anti-mouse AlexaFluor 594 and CAL was detected using goat anti-rabbit 

AlexaFluor 488. ΔF508-CFBE control cells showed colocalization between 

CAL and CFTR (Fig. 4.3B). Colocalization of CAL and CFTR was 

enhanced when CAL was overexpressed using the HA-tagged plasmid. 

This indicates that CAL overexpression enhances the association of CAL 
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and CFTR in the ER. 

 To round out this assessment and support our conclusion of ER 

retention, we next wanted to show that CAL overexpression could 

increase CFTR colocalization with KDEL, our ER marker. In ΔF508-CFBE 

control cells, we saw colocalization of CFTR with KDEL, which is not 

unexpected as ΔF508-CFTR is associated with the ER (Fig. 4.3C). When 

CAL was overexpressed using the HA-tagged plasmid, colocalization of 

ΔF508-CFTR with KDEL increased, indicating that more ΔF508-CFTR 

was associating with the ER. This provides a good explanation for why so 

little CAL is degraded in the proteasome. It appears that much of it is 

localized to the ER. 

 We theorize that CAL arrests the trafficking of mutant ΔF508-CFTR 

in the ER and this contributes to the disease pathogenesis of Cystic 

Fibrosis. Through inhibition of CAL, the arrest in trafficking is 

eliminated, but when CAL is overexpressed, the arrest in trafficking is 

further enhanced. To support this theory, we decided to examine CFTR 

colocalization with markers for the Golgi and the plasma membrane to 

confirm that the later parts of the trafficking pathway are uninvolved in 

the overexpression mechanism. Golgin-97 was used as a marker for the 

Golgi and labeled with secondary antibody AlexaFluor 594. Cadherin was 

used as a marker for the plasma membrane and labeled with secondary 

antibody AlexaFluor 594. CFTR was labeled with secondary antibody 

AlexaFluor 488.  
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 In control ΔF508-CFBE cells, we noted a little bit of colocalization 

between ΔF508-CFTR and Golgin-97 (Fig. 4.4A). This is not an 

unrealistic result as it is thought that some ΔF508-CFTR may escape the 

ER and reach the Golgi due to sheer volume. In ΔF508-CFBE cells where 

CAL was overexpressed using the HA-tagged plasmid, the same result 

was observed. A small amount of ΔF508-CFTR colocalized with Golgin-

97, but no more or less than in the control (Fig. 4.4A). We also observed 

no co-localization of ΔF508-CFTR with cadherin, a plasma membrane 

marker, in control ΔF508-CFBE cells or in HA-CAL transfected ΔF508-

CFBE cells (Fig. 4.4B) 

 To learn more about the mechanism driving enhanced arrest of 

ΔF508-CFTR in the ER by CAL overexpression, we set about investigating 

the changes in chaperone proteins caused by overexpression of CAL. To 

assess changes in chaperone binding to ΔF508-CFTR under these 

conditions, ΔF508-CFBE cells were plated in 10cm dishes and 

transfected with the HA-tagged CAL plasmid for 48 hours. 16 hours 

before protein lysate collection, the cells were treated with bafilomycin, 

tubacin, and MG-132. Co-immunoprecipitation was performed using the 

collected protein lysate and the M3A7 CFTR antibody. CAL 

overexpression was shown to cause an increase in ΔF508-CFTR binding 

to chaperone proteins HSP40 and Aha1 (Fig. 4.5A). These increases in 

binding were shown to be statistically significant using the student’s t-

test, with a p-value of .0034 associated with the increase in ΔF508-CFTR 
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binding to Aha1 and a p-value of .0061 associated with the increase in 

HSP40 binding to ΔF508-CFTR (Fig. 4.5B). Assessment of total lysate 

chaperone levels revealed that CAL overexpression causes an increase in 

Aha1 and HSP40, and this mirrors the increases in binding (Fig. 4.5A).  

It should be noted that bafilomycin, tubacin, and MG-132 were found to 

have no particular statistically significant impact on ΔF508-CFTR 

binding to any of the surveyed chaperone proteins, even when CAL is 

overexpressed (data not shown).  

When CAL was overexpressed in ΔF508-CFBE cells, we observed a 

decrease in scaffold protein NHERF1 in total lysate (Fig. 4.6A). The 

decrease in NHERF1 is statistically significant with an associated p-value 

of .024 (Fig. 4.6A). This result is consistent with our other results and 

bolsters the conclusion that CAL overexpression enhances ER arrest of 

ΔF508-CFTR. To confirm that the decreased amount of NHERF1 had an 

effect on ΔF508-CFTR, we used fluorescent confocal microscopy to 

observe how colocalization of the two proteins was affected by CAL 

overexpression (Fig. 4.6B). Colocalization between NHERF1 and ΔF508-

CFTR decreased when CAL was overexpressed, with corresponding 

decreases in associated Pearson’s coefficients (Fig. 4.6B). This indicates a 

direct interaction between ΔF508-CFTR and NHERF1, which can be 

eliminated under conditions of CAL overexpression. 

 Finally, we sought to examine changes in chaperone protein 

binding to CAL when CAL is overexpressed. ΔF508-CFBE cells were 
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plated in 10cm dishes, transfected with HA-CAL for 48 hours and treated 

with a variety of compounds (bafilomycin, tubacin, MG-132) for 16 hours 

before collection of protein lysates. Co-immunoprecipitation was 

performed using the collected protein lysates and a CAL specific 

antibody. While a battery of chaperone proteins was assessed, changes in 

binding were only noted for VCP. When CAL is overexpressed, VCP 

binding to CAL noticeably decreases (Fig. 4.7). In total lysate, levels of 

VCP remain unchanged compared to controls when CAL is overexpressed 

(Fig. 6). This indicates that VCP production or degradation remains 

unaffected by CAL overexpression. Additionally, the decrease in CAL 

binding to VCP represents a shift away from the degradation pathway 

and supports our mechanism of enhanced arrest of ΔF508-CFTR in the 

ER. 

Since we have shown that CAL overexpression results in cell 

surface expression of immature ΔF508-CFTR, the next logical question 

was whether or not this immature ΔF508-CFTR was functional. To 

determine whether CAL overexpression increased chloride current 

compared to control samples, we utilized the short circuit current assay. 

Cells were plated in special Snapwell plates and transfected with 4μg of 

HA-CAL plasmid for 48 hours before assay measurements were made.  

During the experiment, cells were in the presence of 10μM 

forskolin, which is used to raise levels of cyclic-AMP (cAMP). During the 

measurements, 30μM of genistein was applied. Genistein has been 
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shown to increase ΔF508-CFTR activity via potentiation. Our results 

show that samples transfected with HA-CAL for 48 hours have an 

unchanged level of chloride current compared to control untransfected 

cells (Fig. 4.8). When cells were transfected with HA-CAL and treated 

with small molecular corrector C18, chloride current became twice that 

of the control but corrector C18 had no additive effect on chloride 

current when combined with the CAL siRNA (Fig. 4.8). Overall, our 

results indicate that the immature cell surface B band enhanced by 

overexpression is nonfunctional. Additionally, we can note that corrector 

C18 appears to act on ΔF508-CFTR through a pathway that is 

independent of CAL.  
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Figure 4.1: CAL overexpression increases the C band and B band of ΔF508-CFTR 
in total lysate. ΔF508-CFBE cells were transfected with 4μg of HA-CAL plasmid (A) 
for 48 hours. Cells were lysed and lysate was collected for testing by western blot. C 
band and B band of ΔF508-CFTR were quantified and found to be statistically 

significant by the student’s t-test (B,C).  
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Figure 4.2: CAL overexpression enhances the immature cell surface B band in 
ΔF508-CFBE cells. ΔF508-CFBE cells were transfected with 4μg of HA-CAL plasmid 
for 48 hours. Cells were incubated with biotin in PBS and then lysed. Lysates were 
incubated with streptavidin beads (A). Samples were run on western blots and blots 
were probed with anti-CFTR, anti-PIST (CAL), and anti-Ezrin antibodies. Ezrin was 
used as a control since it is only present in the total lysate samples (A). Cell surface 
B band was quantified and compared against the control B band using the student’s 

t-test (B). 
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Figure 4.3: CAL overexpression causes ΔF508-CFTR to be held in the ER. ΔF508-
CFBE cells were plated on coverslips and transfected with 4μg of HA-CAL plasmid for 48 
hours. CAL was labeled using an anti-PIST antibody and Alexa Fluor 488 goat anti-
rabbit secondary (A,B). KDEL-td-tomato was transfected in and detected by its tomato 
tag (A,C). CFTR was detected using anti-mouse 769 primary antibody and either Alexa 
Fluor 488 or Alexa Fluor 594 as a secondary (B,C). Colocalization was established by the 
presence of a yellow signal and changes in associated Pearson’s coefficients. All image 

processing was performed using Imaris Imaging Software.  



 

 66 

 

 

 

Figure 4.4: CAL overexpression prevents ΔF508-CFTR from trafficking to the Golgi 
and plasma membrane. ΔF508-CFBE cells were plated on coverslips and transfected 
with 4μg of HA-CAL plasmid for 48 hours. The Golgi was labeled with a Golgin-97 
primary antibody and Alexa Fluor 594 secondary (A). The plasma membrane was labeled 
with a cadherin primary antibody and Alexa Fluor 488 secondary (B). Colocalization was 
established by the presence of a yellow signal and changes in associated Pearson’s 
coefficients. All image processing was performed using Imaris Imaging Software.   
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Figure 4.5: ΔF508-CFTR binding to HSP40 and Aha1 is affected by 
overexpression of CAL. ΔF508-CFBE cells were transfected with 4μg of HA-
CAL plasmid for 48 hours (A). Cells were lysed and lysates were incubated 
with A/G beads and CFTR antibody 596 overnight (A). Changes in binding 
of HSP40 and Aha1 to ΔF508-CFTR were quantified and found to be 

statistically significant (B,C) by student’s t-test. 
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Figure 4.6: NHERF1 decreases when CAL is overexpressed. ΔF508-CFBE cells were 
transfected with 4μg of HA-CAL plasmid for 48 hours (A,B). Cells were lysed, and lysates 
were run on western blots and blots were probed with anti-CFTR, anti-NHERF1, anti-PIST 
(CAL), anti-TC10, and anti-Ezrin antibodies (A). NHERF1 levels were quantified and 
assessed by student’s t-test (A). ΔF508-CFBE cells were labeled using anti-CFTR and anti-
NHERF1 primary antibodies (B). Alexa Fluor 488 and Alexa Fluor 594 were used as 

secondaries (B).  
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Figure 4.7: CAL binding to VCP is affected by overexpression of CAL. ΔF508-CFBE 
cells were transfected with 4μg of HA-CAL plasmid for 48 hours. Cells were treated with 
bafilomycin, tubacin, or MG-132 for 12-16 hours. Cells were lysed and lysates were 
incubated with A/G beads and anti-PIST (CAL) antibody overnight. Samples were run on 
western blots and blots were probed with anti-VCP and anti-HA antibodies. Changes in 

binding of VCP to CAL were observed. 
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Figure 4.8: CAL overexpression has no effect on the chloride current of ΔF508-
CFTR by short circuit current. Cells were plated in snapwell filters and transfected 
with 4μg of HA-CAL plasmid for 48 hours. Cells were treated with corrector C18 for 12 
hours. Measurements were performed in a six-channel Easy-Mount chamber system 
that accepts Snapwell filters. ISC was measured with a VCCMC6 multichannel voltage-
current clamp amplifier. Cells were treated with forskolin, genistein and CFTR inh-
172 and chloride current levels were recorded.    
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Chapter 5: Discussion 
 
 We have identified and elucidated two novel pathways by which 

CAL can regulate the trafficking and cell surface expression of ΔF508-

CFTR. The data presented suggest a model for membrane trafficking in 

which CAL can arrest trafficking of ΔF508-CFTR in the ER, but when the 

interaction between CAL and CFTR is inhibited, cell surface expression of 

functional ΔF508-CFTR is achieved through a conventional trafficking 

pathway. We have additionally shown that these novel pathways are 

regulated by a variety of chaperone proteins that serve to either stabilize 

the arrested ER pool of ΔF508-CFTR or further its trafficking and 

stabilization at the cell surface. Finally, we have established that CAL 

localizes to the ER, binds to ΔF508-CFTR, and can be degraded in the 

proteasome which indicates that it is a perfectly reasonable regulator of 

early ΔF508-CFTR trafficking and degradation.  

In our study, overexpression of CAL enhances the ER arrest of 

ΔF508-CFTR, preventing some ΔF508-CFTR from being degraded in the 

proteasome as well as from reaching the cell surface as a mature and 

functional protein. In some ways, this is consistent with data from the 

WT-CFTR model, which shows that overexpressing CAL suppresses CFTR 

expression at the cell surface. (Cheng et al., 2002) Of course, the 

mechanism of this suppression is dependent on lysosomal degradation 

rates and thus is a departure from our discoveries. Our data shows that 

overexpression of CAL enhances F508-CFTR binding to HSP40 and to 
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Aha1 to stabilize and support the growing pool of immature ER collected 

F508-CFTR. Generally, several molecular chaperones assist in the 

productive folding of CFTR, namely HSP40, HSP70 and HSP90. It has 

been noted in prior studies that overexpression of HSP40 (Hdj-1) 

significantly decreases the degradation rate of immature core-

glycosylated WT-CFTR. However, the same study noted that ΔF508-CFTR 

degradation rates seemed to be unaffected by HSP40 overexpression but 

no observations are made regarding HSP40 binding. (Farinha et al., 

2002) Additionally, HSP40 has been implicated elsewhere as a key player 

in the formation of stable client-chaperone complexes. (Fan et al., 2003; 

Kampinga and Craig, 2010; Summers et al., 2009) Thus, it seems 

plausible that HSP40 is playing a stabilizing role in our model, but this 

result requires further investigation. 

Cell surface rescue of ΔF508-CFTR can be initiated by partial 

knockdown of HSP90 co-chaperone Aha1. (Wang et al., 2006) HSP90 

ATPase activity is driven by Aha1, which associates with proteins affected 

by cellular stress and prevents them from aggregating. (Panaretou et al., 

2002; Tripathi et al., 2014) Normal CFTR that is destined for the cell 

surface is exchanged from HSP40/HSP70 complexes to HSP90 cargo-

specific complexes. (Skach, 2006) In this sense, HSP90 can be viewed as 

a pro-folding decision point in the CFTR trafficking pathway. Our model 

shows increased Aha1 binding to ΔF508-CFTR, which would disrupt 

CFTR-Hsp90 interactions. This would cause a shift away from the pro-
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folding pathway, preventing some ER to Golgi transport and enhancing 

ER arrest of ΔF508-CFTR. This conclusion is further supported by 

changes we observed in the binding of CAL to proteasomal chaperone 

protein VCP which is a Type II AAA ATPase that is a component of ER 

retrotranslocation machinery and is tied to the proteasomal degradation 

pathway. (Goldstein et al., 2007; Wang et al., 2004) Upon overexpression 

of CAL, we observed a decrease in the binding of VCP to CAL, indicating 

that overexpression decreases proteasomal degradation of the 

CAL/ΔF508-CFTR binding complex which enhances ΔF508-CFTR arrest 

in the ER. 

In addition to HSP40, Aha1 and VCP, we must consider our results 

for NHERF1, a PDZ domain containing protein which anchors CFTR to 

the cytoskeleton through a protein complex involving ezrin. Interaction 

between NHERF1 and ezrin is promoted by Rac1 activation, triggering a 

conformational change in NHERF1 that allows it to bind and stabilize 

ΔF508-CFTR. (Loureiro et al., 2015) Our data show that when CAL is 

overexpressed in ΔF508-CFBE cells, levels of NHERF1 in total lysate 

decrease. We hypothesize that levels of NHERF1 decrease because 

overexpression enhances ER arrest and NHERF1 is not needed in great 

quantity at the surface. However, even though NHERF1 levels decrease, 

we did observe a statistically significant increase in immature cell 

surface B band when CAL is overexpressed. Given that CAL is not a cell 

surface protein but appears on the surface in these cell surface 
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biotinylations, it seems plausible that CAL and immature ΔF508-CFTR 

are moving together as a complex to the cell surface. Furthermore, since 

this cell surface ΔF508-CFTR is immature, it has not gone through a 

conventional trafficking pathway involving the Golgi apparatus. 

Therefore, when CAL is overexpressed, immature ΔF508-CFTR reaches 

the cell surface through an unconventional trafficking pathway that 

requires further investigation. Unconventional trafficking of ΔF508-CFTR 

can be brought about by a variety of means, not limited to the 

overexpression of Golgi Reassembly Stacking Proteins (GRASPs), ER 

stress, or ER to Golgi transport blockage. This pathway has been well 

characterized as an alternate route for cell surface expression of ΔF508-

CFTR. (Gee et al., 2011; Yoo et al., 2002) As a final note on this pathway, 

overexpression of CAL had no effect on the functionality of ΔF508-CFTR, 

measured as chloride current through the short circuit current assay. 

Whatever manages to escape the ER and reach the cell surface 

unconventionally is completely non-functional. 

When considering the other half of our study, we must first note 

that CAL inhibition can extend the half-life of ΔF508-CFTR and increase 

ΔF508-CFTR mediated chloride currents in polarized monolayers. 

(Cushing et al., 2010; Wolde et al., 2007) Here, we have observed that 

inhibition of CAL by a CAL specific siRNA leads to an increase in the C 

band and B band of ΔF508-CFTR in the total lysate of ΔF508-CFBE cells. 

When we assessed cell surface expression of ΔF508-CFTR by 
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biotinylation, we saw an increase in the mature cell surface C band of 

ΔF508-CFTR.  Additionally, we showed that ΔF508-CFTR colocalizes with 

plasma membrane marker cadherin under conditions of CAL inhibition 

in ΔF508-CFBE cells. Thus, we conclude that inhibition of CAL releases 

ΔF508-CFTR from being bound to CAL at the level of the ER and permits 

for some of it to be trafficked to the cell surface.  

Unlike the immature ΔF508-CFTR that escapes from the ER to the 

surface in the overexpression model, we hypothesize that this mature 

ΔF508-CFTR created through CAL inhibition traffics intentionally to the 

plasma membrane through a conventional pathway involving the Golgi. 

The involvement of the Golgi is supported by the fact that ΔF508-CFTR 

colocalization with the Golgi increases, and that ΔF508-CFTR has 

acquired complex Golgi-associated glycosylation. Additionally, we have 

also shown that the mature cell surface ΔF508-CFTR produced by CAL 

inhibition is functional. Results by short circuit current indicate that 

CAL inhibition increases ΔF508-CFTR mediated chloride currents to 

twice that of controls.  

From these results, we hypothesize that CAL may be an excellent 

clinical target among patients. These results are significant because 

currently, there are no highly effective FDA-approved therapies for 

treating patients with the ΔF508 mutation. While combination therapy 

using Lumacaftor and Ivacaftor is FDA-approved and in use, the drug 

combination provides minimal clinical benefit to patients.  
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 Several key proteins regulate the mechanism behind CAL 

inhibition promoting mature functional cell surface ΔF508-CFTR. 

Namely, VCP, HSP70 and NHERF1. First, for the sake of this discussion, 

we should consider VCP. VCP was identified as a binding partner for 

ΔF508-CFTR in a proteomics screen. (Goldstein et al., 2007) It has also 

been shown that VCP and gp78, an autocrine motility factor, form 

complexes with CFTR targeted for proteasomal degradation. (Vij et al., 

2006) Our study finds that VCP binding to ΔF508-CFTR in ΔF508-CFBE 

cells decreases when CAL is inhibited. Furthermore, we note that the 

percent of CAL inhibition correlates to the decrease in VCP-ΔF508CFTR 

binding. The greater the inhibition of CAL, the greater the decrease in 

binding. This indicates to us that inhibition of CAL leads to cell surface 

expression of mature functional ΔF508-CFTR in part through the 

inhibition of the proteasomal degradation pathway. Less ΔF508-CFTR is 

bound to VCP, and thus more is available to leave the ER, and traffic to 

the surface via the Golgi. 

 The stress-inducible HSP70 (HSPA1A) has an ATP-dependent 

mechanism and plays and important role in CFTR folding. DNAJ (HSP40) 

proteins are required for HSP70 to promote protein folding, and HSP70 

also links to HSP90 via HOP to complete chaperone assisted folding. 

(Young, 2014) Additionally, it has been shown that overexpression of 

HSP70 and co-chaperone DNAJB1 induced modest improvements in 

trafficking and stabilization of ΔF508-CFTR. (Choo-Kang and Zeitlin, 
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2001; Farinha et al., 2002) Results from our study show that binding of 

HSP70 and ΔF508-CFTR increase when CAL is inhibited. We also 

observed an increase in NHERF1 in total lysate when CAL is inhibited. 

Thus, we conclude that ΔF508-CFTR binding to HSP70 increases to 

enhance trafficking of ΔF508-CFTR through the conventional trafficking 

pathway to the cell surface, where NHERF1 serves to anchor ΔF508-

CFTR to the plasma membrane. Given what we have elucidated, these 

data suggest that CAL inhibition causes mature functional ΔF508-CFTR 

to be expressed at the cell surface. 

 New therapies have recently been FDA-approved for treatment of 

ΔF508-CFTR, but these therapies provide minimal clinical benefit to 

patients. Discovering new ways to establish and enhance mature cell 

surface expression of ΔF508-CFTR will provide more options for novel 

therapies. Our current study provides an attractive method for attaining 

cell surface expression of mature functional ΔF508-CFTR by inhibiting 

CAL and blocking the interaction between CAL and CFTR.  
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During the summer of 2007, I participated in research related to 
the evolutionarily conserved gene fis1 and its possible role as a tumor 
suppressor. I conducted experiments, using a yeast model and different 

types of media, which uncovered the unknown process by which the 
secondary mutation, associated with fis1 knockouts, arises. Additionally, 

I generated FIS1 knockout strains of yeast to manipulate mitochondrial 
dynamics. The results indicated that the secondary mutation arose as a 

result of deletion. However, the secondary mutation did not arise 
immediately after knocking out FIS1. I recreated the selective pressures 
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that caused all three of the FIS1 knockout strains to develop a secondary 
mutation in the gene WHI2. 
 
Undergraduate Research Student, Laboratory of J.M. Hardwick, Johns 
Hopkins Bloomberg School of Public Health, May 2008-Aug. 2008 

As a laboratory research student in the J.M. Hardwick Lab during 
the summer of 2008, we used mouse models to study the effect of 

different diets on seizure resistance during various types of acute seizure 
testing. The overall results of the seizure testing have shown that 

intermittent fasting unexpectedly protects against different acute seizure 
tests than the ketogenic diet. This research was published on April 30, 
2010 (see publication section). I also began designing an in vitro neuron 

culture system to study the effect of ketone bodies and other carbon 
sources on cortical rat neurons. This was critical to the overall project, as 

we can perform genetic and metabolic interventions in vitro that cannot 
be performed in vivo. Preliminary results showed that increased 

-hydroxybutyrate and acetoacetate alter 
neuronal function and may cause an increase in the energetic status of 
neurons, the number of mitochondria in neurons or the number viable 

cells in a culture. 
 

Undergraduate Research Student, Laboratory of J.M. Hardwick, Johns 
Hopkins Bloomberg School of Public Health, May 2009-Aug. 2009 

As a laboratory research student in the J.M. Hardwick Lab during 

the summer of 2009, I continued working on my experiments from 
summer 2008. I worked with a more specific marker for mitochondria 
(e.g., Mitotracker red), to analyze mitochondrial number and morphology. 

I also began examining the effects of combining concentrations of 
different ketone bodies in the cultures, which is closer to the in vivo 
situation. While I continued working with neurons, I also began working 
with mouse neuroblastoma (N2a) cells which have proved to be extremely 
useful, as they require less time for culturing so we could gather more 

data in a shorter amount of time.  
 

Undergraduate Research Student, Laboratory of J.M. Hardwick, Johns 
Hopkins Bloomberg School of Public Health May 2010-Aug. 2010 

As laboratory research student in the J.M. Hardwick Lab during 

the summer of 2010, I sought to collect information from the literature 
for all verified human genetic mutations associated with epilepsy and 

assisted in the launch of a database of all of my collected mutations 
(epilepsy.hardwicklab.org). This project is particularly pertinent because 
the identification of genetic mutations responsible for human disease 

states provides key insight into the underlying molecular mechanisms. I 
also assisted Dr. Adam Hartman during a variety of laboratory 
experiments. 
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Biology, Bryn Mawr College, Sept. 2008-May 2011 

As a Laboratory Instructional Assistant in the post-baccalaureate 

biology lab, I set-up laboratory experiments and assisted students in not 
only properly carrying out the experiments but also in assessing data. I 
also provided assistance to students struggling with lab assignments 

which included problem sets, report writing, and projects. 
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Under the guidance of Dr. Tamara Davis, I conducted research on 
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present in the promoter or CpG Island regions of the Tsl-1 gene which is 
responsible for the sexual or asexual state of aphids. I preformed 

bisulfate conversions of selected regions of the gene and then amplified 
them through PCR, and later sequenced samples for final analysis. 

Preliminary results indicated that methylation was absent in both 
regions. 

For my second project, I investigated whether methylation was 

present at the Gtl2-Dlk1 region in 8.5 dpc mouse placenta. All data that 
was collected was compared to data for embryonic tissues. I specifically 

gathered data on the methylation state of the IG-DMR and the Gtl2-DMR 
of my region of interest. In my preliminary results for the IG-DMR, I 
observed almost total methylation of the paternal strands, consistent 

with the pattern observed in somatic tissue. Furthermore, I observed the 
absence of methylation on the maternal strands. In my preliminary 

results for the Gtl2-DMR, I observed the total absence of methylation on 
the maternal strands, consistent with hypomethylation described in 
somatic tissues. Interestingly, I observed hypomethylation also on the 

paternal strands which is not consistent with the results from somatic 
tissues and requires greater investigation. 
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As a P.L.I. Instructor for post-baccalaureate biology, I sat in on 
lectures and provided academic assistance to students. Twice a week, I 
led a two hour help and study session which reviewed class material and 

provided test preparation as well as problem set aid. 
 

Laboratory Research Student, Laboratory of J.M. Hardwick, Johns 
Hopkins Bloomberg School of Public Health, June 2011-Aug. 2011 

During the summer of 2011, I catalogued all experiments 

performed by Dr. Adam Hartman and his research technician in the last 
three years. I also continued the development and maintenance of a 
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database that catalogues all of the known mutations responsible for 
epilepsy in humans. 

 
Graduate Rotation Student, Laboratory of Charlotte Sumner, Johns 
Hopkins University School of Medicine, Sept. 2011-Dec. 2011 

While rotating in the Sumner Lab, I investigated gene expression 
profiles in spinal cords, quads, and satellite cells from mice with spinal 

muscular atrophy. I performed RNA extractions, created cDNA, and ran 
RT-PCR. I was most interested in using primers that reflected the 
flippable allele of SMA conditional mice, and thus I looked for expression 

of SMN1/2, SMN 6/8, and SMN678. Other primers used in analysis were 
specific to muscle and spinal cord. 

 
Graduate Rotation Student, Laboratory of Isabelle Coppens, Johns 
Hopkins University School of Public Health, Jan. 2012-March 2012 
            While rotating in the Coppens Lab, I investigated the cystogenic 
Prugniaud (Pru) Strain of the intracellular parasite toxoplasma gondii. I 
determined that the Pru strain recruits and fragments the Golgi 
apparatus of infected host cells. Furthermore, I noted that the Pru strain 
also hijacks host Golgi Rab 14 vesicles. I also completed a short study on 

neospora caninum, another apicomplexan parasite related to t. gondii, 
where I determined that the parasite recruits host Golgi Rab 14 vesicles. 

Significant data was produced and contributed to published studies. 
 
Graduate Rotation Student, Laboratory of Charles Rudin, Johns Hopkins 
University School Medicine, March 2012- May 2012 
            As a rotation student in the Rudin Lab, I conducted research on 

SOX2, an oncogene that may play a significant role in small cell lung 
cancer (SCLC). I studied a variety of small cell lung cancer cell lines and 
assessed SOX2 protein levels as well as copy number in each line. I 

determined the effect of SOX2 knockdown in SCLC cell lines H446 and 
H720, noting that down-regulation caused a significant decrease in 
proliferation over time as well as in colony formation in methylcellulose. 

Significant data was produced and contributed to a paper. 
 

Ph.D. Candidate, Laboratory of Charles Rudin, Johns Hopkins University 
School of Medicine, June 2012-May 2013 
            As a graduate student in the Rudin Lab, I conducted research on 

SOX2 and the role it plays in small cell lung cancer (SCLC). I designed 
cell lines that expressed a SOX2 shRNA and I conducted proliferation, 

clonogenicity, and tumorigenicity experiments that were focused on 
better understanding how SOX2 knockdown, and copy number (as well 
as protein expression) might correlate to the range of effects knockdown 

causes in cell lines. I also began developing a tumor model that could be 
assessed non-invasively for the purpose of looking at tumor development 
with SOX2 knockdown. My work with Dr. Rudin ended in May when he 



 

 88 

transitioned to a new position at Memorial Sloan-Kettering Hospital and I 
remained at Johns Hopkins.  

 
Ph.D. candidate, Laboratory of William Guggino, Johns Hopkins University 
School of Medicine, May 2013-August 2015 
            As a graduate student in the Guggino Lab, I conducted research 
on the trafficking and premature degradation of the mutant ΔF508-CFTR 

channel. The ΔF508 mutation is the most common mutation among 
patients with Cystic Fibrosis, and current efforts in research and clinical 
medicine are focused on targeting it. My dissertation research focused on 

elucidating the novel role of the CAL (CFTR-Associated Ligand) protein in 
the degradation and trafficking of ΔF508-CFTR. I investigated the effects 

of CAL overexpression and CAL knockdown on the trafficking of ΔF508-
CFTR and elucidated two entirely new regulatory pathways. I concluded 
that CAL can arrest trafficking of ΔF508-CFTR in the endoplasmic 

reticulum (ER) and thus regulates the cell surface expression of ΔF508-
CFTR. As such, it would be a potentially viable clinical target in the 

future. First author papers are currently in progress. 
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