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Resumo”

A Fibrose Quistica (FQ) é uma doenca hereditéaria que afecta cerca de 105 000 individuos em todo o
mundo. Estima-se que, em populagdes com descendéncia europeia, 1 em cada 3000 a 6000 recém-
nascidos tenha a doenca. A FQ tem origem em mutagdes do gene CFTR (do inglés, Cystic Fibrosis
Transmembrane Conductance Regulator). A proteina CFTR codifica um canal de cloreto (CI),
expresso maioritariamente na membrana de células epiteliais. Quando o gene sofre mutacdes, ocorre
uma secrecdo deficiente de CI- que provoca alteragdes eletroliticas e manifestagdes patoldgicas no
epitélio de vérios 6rgdos. A FQ é uma doenca progressiva, que apresenta um grande nimero de
sintomas e de severidade variavel, dependendo do tipo de mutacdo do gene CFTR e de outras
influéncias genéticas e ambientais. Os sistemas pulmonar e gastrointestinal, sdo os mais afectados,
onde ocorre uma acumulacdo de muco viscoso que facilita infeccBes e inflamagdes pulmonares e
obstrucdo pancreatica com consequente malnutricdo. A doencga pulmonar progressiva, acaba por ser a
maior causa de morbidade e mortalidade nos doentes, sendo que a esperanca média de vida se
encontra actualmente entre os 30 e os 45 anos de idade. O tratamento primario da doencga envolve a
prevengdo e atenuacdo dos sintomas, e complicagdes provocadas pela FQ. Mas para aumentar a
esperanga média de vida é também necessario corrigir a causa molecular da FQ (o defeito da proteina
CFTR), e esta vai depender do tipo de mutagdo do gene que o portador tenha.

Até ha data estdo identificadas mais de 2000 mutacbes do gene CFTR. A maioria destas mutacoes
encontra-se associada a doenca. A delec¢do de um Unico amino&cido, fenilalanina, na posicdo 508,
designada por Phe508del, é a mutagcdo mais comum. Esta mutacdo é detectada em pelo menos um
alelo, em cerca de 70% dos pacientes de FQ. A proteina com a mutacdo Phe508del apresenta um
processamento (folding) incorrecto e é alvo do controlo de qualidade do reticulo endoplasmaético (RE).
Durante este processo, a proteina mutante é ubiquitinada e direccionada para degradacao, impedindo
gue a esta chegue a membrana plasmaética (MP). As moléculas de CFTR-Phe508del que chegam a
superficie das células, apresentam defeitos na funcéo de secrecdo, devido a abertura deficitaria do poro
do canal. Adicionalmente, a CFTR-Phe508del na MP apresenta um tempo de vida reduzido
(estabilidade deficitaria na MP). Actualmente, as terapias direcionadas para o canal com a mutagdo
Phe508del incluem correctores (como VX-809, VX-661, VX-445) e potenciadores (VX-770). Estes
moduladores actuam melhorando o folding, processamento e trafego da proteina mutante para a
membrana (corrector), bem como a sua fungdo ao potenciarem a abertura do canal na MP
(potenciador). No entanto, até & conclusdo desta dissertacdo, ndo existe nenhum composto aprovado
gue aumente significativamente o tempo de vida da CFTR-Phe508del na MP. Existe assim, uma
necessidade de encontrar novos interactores da CFTR que possam modular a estabilidade do mutante
CFTR-Phe508del resgatado farmacologicamente na superficie da célula.

As proteinas que interagem com CFTR sdo necessarias para a regulacdo ndo s6 do trafego do canal
como da sua funcdo. E, embora varios estudos protedmicos tenham sido realizados para identificar o
interactoma global da CFTR, estas abordagens ndo direcionadas poderdo ndo identificar moduladores
com baixa abundancia que interajam seletivamente com CFTR localizado na MP, envolvidos na sua
estabilizacdo a superficie das células. Nesse sentido, o laboratério de acolhimento tem vindo a realizar
varios trabalhos para a identificacdo de novos interactores que se liguem a CFTR localizada
especificamente na superficie da célula. Recentemente, o grupo de trabalho identificou varios
potenciais interactores selectivos que evidenciaram novos mecanismos de regulacdo da ancoragem e
trafego da CFTR na MP. Estes incluem a regulacdo da estabilidade da CFTR na MP por fosforilacao

* Escrito de acordo com o antigo acordo ortogréafico.



pela cinase SYK, a regulacdo da funcdo da CFTR por proteinas moduladas por cAMP. e a regulacdo
da estabilidade da CFTR-Phe508del resgatada na MP por acgdo da GTPase de baixo peso molecular
Racl e pela protéase Calpaina. Para uma melhor compreensdo destes novos mecanismos e
identificacdo de todos os interactores envolvidos, o grupo de trabalho realizou uma analise proteémica
extensa. Desta resultou uma lista de potenciais novos moduladores da estabilidade da CFTR-
Phe508del farmacologicamente resgatada na MP de células das vias respiratérias. Neste sentido, o
principal objectivo deste trabalho foi a validagéo e caracterizagdo do impacto de algumas das proteinas
candidatas identificadas na abundéncia, resgate farmacoldgico, estabilidade na MP e funcdo de
transporte de Cl- da proteina CFTR-Phe508del em células epiteliais bronquicas.

Foi observado que a regulacdo negativa das proteinas candidatas TCP-1-Theta e FLT-1 ndo afectaram
a abundéancia do canal CFTR-Phe508del na MP, apds o resgate farmacolégico do mesmo. Este
resultado esta em conformidade com o esperado, visto que as funcdes conhecidas para TCP-1-Theta
(uma subunidade da chaperona CCT) e Flt-1 (um receptor de factores angiogénicos), ndo estdo
relacionadas com o canal CFTR. Quando foi realizada a regulagdo negativa da proteina Calgranulina
(uma molécula DAMP), foi observado uma reducéo ligeira dos niveis de CFTR-Phe508del maturo
(proteina glicosilada, banda C) nos niveis totais da célula. O resultado indica que a reducdo de
Calgranulina poderé interferir com o trafego do RE para o complexo de Golgi da proteina imatura (ndo
glicosilada, banda B) de CFTR ou a sua maturagdo no complexo de Golgi. No entanto a abundancia do
canal resgatado CFTR-Phe508del na superficie da célula ndo se alterou. Estas observagdes geraram
interesse para estudos posteriores, pois é conhecido que Calgranulina encontra-se regulada
positivamente em varias condi¢Ges patologicas, nomeadamente em pacientes com FQ.

A reducdo dos niveis da proteina Tenascina-C (glicoproteina da matriz da célula), reduziram a
abundéncia do canal na MP, sugerindo assim um papel desta proteina na estabilidade de
CFTR-Phe508del na superficie da célula. Foi também demonstrado que Enigma (proteina scaffold) e
Coronin 1C (regulador do citoesqueleto) afectam os niveis totais de CFTR-Phe508del maturo na
célula e na MP, sugerindo que estas proteinas possam afectar o trafego RE-Golgi de CFTR imaturo.
Confirmamos que este resultado é especifico para CFTR-Phe508del, pois a regulagdo negativa das
proteinas Enigma e Coronin 1C ndo afetaram a abundancia de CFTR-wt na totalidade da célula ou na
MP. Foi ainda observado que a deplecdo da proteina Ku86 (subunidade de DNA-PK) parece fazer
decrescer os niveis de mMRNA de CFTR-Phe508del e, por conseguinte, a abundancia do canal
resgatado na membrana plasmética. Estes resultados ainda requerem confirmagdo. O mesmo foi
observado para as proteinas Bl Espectrina (citoesqueleto), PTRF (factor de transcrip¢do e componente
de caveolae), Lamin (componente da lamina) e TG2 (transglutaminase). O que sugere um papel destas
proteinas na regulacdo da transcri¢do ou estabilidade do mRNA do canal. Sugerimos também, que BlI
Espectrina tenha um papel no trafego para a membrana e na abundancia de CFTR-Phe508del na
membrana.

Resumindo, foi observado que algumas proteinas em estudo estdo envolvidas na manutencdo da
abundancia de CFTR-Phe508del resgatado farmacologicamente, no total da célula e na membrana
plasmética. No entanto, nenhuma pareceu constituir um bom alvo para o resgate farmacoldgico do
canal CFTR ou a sua retencdo na MP. Contudo, ndo deve ser ignorado a realizacdo de estudos
posteriores para compreender o mecanismo pelo qual estas proteinas aparentam afectar a abundancia
do canal CFTR-Phe508del. E perceber se as proteinas ou a sua desregulacao podera estar envolvida na
patologia da doenca Fibrose Quistica, ou contribuir para uma resposta diferencial de drogas
moduladoras de CFTR para pacientes com gendtipos de CFTR equivalentes. A continuacdo da



investigacdo podera também identificar novos interactores de CFTR-Phe508del que podem ser
interessantes para a descoberta de novos moduladores de CFTR.
Palavras-chave:

Fibrose Quistica, CFTR, Phe508del, abundancia de CFTR na membrana plasmaética, interactoma da
CFTR



Abstract

Cystic Fibrosis (CF) is an autosomal recessive disorder caused by mutations on the cystic fibrosis
transmembrane conductance regulator (CFTR) gene. The gene encodes a chloride channel (CI)
expressed at the plasma membrane (PM) of epithelial cells. The deletion of phenylalanine 508
(Phe508del) is the most common mutation, it causes the protein to misfold and be prematurely
degraded, failing to reach the PM. The use of recently clinically approved CFTR modulator drugs has
changed CF management, enabling the rescue of several CFTR mutant proteins, including Phe508del-
CFTR folding, trafficking, and function at the PM. However, these rescued channels still exhibit
evidence of a reduced half-live at the PM, indicating space for improvement in CF therapeutic
strategies. Previous work of the host lab identified new cellular pathways and key interactor proteins
that were shown to influence the retention of rescued Phe508delCFTR at the PM. The group identified
a short list of candidate proteins that could constitute new targets for pharmacological modulation of
rescued Phe508del-CFTR stability at the PM of airway cells. Therefore, the objective of this project
was to validate and characterize the effect of 11 of these candidate proteins on the pharmacologically
rescued Phe508del-CFTR. We found that downregulation of Calgranulin, TCP-1-Theta and FLT-1 did
not change the abundance of rescued Phe508del-CFTR at the PM, but Tenascin-C downregulation did.
We suggest a role for Tenascin-C in regulating Phe508del-CFTR permanence at the PM. We observed
a reduction of rescued Phe508del-CFTR after Coronin 1C and Enigma knockdown, suggesting that
they affect CFTR ER-Golgi traffic. We saw a reduction on CFTR mRNA levels for Ku86 knockdown,
however this result still needs confirmation. We also demonstrated that Il Spectrin, PTRF, TG2 and
Lamin affected Phe508del-CFTR expression, and propose an additional role for BII Spectrin in
Phe508del-CFTR traffic to, and abundance at the PM.

Keywords:

Cystic Fibrosis, CFTR, Phe508del, CFTR abundance at the plasma membrane, CFTR interactome
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1. Introduction
1.1. Cystic Fibrosis

Many epithelial cells regulate chloride (CI) secretion trough modulating cystic fibrosis
transmembrane conductance regulator (CFTR) channel activity *3. The CFTR channel creates an
electric driving force (lumen-negative) for paracellular sodium secretion, and this movement generates
an osmotic driving force for water flow necessary for epithelial function 4. The disruption of genes
encoding proteins that mediate epithelial processes can result in disease *. Cystic fibrosis (CF) is an
example of a disease caused by mutations on the chloride channel CFTR °.

Cystic fibrosis is an autosomal recessive disorder °. Being the most common life-threatening disease in
Caucasians, it affects about 105 000 people worldwide ', with an estimated incidence of 1 in 3000-
6000 new-borns in European descendent populations ®7. Birth prevalence has recognized
heterogeneity in the geographic distribution ’. In fact, within Europe, United kingdom, Germany and
France are three of the countries with more CF patients reported. While worldwide it is Europe, North
America and Australia who have the highest birth prevalence, and Africa and Asia have low birth
frequencies 7°.

Mutations in the CFTR gene are the fundamental cause of CF . In cystic fibrosis, CFTR channel is
missing or defective, impairing secreted fluid volume and composition in several organ systems 2,
CF presents itself with a wide range in severity and manifestation °.

1.1.1. CFTR Protein - Structure and Function

CFTR is a glycoprotein, found primarily in epithelial tissues where it localizes to the apical cellular
membrane 2%, It functions as an anion channel with the capacity for regulating secretion of CI-,
bicarbonate (HCOj3?) and small amounts of other anions, being determinant to maintain ion and fluid
homeostasis 21011,

The CFTR gene is found in chromosome 7 and encodes a 1480-amino-acid protein (~160 kDa)
member of the ATP-Binding Cassette (ABC) transporter family. The protein is composed by two
transmembrane domains (MSD1 and MSD2, both containing six membrane-spanning alpha helixes),
each followed by a cytosolic nucleotide-binding domain (NBD1 and NBD2). And, located between
two MSD-NBD complexes is a regulatory domain (RD) that contains multiple consensus
phosphorylation sites (see Figure 1.1). The MSDs regions contribute to the formation of the pore, the
R domain phosphorylation controls channel activity, and the NBDs bind and hydrolyse ATP to
regulate channel gating (opening and closing) 1-510-12,

T https://www.cff.org/intro-cf/about-cystic-fibrosis
Site accessed at 18th September 2023
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Figure 1.1 — Structure of CFTR inserted into the plasma membrane. The representation shows CFTR domains: the
membrane-spanning domains MSD1 and MSD2, the regulatory domain RD, and the nucleotide-binding domains, NBD1 and
NBD2. It is also indicated the position of the most frequent mutation (Phe508del) in NBD1, as well as glycosylation and
phosphorylation sites at MSD2 and R domain, respectively. [Adapted from 3.

CFTR is regulated by protein kinase A (PKA) in a cAMP-dependent way 2, First, the increase of
CAMP activates PKA, which in turn phosphorylates multiple serine residues within the R domain,
enabling channel gating. The extent of R domain phosphorylation controls the probability of channel
opening (i.e., the level of activity). Then channel gating is regulated by a cycle of ATP hydrolysis at
the NBDs. ATP binding leads to the dimerization of NBD and opening of the channel while ATP
hydrolysis translates into the separation of the NBDs, decreasing the frequency of chloride channel
opening 12111415 The channel returns to its quiescent state when phosphatases dephosphorylate the R
domain 01, CI- secretion is regulated by modulating not only channel activity, but also by regulating
the total number of CFTR channels in the membrane. Mutations in CFTR affect the number of
channels in the plasma membrane (PM), channel activity and the protein intracellular trafficking *°.

CFTR also regulates several transport proteins, including the epithelium sodium channel (ENaC),
potassium channels, ATP-release mechanisms, anion exchangers, sodium-bicarbonate transporters,
and aquaporin water channels 11216, In the airways, CFTR is an inhibitor of ENaC, limiting sodium
reabsorption, and thus in CF there is sodium (Na*) hyperabsorption 16,

The single residue deletion of phenylalanine in position 508 (Phe508del), detected in at least one allele
in ~70% of CF patients is located in the surface of the first NBD %1012,

1.1.2. Pathophysiology

Mutations in the CFTR gene are the fundamental cause of the CF autosomal recessive disease 11, CF
is a progressive multisystem disease, presenting a wide range of manifestations and varying severity
dependent on the type of mutation of the CFTR gene and other genetic and environmental influences
10.18-20 CF most common symptoms include progressive lung disease and chronic digestive conditions,
with pulmonary complications being the major cause of morbidity and mortality for patients 1820,

CFTR and ENaC help to regulate homeostasis of the epithelium by controlling the movement of water.
However, with the impairment of CFTR, there is hyperabsorption of Na* and subsequent dehydration
of the epithelial surface, leading to abnormal mucus with altered concentration of its components (e.g.,
mucins) and biophysical properties. Bicarbonate, an alkalising agent that helps in pH buffering and
mucin expansion, also has decreased secretion in CF pathophysiology, resulting in a lower epithelial

2



surface pH, and defective mucin expansion that results in the formation of a sticky and dense mucus %.
Mucins, one of mucus components, are large O-linked glycoproteins produced by specialised secretory
cells, that are stored and compacted in intracellular granules with high concentrations of Ca?*. These
cations shield mucins negative charge preventing their expansion. After mucin exocytic release,
HCO;s ions sequester Ca?*and promote alkalinisation, facilitating mucin expansion and hydration on
mucus formation. Because of all this aspects, the disease pathogenesis is characterized by
accumulation and obstructing of thick mucus in multi mucin producing organs, such as lungs, sinuses,
intestine, pancreas and reproductive organs 2022,

In the airways, dehydration leads to airway surface liquid (ASL) volume depletion, increasing mucus
concentration and reduced mucociliary clearance (MCC), facilitating bacterial growth and infection
and triggering inflammation 2°. In the intestine, plugging of the terminal ileum, referred to as
meconium ileus, is one of the earliest manifestations of CF and may lead to ischaemic necrosis of the
ileus wall 8 Also, the prolonged acidity following food uptake and dehydrated intestinal mucus
facilitates bacterial growth in the gastrointestinal tract. In the pancreas, the obstruction of ducts by
mucus causes autodigestion by pancreatic enzymes. About 85% of CF patients have severe loss of
pancreatic tissue and the inadequate secretion of digestive enzymes leads to malabsorption of proteins
and fat-soluble vitamins A, D, E and K 82,

Fertility is affected in both male and female CF patients. Approximately 97-98% of males with CF are
infertile due to absent or atretic vas deferens and dilated or absent seminal vesicles that lead to
azoospermia 18212324 And while infertility in woman is not so recurrent, only ~50% of woman with
CF are able to conceive a child 2. While mucus gland hyperplasia, cervical erosions and cervicitis are
common, altered ion and fluid transport throughout the female reproductive track, endocrine
abnormalities and menstrual irregularities may also account for infertility in CF woman 182124

Pharmacological and non-pharmacologic treatment exists to relief symptoms and complications
caused by the disease °. This primary therapy does not treat the molecular cause of the disease (i.e.,
defective CFTR protein), but allows the prevention and progression of the symptoms (i.e.,
management of CF), and extends life expectancy into adulthood %2, It includes the use of antibiotics,
nonsteroidal anti-inflammatory drugs (NSAIDs), mucolytics, physiotherapy, pancreatic enzyme and
vitamin supplements, and attention to the diet 19222 Tg treat the disease beyond the symptoms
means to further increase the life expectancy of CF patients %. Recently, new drugs have been
developed that target the basic defects associated with CFTR gene mutations, enabling rescue of the
mutated protein expression and function in CF patients (see below). However, this approach is still
dependent on the type of mutations carried by the patient and only the most common mutations have
successfully addressed 920.25.28,

1.1.3. Class Mutations and Current Therapeutic

There are over 2100 CFTR gene mutations reported to this date ¥, with most of them being disease-
causing mutations 5. The large number and variety of mutations imposes the classification of each
CFTR mutant into one of six established functional classes (see Figure 1.2), in which the same
therapeutic strategy may be effective. Nevertheless, many of the molecular and cellular defects
underlying each of the multiple disease-causing mutation identified still require further clarification,

¥ http://www.genet.sickkids.on.ca/StatisticsPage.html

Site accessed at 27th September 2022

§ https://www.cff.org/What-is-CF/Genetics/Types-of-CFTR-Mutations/
Site accessed at 27th September 2022



which has limited not only their classification but also the development of mutation-specific corrective

therapies %:%°,
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Figure 1.2 - Classes of CFTR gene mutation. CFTR mutations are classified into one of six established functional classes,
where the same therapeutic correction can be applied. Examples of mutations of each class are shown. [Adapted from 26].

Class 1, also called “no protein” class, includes mutations (e.g., G542X, R553X, R1162X and
W1282X) that generate a premature stop codon (PTC) into the CFTR mRNA because of splice site
abnormalities, frameshifts due to insertions or deletions, or nonsense mutations 262%31 These
mutations, abrogate CFTR protein synthesis or result in translation of shortened, truncated forms. The
current therapeutic strategy for class I mutants comprises the use of read-through compounds. These
agents induce a ribosomal “over-reading” of a PTC, enabling the continued translation to the normal
end of the transcript. ELX-02 (NB124; Eloxx Pharmaceuticals) is a synthetic glycoside that can
restore CFTR expression and function in cells expressing PTC mutations and, its currently undergoing
phase Il clinical trials (NCT04126473 and NCT04135495, https://www.eloxxpharma.com/pipeline/)
8233 For the class | mutants that involve small deletions/insertions, there is no therapeutic strategy
except the bypass therapies that target other channels (non-CFTR) 2.

Class 11, also called “no traffic protein” class, comprises mutants that fail to traffic to the cell surface,
due to misfolding and premature degradation by the endoplasmatic reticulum (ER) quality control
(ERQC) 2. Therapy for this class uses correctors (chemical chaperones or protease modulators) that
rescue folding, processing and trafficking to the plasma membrane of CFTR class Il mutants 2630,
These compounds usually enhance protein conformational stability during the ER folding process.
This class includes the most common CF-causing mutation, Phe508del and, given its frequency, much
effort has been put into identification of chemical and molecular chaperones that rescue folding of
these mutant proteins 2°. Lumacaftor (VX-809; Vertex Pharmaceuticals), Tezacaftor (VX-661; Vertex
Pharmaceuticals) and Elexacaftor (VX-445; Vertex Pharmaceuticals) are all correctors approved for
clinical use for patients with Phe508del mutation, in a combinatory therapy with a potentiator (see
below). The co-treatment with Lumacaftor/Ivacaftor (Orkambi®) is approved for Phe508del-
homozygous patients, and co-treatment with Tezacaftor/lvacaftor (Symdeko®) is approved for
Phe508del-homozygous and -heterozygous (with residual function mutations in trans) patients. The
triple combination Tezacaftor/lvacaftor/\VVX-445 (Trikafta®) has been recently approved for the



treatment of CF patients with Phe508del in at least one allele. Other correctors are also under study
and already in phase |1 clinical trials, ABBV-2222 (Galicaftor; Abbvie/Galapagos) or VX-121 (Vertex
Pharmaceuticals) .

Class Il it is called “no function” and includes CFTR mutants (e.g., G551D) that reach the plasma
membrane but exhibit defective channel gating (i.e., the channel pore does not properly open) due to
impaired response to channel agonists2. When Phe508del-CFTR is promoted to reach the plasma
membrane by corrector compounds, it still has a partial gating defect, and thus, corrector-rescued
Phe508del proteins can also be considered to be class 1l mutants. Class IV mutants (e.g., R334W)
show substantially reduced conductance (i.e., decreased flow of ions), with a resulting decrease in net
Cl- channel activity. The class is also called “less function”. The gating defects of class III and IV
mutants can both be overcome with potentiators, compounds that restore or even enhance the channel
open probability 263, Several class 11l mutations, including G551D have approved clinical use of
potentiator Ivacaftor (VX-770, Kalydeco®, Vertex Pharmaceuticals). The drug binds and potentiates
CFTR function by promoting decoupling between ATP hydrolysis and gating cycles. Treatment with
Ivacaftor has shown to improve clinical condition of patients, reducing sweat chloride levels to near
normal values and slowing deterioration of lung function. As discussed above, Ivacaftor is also used in
co-treatment with other correctors for patients with Phe508del mutation, because even after rescue of
intracellular retention by corrector drugs, the mutant protein still presents a gating defect 2°. Several
other potentiators have demonstrated promising effects and are currently under experimental and
clinical investigations [e.g., VX-561 (deutivacaftor; Vertex Pharmaceuticals)].

Class V, also called “less protein” class, includes mainly alternative splicing mutants (e.g. 3272-
26A>G) that allow synthesis of some normal CFTR mRNA (and functional protein), albeit at very low
levels %6, The therapeutic strategy for these mutants is either to enhance the activity of normal channels
already at the cell surface or to achieve correct splicing 26%31, The treatment with Ivacaftor for some
splicing mutations was shown to improve the average open probability and conductance of CFTR
channels present at the PM 26, The use of antisense oligonucleotides (ASOs) is understudy and
appears to be promising to correct some of the splicing defects *°. Class V also includes promoter
mutations that reduce transcription (e.g. -94G>T) and amino acid substitutions that cause inefficient
protein maturation (e.g., A455E). Therapies under investigation include compounds that increase
expression of CFTR mRNA (i.e., amplifiers). PTI-428 (Nesolicaftor; Proteostasis Therapeutics) is an
amplifier, with phase | and Il clinical trials completed, that in combination with other correctors and
potentiators was shown to improve lung function %,

Class VI is also called “less stability” class and includes CFTR mutants that although are present at the
PM and are functional, they have intrinsic plasma membrane instability (i.e., reduced half-life) 2630, As
such, proper therapeutic approaches will require the use of compounds that enhance CFTR
retention/anchoring at the cell surface (tentatively called stabilizers), to reduce or prevent the mutant
proteins’ removal from the PM and their degradation by lysosomes 262, Due to its intrinsic instability,
Phe508del-CFTR also behaves as a class VI mutant when rescued by correctors to the cell surface.

The therapy with use of modulators for the correction of the molecular defects of mutant CFTR
proteins is, at present, not sufficiently effective to be used as stand-alone treatments 2’. Thus,
conventional symptomatic therapies remain important until disease manifestations can be prevented by
eliminating the cause of the disease and blocking the pathophysiological cascade. Currently, there are
several promising approaches under-investigation to restore CFTR channel function regardless of the



type mutation. These include not only new modulator compounds but also gene therapy, gene-editing
using CRISPR/cas9 technology, RNA therapy, and therapeutic miRNAs %,

1.2. CFTR Interactions

A variety of proteins have been identified to interact directly or indirectly with CFTR, impacting the
channel function, localization and processing within cells 343, These proteins include transporters, ion
channels, receptors, kinases, phosphatases, signalling molecules, and cytoskeletal elements *. CFTR
interactions mostly occur between the cytosolic amino or carboxyl (N- or C-) terminal tails of CFTR
and its binding partners, either directly or mediated/regulated through various adptor proteins,
including PDZ-domain containing proteins 3%, PDZ domains are conserved protein-interaction
modules, that typically mediate interactions with the C-termini of target proteins containing a PDZ
motif, such as CFTR 343, Different PDZ proteins have been reported to bind with various affinities to
the C-terminal tail of CFTR at the apical membrane: NHERF1 (Na/H exchanger regulatory factor 1),
NHERF2 (also called NHE3 kinase A regulatory protein, E3KARP), PDZK1 (PDZ domain-containing
in kidney 1, also called NHERF3 and CFTR-associated protein 70 [CAP70]), PDZK2 (also called
NHERF4 and intestinal and kidney-enriched PDZ protein [IKEPP]), and Shank2 (SH3 and ankyrin
repeats containing protein 2, also called Cortactin-binding protein 1 [CortBP1]) 3%, CFTR-associated
ligand (CAL) is also a PDZ domain-binding protein that interacts with the CFTR C-terminus, but is
primarily localized to the Golgi *. CAL is an overall negative modulator of surface expression of
CFTR. It was suggested that CAL retains CFTR in the cell and target CFTR for degradation *. Shank2
is also a negative regulator of CFTR, inhibiting the cAMP-induced phosphorylation and activation of
the channel .

NHERF1 and NHERF2 both contain two PDZ domains and a ERM-binding domain within their C-
terminal tails that tethers them to the actin cytoskeleton via binding to ezrin in a phosphorylation-
dependent manner 33240, Previous studies have shown that the interaction between CFTR, NHERF1
and ezrin is responsible for the anchoring of the channel to the cortical actin cytoskeleton, which is
critical for CFTR’s retention at the PM (see below) “°. NHERF2 was also reported as being able to
functionally stabilize CFTR at the cell-surface **“°, and ezrin was also described to function as an
anchoring protein for PKA, a regulator for CFTR activity in epithelial cells 4, It has been argued that
CFTR can forms a multicomplex with several proteins at the PM, including NHERF proteins, ezrin,
and PKA %,

1.2.1. PM Anchoring of CFTR

Like described above, various PDZ domain proteins may stabilize and retain CFTR in the apical
plasma membrane as well as regulate the exocytic and endocytic trafficking of CFTR by interacting
with the C-terminal PDZ-motif of CFTR *. NHERF1 stabilizes and enhances the half-life of CFTR at
the apical membrane. NHERF1 anchors CFTR to the apical membrane by interacting with actin
cytoskeleton via interaction with ezrin “°, leading to up to 50% of surface CFTR existing in an
immobile pool, tethered to filamentous actin (F-actin) 4,

NHERFL1 is a scaffold protein with two tandem PDZ domains (PDZ1 and PDZ?2) at the N-terminus,
and an ezrin-binding domain (EBD) at its C-terminus *. Both PDZs have bidding affinity for the PDZ-
binding motive at the C-terminal tail of CFTR “¢4". NHERF1 can also be held in a partially inactive
conformation through intramolecular interactions between PDZ2 and the C-terminus . This
conformational constrain is relieved upon binding of ezrin, which not only allows its anchoring to F-



actin but also enables the binding of CFTR to NHERF1’s PDZ2 with a higher affinity 40, This
strengthens the retention of CFTR at the apical membrane 1,

Ezrin is a member of the ezrin-radixin-moesin (ERM) protein family, with a N-terminus FERM
domain (also known as N-ERMAD domain) and C-terminus ERM association domain (C-ERMAD)
that can associate with plasma membrane proteins or membrane protein adaptors and the F-actin
cytoskeleton, respectively 4>°2, It is through N-ERMAD that ezrin interacts with the C-terminal ERM-
binding domain of NHERF1 “>%2, However, in the cytoplasm, ezrin is held inactive through an
intramolecular interaction between N-ERMAD and C-ERMAD, masking membrane and actin F-actin
binding sites %. Activation of ezrin is a several-step process. Briefly, Racl stimulation of
phosphatidylinositol-4-phosphate-5-kinase (PIP5K) leads to the conversion of 1-phosphatidyl-1D-
myo-inositol-4-phosphate (PIP) at the membrane to 1-phosphatidyl-1D-myo-inositol-4,5-bisphosphate
(PIP2) 4, PIP2 binding to ezrin, activates the protein, and induces conformational change allowing the
phosphorylation of threonine 567 (T567) in the C-ERMAD. These events unmask both membrane
protein and actin binding sites and leading to ezrin correct apical localization . Other kinases
implicated in ezrin phosphorylation are Rho-kinase, protein kinase C (PKC) a and PKC 0 %%,

1.2.2. CFTR PM Regulation

CFTR is subjected to a quality control whilst traveling through the secretory pathway. Regulating its
folding, stabilization, or degradation and eventually its functional protein levels 5%, CFTR proteins
that do not reach full maturation are removed by ER-associated degradation (ERAD). Misfolded
proteins are recognized by ER-associated molecular chaperones, ubiquitinated and transported to the
proteasome for degradation ®:-%3, After reaching the cell surface, CFTR is also the substrate of
peripheral protein quality control (PPQC), that regulates its endocytosis .

In the apical plasma membrane, CFTR can be found both at the cell surface and in the endosomal
compartments at subapical region. The distribution is regulated through endocytosis and
recycling/exocytic pathways %5, Briefly, CFTR endocytosis is clathrin-dependent, and occurs
through Rab5-positive endosomes &5, |t is mediated by the recognition of multiple endocytic motifs
of CFTR C-terminal tail by the endocytic adaptor complex AP-2 677%™ CFTR residing in endosomes
can either be selected for lysosomal degradation, or recycled to the plasma membrane 46972,
Endocytic recycling of CFTR from early endosomes to the plasma membrane occurs through Rab11-
positive vesicles, and is facilitated by Rme-1 and NHERF-1 PDZ domain interaction °06%7273 |n
addition, CAL, syntaxins, and Rho family GTPase TC10 affect the endocytic trafficking and plasma
membrane expression of CFTR 3073 Misfolded CFTR, such as Phe508del-CFTR, has a decreased
apical membrane half-life 27, It is recognized by the PPQC and targeted for lysosomal degradation,
preventing the channel from recycling 6162648 The unfolded cytoplasmic regions of CFTR are
recognized by heat shock cognate 70-kD protein (Hsc70) in concert with co-chaperone DNAJAL and
possibly by the Hsp90 machinery. The interaction with chaperone-cochaperone complex recruits E3
ubiquitin ligase CHIP, leading to ubiquitination of the misfolded CFTR its endocytosis and subsequent
lysosomal degradation 62,

1.2.3. CFTR Interactome Research

CFTR research already led to the therapeutic development of modulators that rescue the basic defect
in CF. But there is a continuous interest in studying CFTR molecular disease mechanisms for
additional therapeutic options. This will entail a better understanding of, for instance, the mechanisms
through which protein-protein interactions affect CFTR biogenesis, trafficking, and function. Finding



which interactions are critical to rescue CFTR and which are altered by modulators or CFTR
mutations 4. Several studies are using proteomics to assess global CFTR protein interactions (the
CFTR interactome), identifying new and previously documented interactors of CFTR, be it direct or
indirect, while focusing on the key differences in wt and Phe508del proteomes 7.

In ongoing effort to determine the CFTR interactome at the PM, my host lab used proteomics to
characterize CFTR’s protein interacting network with the aim of identifying novel pharmacological
targets to rescue CFTR function in CF 7. The group used three complementary approaches: capturing
and identifying proteins binding SYK kinase-phosphorylated CFTR, protein complexes involved in
cAMP-mediated CFTR stabilization at the PM, and proteins selectively interacting at the PM with
rescued Phe508del-CFTR but not wt-CFTR 6. The network analysis was focused on proteins never
described to interact with or regulate CFTR. The host group identified candidate proteins that are
involved in the regulation of CFTR membrane traffic and/or its retention at the PM. The proteins
encoded by the Calpainl, GABARAP, NOS2, and SMURF1 genes were validated for their robust
interaction with CFTR-containing protein complexes and for their ability to modulate the amount of
CFTR expressed at the cell surface of bronchial epithelial cells ™.

However, the host lab identified an additional shortlist of candidate proteins that could also participate
in the modulation of rescued Phe508del-CFTR stability at the plasma membrane of airway cells.
Eleven of these proteins were selected to be validated during this MSc dissertation project, namely:
Tenascin-C, Calgranulin-A, Coronin-1C, Spectrin, Enigma, TCP-1-theta, Cavin-1/PTRF, TG2, Ku86,
Lamin B1, and FLT-1.

1.2.4. Previously reported functions of the selected candidate proteins

Tenascin-C (TNC, gene Tnc, Uniprot ID P24821) is a extracellular matrix (ECM) glycoprotein that
binds ECM components (e.g., fibronectin, collagen, proteoglycans of the lectin family), cell surface
receptors (e.g., integrins, EGF receptor, TLR4), soluble factors (e.g., Wnt3a, TGFB, VEGF), and
pathogens (e.g., Streptococcus, HIV) /8% With a controlled pattern of expression, it is expressed in
the embryo in sites of tissue morphogenesis, and in the healthy adult tissue is most prominent in stem
cell niches and tendons 778%8% |t is transiently re-expressed upon tissue injury, infection and
inflammation 77882 TNC is also expressed in other pathological conditions such as cancer and
chronic inflammation (e.g., rheumatoid arthritis), and in a variety of cardiac diseases "2, TNC is a
stress protein that modulates cell adhesion, migration and proliferation, with a context-specific mode
of action and cell type response /7982,

Calgranulin-A (S100A8 or MRP8, gene S100a8, UniProt ID P05109) is a calcium-binding protein
found both intra- and extracellularly, and is induced in myeloid cells, dendritic cells, microvascular
endothelial cells, epithelial cells and fibroblasts 3. Intracellular S100A8 is implicated in myeloid
and keratinocyte differentiation and exerts anti-inflammatory effects in a Ca?*-dependent manner. The
protein can form the heterodimer with calprotectin S100A9 (S100A8/A9), which is involved in
cytoskeleton modulation. S100A8 and S100A8/A9 are damage-associated molecular pattern (DAMP)
molecules. Released by activated or damaged cells during inflammatory processes, they initiate and
modulate local inflammation and innate immune responses by binding to receptors like TLR4 and
RAGE, and activating different signalling pathways (e.g., ERK, NF-kB) 88 S100A8 has the capacity
to induce expression of MUC5AC (the mucin in airway mucus) production in airway epithelial cells
8, S100A8/A9 is chemotactic for neutrophils, has antimicrobial functions, and modulates cell
proliferation, differentiation and apoptosis ®#®. S100A8 and S100A8/A9 are upregulated in



inflammatory diseases and tumors 8485, S100A8/A9 is found with high circulating levels in patients
with obesity, Alzheimer’s disease and cystic fibrosis 88788,

Coronin 1C (Coronin 3, gene CorolC, UniProt ID Q9ULV4) is a type | coronin. Coronins are
regulators of the actin cytoskeleton and are implicated in actin-based processes such as cell motility.
Like other type I coronins, CorolC binds to F-actin and associates with the Arp2/3 complex (which
nucleates actin branching) 8. CorolC interacts as well with the GDP-bound form of Rab27a (a
regulator of membrane trafficking) °. CorolC regulates ER recruitment for ER-associated endosome
fission, and Racl (a key regulator of the actin cytoskeleton and CFTR anchoring) distribution on the
cell 54929 The protein is ubiquitously expressed and localizes to cytoskeleton and leading edge
lamellipodia, and is associated to membranes 9%,

BII Spectrin (Spectrin Beta chain, non-erythrocytic 1, gene SPTBN1, UniProt ID Q01082) is the
chain of Spectrin, a cytoskeletal protein involved in maintaining cell shape and integrity . BII
spectrin is expressed in all nucleated cells and localizes to the membrane, Golgi apparatus, ER,
vesicles and nucleus %%, BII spectrin can form a large polymer complex with ankyrin and actin that,
functionally couples integral membrane proteins (ion channels, receptors, transporters) with the
cytoskeletal infrastructure . The protein is engaged in biogenesis of the lateral membrane domains of
epithelial cells, and compaction and accumulation of e-cadherin in the epithelial cell-cell contact 00102,
BII Spectrin participates in delivery of proteins and phospholipids to the membrane, serves as a major
scaffolding protein, and participates in cell cycle regulation by involvement in TGFB signalling %%-
100 1t js also involved in neuronal development and function, and is implicated in neurological
disorders %2, Defects in the protein have been associated with cardiac pathologies, and knockdown in
epithelial cells results in loss of the lateral membrane and changes in cell morphology %1%,

Enigma (LMP-1, gene PDLIM7, UniProt ID Q9NR12) is a cytosolic protein with a PDZ domain and
three LIM domains that function as protein-protein interaction domains %1% Enigma binding
partners include the insulin receptor (InsR), the receptor tyrosine kinase RET, PKC, -tropomyosin (a
component of actin filaments), and YAP (yes associated protein) 103105198 Enigma is also a ubiquitin
E3 ligase that inhibits NF-kB mediated inflammatory responses, by controlling nuclear p65 protein
levels 1%°, In addition, it was shown that Enigma is involved in bone formation 104110,

TCP-1-theta (T-complex protein 1 subunit theta, gene CCT8, UniProt ID P50990) is the 6 subunit of
the chaperonin CCT (chaperonin containing T-complex polypeptide 1, TRIiC) . The chaperone,
abundant in eukaryotic cytosol, facilitates the folding of actin and tubulin, GAPDH, TCAB1
(telomerase cofactor), and other proteins, several of which are involved in cell cycle progression 112,
Actin and tubulin are obligate folding substrates of CCT 3, Via its substrates, CCT is involved in cell
cycle progression, cytoskeletal organization, and telomere maintenance 314, TCP-1-theta was shown
have a role in progression of tumors. It is overexpressed in several types of tumors, and facilitates
migration and invasion of tumor cells by regulation of actin and tubulin 1>, TCP-1-theta has also
been identified as in vitro microtubule-associated protein 7.

PTRF (polymerase | and transcript release factor or cavin-1, gene CAVINL1, UniProt ID Q6NZI2) is a
protein found in the nucleus, cytosol, microsome and PM of the cell 1#1°, In the nucleus, PRTF is a
cellular factor required for RNA Polymerase I (Pol 1) transcription termination %, In the PM, PTRF is
a component of caveolae (specialized invaginations of the PM), and is required for the formation and
organization of caveolae, stabilizing and anchoring the structure to the cytoskeleton 811 The protein
is also a regulator of oxidative stress-induced premature senescence 2. Mutations in PTRF have been



reported in patients with muscular dystrophy accompanied by congenital generalized lipodystrophy.
Additional abnormalities include insulin resistance, dyslipidemia, and cardiac anomalies 2.

Transglutaminase 2 (TG2, gene TGM2, UniProt ID P21980), with ubiquitous tissue expression, is a
predominantly cytosolic protein. TG2 catalyses Ca?*-dependent post-translational modification of
proteins that includes transamidation, esterification and hydrolysis 23124, And, with no requirement for
Ca?", the protein has GTPase, ATPase, protein kinase, and protein disulfide isomerase activities, and
mediates signal transduction through G protein-couple receptors 24125, TG2 can also be secreted,
being involved in the assembly, remodelling and stabilization of the ECM by crosslinking of several
proteins (such as fibronectin, proteoglycans, collagen V). In addition, it contributes to the covalent
modification and activation of several growth factors including TGFR 23124, TG2 mediates cell-matrix
interactions that affect cell spreading, migration, and are important for wound healing, promotes tissue
mineralization and stabilizes dermo-epidermal junctions 24, Other functions include regulation of
cytoskeleton, cell adhesion and cell death. While there is no known disease associated to TGM2, TG2
is an autoantigen in celiac disease and in several inflammatory and fibrotic conditions
transglutaminase activity is increased 123124126,

Ku86 (X-ray repair cross-complementing protein 5, gene XRCC5, UniProt ID P13010) is a subunit of
Ku protein, a heterodimer of Ku70 and Ku86 subunits 1?7128, Ku is an abundant, mostly nuclear
protein, with the ability to bind DNA and RNA, and with sSDNA-dependent ATPase and ATP-
dependent DNA helicase activities. Ku protein is the regulatory subunit of the DNA-dependent protein
kinase (DNA-PK) that phosphorylates many proteins, including SV40 large T antigen, p53, RNA-
polymerase 11, hsp90 (heat shock protein), and several transcription factors 2/-12°, As such, Ku protein
has been implicated, directly or indirectly, in DNA replication, transcription regulation, DNA double
strand repair, V(D)J recombination of immunoglobulins and T-cell receptor genes, immunoglobulin
isotype switching, regulations of heat shock-induced responses, and regulation of telomeric termini.

Lamin B1 (gene LMNB1, UniProt ID P20700) is a component of the nuclear lamina, a meshwork of
filaments that underlines the inner nuclear membrane, and maintains nuclear shape, size and
mechanical stability %2 Lamin B1 is necessary for chromatin organization, participates in
chromosome condensation and distribution of heterochromatin, and has a role in DNA repair and
replication 13, The protein participates as well in regulation of gene expression and splicing 32132,
The protein expression is suggested to play an important role in the maintenance of cell proliferation
181133 amin B1 is constitutively expressed in all mammalian somatic cells and in undifferentiated
embryonic stem (ES) cells %131 A duplication of the gene LMNB1 leads to adult-onset autosomal
dominant leukodystrophy (ADLD), a demyelinating disorder 3. Loss of function mutations have been
linked to neural tube defects as susceptibility factors in humans, suggesting that this protein is
essential for proper brain development and function %

Flt-1 (vascular endothelial growth factor receptor-1/VEGFR-1, gene flt-1, UniProt ID P17948) is a
tyrosine kinase cell-surface receptor expressed almost exclusively at vascular endothelial cells **¢. Flt-
1 binds to the angiogenic factors: vascular endothelial growth factor (VEGF)-A, VEGF-B, and
placenta growth factor (PIGF) 37138, By binding and trapping VEGF-A, Flt-1 is a negative regulator
for angiogenesis at embryogenesis 13313, In adulthood, Flt-1 is also expressed in macrophages, with its
expression is upregulated in activated macrophages. Flt-1 is described as a positive regulator of
macrophage functions, stimulating inflammation, cancer metastasis and atherosclerosis via the
activation/migration of macrophage-lineage cells, and via its kinase ability ¥, It is involved in the
progression of rheumatoid arthritis, and Flt-1 is upregulated when in the recovery from ischemia 139140,
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Flt-1 gene (flt-1) expresses one full-length receptor and a soluble short protein known as soluble
VEGFR-1 (sFlt-1), the last one is generated by alternative splicing and is secreted .. sFlt-1 is a
VEGF-A antagonist. Overexpression of sFlt-1 in the placenta of preeclamptic patients is also indicated

to cause hypertension and renal dysfunction 1*°142,
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2. Objectives

The main objective of this dissertation project is to analyse and validate the effect of 11 candidate
CFTR-interacting proteins on the pharmacological rescue ofPhe508del-CFTR.

To complete the proposed objectives the following experimental plan was carried out:

1) Culture of human bronchial epithelial cells and optimization of candidate protein depletion by RNA
interference;

2) Investigation of the effects of depleting each of the candidate proteins on wt- and
pharmacologically rescued Phe508del-CFTR using:

e Western blot (WB) of whole cell lysates to monitor CFTR steady-state levels;
e Cell surface protein biotinylation assays coupled to WB to evaluate CFTR PM abundance;
o RT-PCR to assess steady-state levels of CFTR mRNA.
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3. Materials and Methods
3.1. Cell Culture

Cell culture refers to the isolation of cells from an animal, microbe or plant and their subsequent in
vitro maintenance. It is a tool exploited in many different ways, as it provides model systems for the
study of physiology and biochemistry of cells, or it can used for drug screening and development 4,

There are two types of cell culture, primary and continuous. Whereas primary cultures are cells
derived directly from tissues and have a limited life span, continuous cell lines consist of a single cell
type that has gain the ability for infinity growth. Though the process of transformation, spontaneous or
either chemically or virally induced, cells lose their growth regulation ability (senescence), acquiring
the ability to divide indefinitely, becoming immortalised 4. The cell lines used in this work are
derived from CFBE410-, a well-known cystic fibrosis human cell line. The parental cells were isolated
from bronchial epithelial cells and immortalized with the origin-of-replication defective SV40 plasmid
(pSVori-) from a CF patient, homozygous for the Phe508del CFTR mutation. This cell line displays
the ion transport traits typical of CF pathophysiology: a defective cAMP-dependent chloride transport
and an intact calcium-dependent chloride transport ™4 In this work, we used two subclones of
CFBE410- cells engineered to stably express wild-type- and Phe508del-CFTR, respectively. These
cells were a kind gift from JP Clancy, University of Alabama, USA, and were selected through a
puromycin antibiotic resistance gene, incorporated together with the CFTR transgenes #°.

Culture conditions vary for each cell type, but always consists of an appropriate container with a
substrate or medium that supplies the essential nutrients (amino acids, carbohydrates, vitamins,
minerals), growth factors, hormones, and gases (O2, CO.), and regulates the physiochemical milieu
(pH, osmotic pressure, temperature) 7. Both CFBE410- cell clones (hence forward designated wt-
CFBE e and Phe508del-CFBE) were cultured in T75 flasks (VWR) and maintained with minimal
essential medium (MEM) supplemented with 10% (v/v) foetal bovine serum (FBS), and 2 pg/mL
puromycin (all reagents were from Gibco, Life Technologies), to ensure transgene expression. All cell
lines were grown at 37°C in 5% CO; and regularly checked for the absence of mycoplasma infection.

Like most cells from epithelial origin, CFBE cells form adherent monolayers, and when the cells
capture all the available substrate and have no room for expansion, cell proliferation is greatly reduced
or ceases. Cells reach a stationary phase (confluence) and is necessary to divide the culture and
transferer the cells to a new vessel with fresh growth medium (subculturing/passing), keeping an
optimal cell density and enabling further propagation of the cell line 143, Therefore, maintenance of the
cultured cell lines was done every 4-5 days as follows: growth medium was removed and cells were
rinsed and incubated for 10 min with PBS 0.05% EGTA (Gibco, Life Technologies), to wash medium
remains and, as these cells are very tightly packed, to gently disrupt adherent junctions between cells
by chelating Ca?" ions necessary for the interaction of cadherins in adjacent cells. Next, cell adhesions
to the substrate were enzymatically digested with trypsin for 7 min and cells harvested and
resuspended in complete growth medium to inactivate the trypsin.

** https://www.sigmaaldrich.com/deepweb/assets/sigmaaldrich/product/documents/420/525/scc151ds.pdf

Site accessed at 7th May 2020

T https://www.thermofisher.com/content/dam/Life Tech/Documents/PDFs/PG1563-PJT1267-COL31122-Gibco-
Cell-Culture-Basics-Handbook-Global-FLR.pdf

Site accessed at 29th January 2021
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Cell culture was done under sterile conditions to keep cells free from contamination by
microorganisms such as bacteria, fungi and viruses. Such organisms outgrow the cells being cultured,
eventually Killing them due to the release of toxins and/or depletion of nutrients from the culture
medium. Even low-level contamination can cause cellular stress. The sources of contamination can be
nonsterile supplies, media, reagents, airborne particles, unclean incubators and dirty work surfaces. As
such, good aseptic techniques were used and cells, as well as all culture material and reagents, were
handled in a cell culture hood that provides an sterile work area and reduces contamination from
airborne particles and aerosols**,

3.2. Reverse Transfection

Down-regulation of a target protein can be achieved by short interference RNA (siRNA), a method
used to downregulate gene expression by cleaving the target mRNA, preventing translation. siRNAs
are short, double-stranded RNA molecules, normally 21 to 23 nucleotides long. Inside the cell,
siRNAs interact with the multi-component RNA-induced silencing complex (RISC), unwinding the
siRNA duplex and breaking down the sensed strand, leaving the antisense strand associated. The
siRNA antisense strand is able to bind to a complementary mRNA target, which is cleaved at a single
site by the RISC complex. The target mRNA is dismantled while the antisense strand remains
associated with RISC, enabling direct cleavage of further mRNA target molecules, leading to the
downregulation of protein expression 46,

Given that there is an electrostatic repulsion between the siRNA molecules and the cellular
membranes, as both present a negative net charge under normal physiological conditions, the delivery
of siRNAs to cells requires transfection methodologies #’. These are laboratory procedures that
introduce foreign nucleic acids into cells by biologic, physical, or chemical approaches .
Lipofectamine 2000 is a cationic liposome based reagent used for chemical transfection, that forms
positive charged complexes with nucleic acid molecules, allowing siRNAs to overcome the
electrostatic repulsion of the cell membrane and be taken up by the cell **". Transfection of adherent
cells can be standard, where the siRNA-lipid complexes are added on top of pre-seeded cells, or
reversed where the cells in suspension are added to the siRNA-lipid complex mix on the plate. The
latter approach increases the efficiency of transfection of epithelial cells, since the cell’s spheroid from
when in suspension increases the membrane area exposed to the complexes 4°.

In this work we used the Lipofectamine-mediated transfection of specific SiRNAs to downregulate the
expression of 11 proteins of interest. First, we optimized the siRNA transfection conditions to
determine the best siRNA concentrations and cell incubation times. Cells were reversed transfected
according to recommendations from Invitrogen, as follows: for each 35 mm petri dish we prepared
two transfection mixtures, the first composed of 110 or 220 pmol of siRNA diluted in 125 pL of
OptiMEM (Gibco, Life Technologies), and the second of 9 uL of lipofectamine 2000 (Invitrogen)
diluted in 125 pL of OptiMEM, both incubated for 5 min at room temperature. Following incubation,
both solutions were mixed and further incubated for 20 min at room temperature, after which the
mixture was added to the respective 35 mm dishes. In parallel, confluent cells were trypsinized and
resuspended in MEM supplemented with 10% (v/v) FBS. 2x106 cells in suspension were then added to
each 35 mm petri dish containing the transfection mixture. Cells were cultured for 24 h or 48 h at 37°C
with 5% CO,, after which, cells were lysed and RNA was extracted to be analysed by RT-PCR (see
below). The siRNAs used were all from commercial sources: Calgranulin A siRNA (h): sc-43342;
Coronin 1C siRNA (h): sc-44693; Enigma siRNA (h): sc-77273; Flt-1 siRNA (h): sc-29319; Ku86
SIRNA (h): sc-29384; Lamin B1 siRNA (h): sc-29386; PTRF siRNA (h): sc-76293; Spectrin § II
SiIRNA (h): sc-36551; TCP-1 6 siRNA (h): sc-43451; Tenascin-C siRNA (h): sc-43186; TGase2
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SiRNA (h): sc-37514, all from Santa Cruz Biotechnology. Oligo control siRNA against firefly
luciferase (siL.uc) from Thermo Scientific.

3.3. Cell Lysis and RNA Extraction

RNA extraction is the purification of RNA from a biological sample. And typically, the protocol
follows three steps: (1) cell lysis to release the nucleic acid; (2) purification to remove proteins and
other cellular debris; and (3) isolation of the purified nucleic acid *°.

Cell lysis depends on factors such as the specimen type or what we want to isolate, being DNA, RNA,
proteins or organelles, and the downstream application of the extract. As such, lysis can be either
mechanical disruption (e.g. sonification or homogenization) or non- mechanical disruption (e.g.
detergents, chaotropic salt solutions, or enzymatic digestion) *°. Protocols for the isolation of RNA
can use two different buffers for cellular lysis: (1) non-ionic detergents and hypotonic buffers, that
gently solubilize the plasma membrane while maintaining nuclear and other organelle integrity; or (2)
buffers that consist of harsh chaotropic agents, such as the guanidium salts, sodium dodecyl sulphate
(SDS) or phenol, which disrupt the PM and subcellular organelles and which simultaneously inactivate
RNases *1. These chaotropic salts act by disrupting the water’s structure and promoting solubility of
nonpolar substances like proteins in polar solvents like water **°.

After lysis, purification can be achieved by either organic or nonorganic methods . In this work it
was used a nonorganic method based on silica binding. Silica binding is currently the most popular
method for small-scale RNA isolation. It is efficient, rapid, easy, eliminates the use of the organic
solvents and it is commercially available by kits %%, The method is based on the high affinity that
nucleic acids have for the silica compound, in the presence of high salt concentration produced by
chaotropic salts like guanidine isothiocyanate (GITC). GITC can be used for cell lysis as well as to
promote adsorption of nucleic acids to silica columns. The modified silica surfaces are designed to
work with optimized binding and wash buffers, which aid in the separation of nucleic acids from
cellular components. Nucleic acid can be eluted from the silica using a low concentration, non-
chaotropic salt buffer 150151,

In this work, RNA was extracted from CFBE cells to confirm the efficiency of siRNA-mediated
knockdown of all candidate protein transcripts by RT-PCR (see below), enabling the optimization of
the reverse-transfection conditions. For that, cells were first washed with PBS++ (PBS pH 8.0
containing 0.1 mM CaCL: and 0.5 mM MgClIz) and lysed with RA1 buffer from NucleoSpin RNA Kit.
RNA was extracted using the kit instructions for “RNA purification from cultured cells and tissue”.
Extracted RNA was quantified, and its purity assessed on a NanoDrop One spectrophotometer
(Thermo Scientific). RNA was stored at -80°C until used for RT-PCR (see below).

3.4. Semi-Quantitative Reverse Transcription-Polymerase Chain Reaction

Reverse transcription-polymerase chain reaction (RT-PCR) is a technic that allows amplification of a
short-defined sequence of complementary DNA (cDNA) in a highly specific and sensitive manner °2,
RT-PCR is used when the starting material is RNA, and is divided in two steps: conversion of RNA
into cDNA by a reverse transcriptase enzyme; and conventional PCR and analysis.

3.4.1. Reverse Transcription (RT)

Following the RNA extraction, cDNA was synthesized using gScript XLT cDNA SuperMix (Quanta
bio). This commercial mix contains an engineered M-MLYV reverse transcriptase mutant with reduced
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RNase H* activity and improved yield and temperature stability, as well an optimized reaction buffer
already containing the necessary concentrations of MgCl,, dATP, dCTP, dGTP, and dTTP. It also
contains titrated concentrations of random hexamer and oligo(dT) primer that allows an efficient
reverse transcription by hybridizing with virtually all RNA molecules in the sample, and priming
cDNA polymerization. Synthesis reactions were carried out according to manufacturer’s instructions,
using 1 pg of total RNA.

3.4.2. PCR Method

The PCR assay is composed of a reaction mixture containing the template DNA, primers, nucleotides
(adenine, tyrosine, cytosine, guanine), a DNA polymerase and a reaction buffer. The primers are a set
of two oligonucleotide sequences that can be chemically synthetised to be complementary to the 3’
side of the opposite strands of the target DNA, flanking the region of interest that we want to amplify
143 The primers also serve as an extension point for the DNA polymerase, that uses the nucleotides in
the mixture to synthetise the new DNA strand. The PCR procedure consists in a series of 30 to 40
cycles, each consisting of three sequential steps with defined times and temperatures: (1) denaturation,
(2) annealing, (3) extension. First, denaturation of the double stranded DNA occurs by raising the
temperature above 90°C. Next, with the DNA strands separated, the temperature is lowered and the
primers can bind (anneal) to the complementary target DNA, flanking the sequence to amplify. The
temperature for this step is dependent of the sequence and GC content of the primers used and is
usually mathematically estimated and then experimentally optimized. For the final step, the primers
provide a free 3’end for the DNA polymerase extension, the duration of which depends on the
fragment size and the optimal temperature usually varies between 60-72°C, depending on the
polymerase used. After the PCR reaction, the product can be analysed by agarose gel electrophoresis
(see below).

All PCR amplifications were performed in C1000 Touch Thermal Cycler (Bio-Rad). For each reaction
we used 2 ul of cDNA (synthesized as above), and 23 pL of reaction mixture: 21.9 puL of PCR buffer
(50 mM KCI, 10 mM Tris-HCI pH 9, 1.5 mM MgCl,, 0.01% gelatin, 0.2 mM of each dNTP), 0.1 puL
(0,5 U) GoTaq G2 Flexi DNA Polymerase (Promega) and 0.5 pL of reverse and forward primer (10
puM). The PCR program structure was similar for all the primers used: first the reaction was heated to
94°C for 5 min; then, according to the total number of cycles for each PCR system, three steps were
repeated, (1) the mixture was heated for 30 sec at 94°C, (2) cooled to annealing temperature (Ta) for
15 sec, (3) and heated to 72°C for 30 sec; after all cycles the mixture stayed at 72°C for 5 min. The
number of cycles and Ta values for each primer pair are described in Table 3.1.

Table 3.1 - Description of primer sequence and its targets, and specific cycling parameters for each primer pair:
annealing temperature and number of cycles.

Number of

Target Primer Name: Sequence 5°—3’ Ta (°C) Cycles

Calaranulin A S100A8- F: TTCAGGTGGGGCAAGTCCG 62 36
g S100A8-R: ACGTCTGCACCCTTTTTCCTGAT

Lamin B1 LMNB1-F: GCGAAGAAGAGAGGTTGAAGCTG 62 25
LMNB1-R: GTGGCTGAGGCGGAATGAGA

Eniama PDLIM7-F: CCACCATGCTATGACGTGCG 62 26
g PDLIM7-R: TCTTCTCATAGTCTCGCTCGCAA

PTRE CAVIN1-F: CGTCAACGTGAAGACCGTGC 62 26
CAVIN1-R: GGCAGCTTCACTTCATCCTGGT

Sooctrn b1 SPTBN1-F: CGCAACAGACGGGGAAGGTTA » 2
pectrin SPTBN1-R: GGGACTCTTCCAGACGGGC

TGase2 TGM2-F: TCGGCCCATGACCAGAACAG 62 26
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TGM2-R: GCAGTACGTCCCTTCGCTCT

KUS6 XRCC5-F: CAAGTCGGCGTGGCTTTTCC 62 26
XRCC5-R: TTCAACTGTGCCTCGGTGGG

TCP-1 theta CCT8-F: GGCCTGTCAGTTTCAGAGGTCA 62 26
CCT8-R: TGGAGGTACGAAGTAGAGATGAGAC

Tenascin-C TNC -F: AGTAACGGTGGTGGATTCTGGG 62 31
TNC -R: ACTTCCGGTTCGGCTTCTGT

Coronin 1C CORO1C -F: GGTCATTGCCAGCGGTTCAG 62 29
CORO1C -R: GGCATTATCACAGCCTGCACT

FLT-1 FLT1-F: GCCACCTCCATGTTTGATGACT 62 40
FLT1-R: CTCAGCGTGGTCGTAGGTGA

CFTR CFTR-F: CTTCTGGGAGGAGGGATTTGG 60 23
CFTR-R: TCCAGCAACCGCCAACAAC

QPol2-F: CGCAATGAGCAGAACGGCGC

Pol2
QPo QPol2-R: TCTGCATGGCACGGGGCAAG

62 26

3.4.3. Semi-Quantitative RT-PCR analysis

To estimate the efficiency of knockdown of the targeted transcripts we applied a semi-quantitative
approach. Briefly, the control siRNA sample (siLuc) is designated as the reference sample, with the
intensity of its RT-PCR product assigned a value of 1.0 and, the intensity of the targeted siRNA
samples is compared to this baseline value. This semiquantitative method also requires the parallel
amplification of a housekeeping gene in all samples 3. Housekeeping genes are characteristically
expressed constitutively and are chosen because their expression patterns show none to minimal
variations in the experimental conditions used. As such, they can be used as internal standards to
normalize for the total RNA (converted to cDNA) among the various samples, allowing meaningful
comparisons between experimental conditions 3%, In this work, the housekeeping gene used for
normalization of the samples was the RNA polymerase 1l (QPol2) transcript.

3.4.4. Primer Design

The primers used for the internal standard, polymerase I, were already available in the host lab, all
other primers were designed with the primer-blast program available at the National Center for
Biotechnology Information (NCBI) website *. The mRNA complete sequence for the transcripts of
interest was selected from the NCBI nucleotide database and the in site tool “pick primers” was used
setting the primer selection parameters as follows: PCR product size between 150 and 300 bases and a
range of 58°C to 65°C primer melting temperature (Tm). In addition, the option “Primer must span an
exon-exon junction” was selected, to ensure that any contaminant of genomic origin in the cDNA
would not be efficiently amplified. When needed, the range of the primers in the mRNA sequence was
constricted. All other optional parameters were kept at default settings. The optimal pair of primers
was selected from the program output list considering the best combination of product length, Tm and
a minimum of self-complementarity. Primer synthesis was procured from Thermo Fisher (Invitrogen)
and the ideal PCR conditions (Ta and number of cycles) were then optimized for each primer pair. The
primers stock solutions (100 uM) were prepared in sterile TE buffer (10 mM Tris pH 8, 1 mM EDTA).

3.4.5. Agarose Gel Electrophoresis

Electrophoresis is the migration of a charged particle under the influence of an electric field 4. The
technic uses a polymerized gel-matrix, where the DNA molecules of the analysed samples are

H https:/fwww.ncbi.nlm.nih.gov/
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separated. The migration of these molecules can be influenced by: (1) the size, shape, charge, and
chemical composition of the molecules; (2) the gel-matrix density and structure; and (3) the applied
electric field; as represented in Equation 3.1:

Equation 3.1

where:

E = electric field in volts/cm

g = net charge of the molecule

f = frictional coefficient, dependent on the mass and shape of the molecule and the gel-matrix
properties

v = velocity of the molecule

For molecules with similar conformation, like PCR products, and under constant-voltage conditions,
the movement of the charged molecule will not vary with shape, and as such, molecules migrate at a
rate proportional to their charge-to-mass ratio **>. DNA molecules migrate towards the anode of the
electrophoretic setup, due to the negative charge phosphates along the DNA backbone . Because
charge per unit length is the same for different DNA fragments, the separation of these molecules
occurs because of resistance caused by the matrix, with the largest molecules having more difficulty
passing through the gel-matrix and the smallest molecules moving faster 43, Agarose gels can be used
in both protein and nucleic acids electrophoresis. The gels are made by dissolving agarose in a
conductive buffer like Tris-Borate with EDTA (TBE). The concentration of agarose dictates the
density of the gel matrix structure, with higher concentrations producing denser matrixes. As such, gel
concentrations are chosen according to the size range of the molecules to be separated. For
electrophoresis of DNA, the gel is placed in the electrophoresis tank and submerged in the conductive
buffer 3. Samples are then mixed with a loading solution containing sucrose, glycerol or Ficoll (to
increase sample density and allow deposition in the gel wells) and a tracking dye (to estimate
migration of the DNA molecules), and loaded in to the gel. After electrophoresis, the migration of the
DNA bands can be visualized by staining with a dye, like ethidium bromide, that intercalates with
DNA and fluoresces red orange (560 nm) under UV lights 14,

In this work, all PCR products [20 pL of the reaction mixed with Sul of 5X Green GoTaq Flexi Buffer
(loading solution from Promega)] were analysed in 2% - 2.5% (w/v) agarose gels stained with 0.5
pg/ml of ethidium bromide (Sigma-Aldrich). Electrophoresis were ran at 80V in TBE buffer (89 mM
Tris-borate, 2 MM EDTA at pH 8.3). A DNA ladder (1 Kb DNA Ladder from Invitrogen) was loaded
to every gel to confirm expected molecular weight of the amplification products. Images of the
ethidium bromide-stained gels were acquired using the digital image acquisition system, Fire Reader
(Progen Scientific).

3.5. Cell Surface Protein Biotinylation

The chemical modification of molecules (proteins, DNA, RNA, etc.) with biotin is one of the most
useful tools in biochemical and biomedical research. Biotin is a water-soluble vitamin that can bind
strongly to the proteins avidin and streptavidin (SA) **’. The high affinity and specificity of the
interactions biotin-avidin and biotin-SA makes biotinylated molecules easily detected with
streptavidin derivates or efficiently captured on avidin/streptavidin-coated solid supports %815, In
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vivo, biotinylation occurs when biotin is covalent linked to an amino acid or carbohydrate moiety of
the protein . One application of this approach is the identification and purification of cell surface
proteins %%, The chemical reagent used for protein biotinylation is made up of: (1) a biotin moiety, that
interacts with avidin/SA reagents; (2) a spacer, with sufficient length to allow protein capture by
avidin/SA, and (3) a reactive moiety for the covalent binding of biotin to the protein, being the most
used the reactive esters like the N-hydroxysuccinimide (NHS) group that targets a- or g-amino groups
of lysine residues or the proteins’ N-terminus. The NHS group is widely used due to most proteins
having numerous lysine residues that usually occupy an accessible position of the protein, and that
lysine residues are usually not directly involved or has little effect in the biological activity of the
protein 1°715°, NHS-esters of biotin are essentially water-insoluble, but a sulfonate group on the NHS
ring (sulfo-NHS-esters) conveys solubility to the compound and makes these reagents less membrane
permeable, making sulfo-NHS-esters of biotin the most frequently used as cell surface biotinylation
reagents. Cleavable spacers groups can be added to the reagent to facilitate the release of biotinylated
proteins after capture, the most common being a disulphide bridge that can be broken by reducing
agents like b-mercaptoethanol or DTT (dithiothreitol) **°. Biotinylation of cell surface proteins allows
the selective study plasma membrane protein composition. For this approach the reagent
Sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (sulfo-NHS-SS-biotin) is the most
commonly used. After biotinylation of the proteins at the cell surface, cells can be lysed and
membrane proteins purified on a SA-coated support. Other protein contaminants can be removed by a
series of washing procedures and biotinylated proteins can be eluted by reducing the disulphide bridge
of the cleavable linker and further analysed 6%,

In this study we used the cell surface protein biotinylation technique to assess the effect of the sSiRNA-
mediated knockdown of our selected proteins on the levels of CFTR at the PM of CFBE cells.
Phe508del-CFBE and wt- CFBE cells were reverse transfected in 35 mm petri dishes with 220 pmol of
siRNA as described above (see Reverse Transfection). Cells were either transfected with siRNAs for
the proteins of interest or siL.uc (as control), and treated with 5 uM VX-809 (Vertex Pharmaceuticals),
a chemical chaperon drug that corrects Phe508del-CFTR folding and partially rescues its PM
expression, or with the vehicle DMSO (Honeywell), and incubated for 48 h at 37°C, 5% CO, %.
Additionally, CFBE cells treated with DMSO but not transfected or exposed to the biotinylation
reagent were used to control for potential contaminations of precipitates with endogenous
unbiotinylated proteins °,

After the 48 h, cells were washed vigorously with RPMI medium 1640 (Gibco, Life Technologies) to
remove medium contaminants and dead cells. Afterwards, cells were placed on ice and washed five
times with ice cold PBS-CM (PBS pH 8.0 containing 0.1 mM CaCl, and 1 mM MgCl,) to further
remove contaminants and arrest endocytosis. Cells were incubated for 15 min with 1 mL of ice-cold
PBS-CM with 0.5 mg/mL of Sulfo-NHS-SS-Biotin (Santa Cruz Biotechnology) per well, to label all
cell surface proteins. Next, cells were rinsed twice and incubated for 15 min with 2 mL of ice-cold
Tris-Q (100 mM Tris/HCI pH 8.0, 150 mM NaCl, 0.1 mM CaCl,, 1 mM MgCly, 10 mM glycine, 1%
(w/v) BSA) to quench the reaction. Tris and glycine contain primary amines, and BSA competes for
the reaction with biotin. Cells were then washed three times with cold PBS-CM. After, PBS-CM was
removed and each well was lysed in 250 pL of ice-cold pull-down buffer (50 mM Tris/HCI pH 7.5,
100 mM NacCl, 10% (v/v) glycerol, 1% (v/v) NP40, 1% (v/v) of Protease inhibitor cocktail (Sigma-
Aldrich)) with the help of a scraper and always on ice. From this point on, all samples were also
handled on ice. Cell lysates were collected and centrifuged (Eppendorf Centrifuge 5418 R) at 10000x
rpm for 10 min at 4°C. For each lysate sample, 20 pL of the supernatant was collected and added to 20
uL of 2x Sample Buffer (62.5 mM Tris-HCI pH 6.8, 3% (v/v) SDS, 10% (v/v) Glycerol, 0.02% (v/v)
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Bromophenol Blue), representing whole cell lysate. Approximately 180 pL of supernatant was added
to 30 ul of G-protein agarose beads (Roche) slurry (1:1, beads:pull-down-buffer) to perform a pre-
clearing of the cell lysate, removing proteins that bind to the beads in a non-specific way. The
remaining 50 pul. of supernatant and pellet were resuspended in 350 puL of RA1 buffer for RNA
extraction (as described above). The lysates added to G-protein agarose beads were rotated for 1 h at
4°C and centrifuged for 1 min at 6000x rpm. All of the 180 pL of supernatant was recovered and the
beads were discarded. The pre-cleared lysate were added to 40 pl streptavidin-agarose beads (Sigma)
slurry (1:1, beads:pull-down-buffer), previously incubated for 1 h in 1 ml cold pull-down buffer
containing 2% (w/v) milk, and washed three times in pull-down buffer. Lysate and beads were rotated
for 1 h at 4°C, where biotinylated proteins were captured by the streptavidin-agarose beads allowing
purification. Lysates and beads were centrifuged for 1 min at 6000x rpm, supernatant was discarded
and beads were washed five times in cold wash buffer (100 mM Tris/HCI pH 7.5, 300 mM NaCl, 1%
(v/v) Triton X-100). Beads were dried with the help of a needle and the captured proteins were
recovered in 20 pl of 2x Sample Buffer with 100 mM DTT (BioRad).

Proteins samples, either whole cell lysates or surface membrane proteins, were further analysed by
SDS-Page and Western Blotting (see below) to evaluate CFTR protein levels and candidate protein
knockdown efficiency, when antibodies were available. RT-PCR was performed to confirm
knockdown and mRNA expression levels of proteins for which a specific antibody was not available.
PCR was also used to evaluate the effect of the protein knockdown on the levels of CFTR mRNA.

3.6. SDS-Page and Western Blotting

Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS-PAGE) is an electrophoretic
method used for analysis of protein mixtures in the presence of SDS, and is based on the separation of
proteins according to size. The protein mixture is treated with a sample buffer that usually contains
either mercaptoethanol or DTT, to reduce disulphide bridges and break the protein tertiary structure
143, The buffer also contains SDS that further breaks the protein structure, producing linear polypeptide
chains, and that binds to the denaturated protein in a constant ratio, conferring it a negative net charge,
a constant charge/mass ratio and an uniform shape. As such, in an electrophoresis, the proteins move
towards the anode, and separate according to their molecular weight, where the smaller proteins pass
through the gel-matrix more easily 131, In addition, the buffer also has a tracking dye to monitor the
electrophoretic run, like bromophenol blue, and sucrose or glycerol to give the sample density to settle
at the bottom of the loading wells of the gel.}** SDS-PAGE uses a polyacrylamide gel formed by
polymerization of acrylamide and the cross-liking agent N,N’-methylyne-bis-bis-acrylamide. Much
like in a agarose gel, the concentrations of acrylamide and bis-acrylamide will determine the resolving
power and molecular size range of a gel, where lower concentrations give gels more open matrixes,
allowing analysis of molecules with higher molecular weight . The gel is usually a vertical slab,
prepared between two glass plates separated by spacers. To make the sample wells, a plastic comb is
inserted into the top of the slab gel and removed after polymerization. SDS-PAGE can be a
discontinuous gel electrophoresis, where the gel has two layers, a lower or resolving gel and an upper
or stacking gel. The samples are loaded to the stacking gel to concentrate the protein sample into a
sharp band before it enters the separating gel. Proteins are concentrated because the buffers used to
prepare the two gel layers are of different ionic strengths and pH, and the stacking gel has a lower
acrylamide concentration, so its pore sizes are larger. Thus the proteins enter the resolving gel at the
same time, and start to separate according to their molecular weight 143%,

Western blotting is a technic that allows individual separated proteins to be analysed after SDS-PAGE.
It consists of the electrophoretic transfer (electroblotting) of the separated proteins from a
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polyacrylamide gel to a sheet of a nitrocellulose or polyvinylidene fluoride (PVDF) membrane. The
transferred membrane (blot) strongly binds and immobilizes the proteins, making them more
accessible to chemical or biochemical reagents for further analysis 31, In this method, the gel and
the membrane are compressed like a sandwich in a cassette and immersed in a buffer between two
parallel electrodes. The current passes at right angles to the gel, causing the proteins to migrate out of
the gel and into the blot membrane . The blot membrane can be probed with an antibody for
detection of specific proteins. First, the membrane is incubated in a 5% (w/v) non-fat dried milk to
block protein-binding sites on the membrane that are not occupied by blotted proteins to prevent
unspecific binding of membrane-antibody. Following, the blot is incubated overnight with a dilution
of a primary antibody (immunoglobulin G, IgG) directed against the protein of interest. To visualize
the interaction protein-primary antibody, the blot can be further incubated in a dilution of a secondary
antibody directed against the the species that provided the primary antibody. The second antibody is
labelled (conjugated) usually to an enzyme so that the interaction of the second antibody with the
primary antibody produces a visual signal, and one of the most used enzymes is horseradish
peroxidase (HRP). To detect horseradish peroxidase, one can use the method enhanced
chemiluminescence (ECL). In the presence of hydrogen peroxidase and the chemiluminescent
substrate luminol, the enzyme oxidises the luminol with a concomitant production of light, detected by
exposing the blot to a photographic film 43.1%,

Thus, in this study, protein samples obtain through biotinylation were fractionated by SDS-PAGE and
further analysed by WB. SDS-PAGE gels used were of a 0.75 mm thickness, containing a 10 mm
stacking layer of 4% polyacrylamide gel on top of a 30 mm layer of 9% polyacrylamide resolving gel.
Each gel was prepared by mixing: distilled water; Tris-HCL buffer (Tris-HCI 0.5 M pH 6.8 for the
stacking gel and Tris-HCI 1.5 M pH 8.8 for the resolving gel); 40% acrylamide/bis-acrylamide (Merck
Millipore); SDS 10% (w/v) (Sigma-Aldrich) and glycerol 100% (Sigma-Aldrich) in the quantities
described in Table 3.2. 10% (v/v) ammonium persulfate (APS, Sigma-Aldrich) and
tetramethylenediamine (TEMED, Panreac Applichem) were added to the mixture to activate
polymerization. After polymerization, the gel was set in the electrode assembly, placed in the
electrophoresis chamber and submerged in 1x SDS-PAGE running buffer (25 mM Tris, 192 mM
glycine, 0.1% (w/v) SDS). The samples were loaded into the gel together with a protein ladder marker
(Precision Plus Proteins™ All Blue Standards, Bio-Rad), which contains proteins of known molecular
weight to help monitoring the migration rate during the run and estimate the size of proteins detected
afterwards by WB. The electrophoresis was ran under 150V, at 4°C, for approximately 1 h and 15 min.

Table 3.2 - Recipe for one polyacrylamide gel.

Resolving gel Stacking gel

Polyacrylamide % 9% 4%

ddH20 (mL) 2.25 1.45
Tris-HCI buffer (mL) 1.15 0.25

40% Acrylamide/bis (mL) 1.00 0.20

100% Glycerol (mL) 0.045 0.020

10% SDS (mL) 0.045 0.020

10% APS (uL) 67.5 30

TEMED (pL) 5 3.25

Following SDS-PAGE, the gel was removed from the cassette and the stacking layer was discarded.
Proteins in the resolving layer of the gel were transferred onto a PVDF membrane (BioRad)
previously activated with methanol and hydrated with double-distillate water. The gel and membrane
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were placed in a cassette between blot filter paper and foam pads and set on a block in a Wet/Tank
Blotting System Mini Trans-Blot® Cell (Bio-Rad) with transfer buffer (20% (v/v) methanol, 0.3%
(wiv) Tris, 1.44% (w/v) glycine) for 90 min at 300 mA, on ice. After transfer, in order to confirm the
loading of correct amount of proteins in all lanes, blot membranes were stained with Coomassie Blue
(0.25% (w/v), Sigma), 45% (v/v) methanol, 10% (v/v) acetic acid) and washed two times, under
agitation, with distain solution (45% (v/v) methanol, 10% (v/v) acetic acid, to remove unbound
background dye from the membrane and fixate the protein to the membrane. Under agitation, the
membrane was washed three times for 5 min with TBST (0.5 mM Tris, 0.67 mM NaCl, 0.28% (v/v)
HCI 37% and 0.05% (v/v) Triton x-100 (0,05% (v/v)), pH 7.6) and incubated with a blocking solution
(5% (w/v) non-fat milk in TBST). After blocking, the membrane was cut according to the molecular
weight of the selected proteins to detect, and each piece was probed overnight, under agitation at 4°C,
with the appropriate dilution of primary antibody in blocking solution. Primary antibodies directed
against the proteins of interest were all purchased from Santa Cruz Biotechnology, and the dilutions
used are as follow: 1:750 mouse a-Enigma clone H-12 (sc-398100), 1:3000 mouse o-Ku-86 clone B-1
(sc-5280), 1:100 mouse a-Lamin B1 clone A-11 (sc-377000), 1:300 mouse a-PTRF clone 4a (sc-
517589), 1:1500 mouse a-spectrin  II clone F-7 (sc-515592), 1:250 mouse a-TCP-1 6 clone E-7 (sc-
377261), 1:3000 mouse a-TGase2 clone E-3 (sc-48387). The protein Tubulin was detected using
mouse a-BTubulin (Sigma Aldrich) with a dilution of 1:200 000, both as a loading control in all cell
lysates and as a control for contamination with cytosolic proteins in the cell surface protein
biotinylation samples. An alternative loading control used was -catenin, detected using mouse o-p-
catenin (Abcam) with a dilution of 1:4000, whenever the molecular size of the proteins of interest was
close to that of tubulin. To CFTR detection a mouse a-CFTR clone 596 (CFF) antibody was used, with
dilutions described in Table 3.3.

Table 3.3 - Dilutions used for a-CFTR antibody.

Cell line Lysate Antibody Dilution

CFBE Phe508del-CFTR Membrane Protein 1:1 500
Whole cell lysate 1:5 000

CFBE wild type-CFTR Membrane Protein 1:20 000
Whole cell lysate 1:60 000

Next, always under agitation, the membranes parts were washed three times for 10 min with TBST,
incubated for 1h with 1:3000 secondary antibody conjugated with HRP, (a-mouse 1gG, sc-1706516,
Bio-Rad) and washed again three times with TBST for 10 min. The chemiluminescent method to
visualize the proteins of interest was performed in a dark chamber, where membranes were incubated
with a mixture of two solutions for 1 min: (solution 1) 0.1 M Tris-HCL pH 8.8, 2 mM Luminol, 0.2
mM p-coumaric acid; (solution 2) 0.1 M Tris-HCL pH 8.8, 25 mM hydrogen peroxide. The
chemiluminescent reaction between HRP and luminol was detected by making multiple exposures of
the membrane to x-ray films (Fujifilm) in an appropriated cassette. The exposed x-ray films were
processed in a X-Omat 2000 automatic developer (Kodak).

When necessary, membranes were stripped and reblotted as follows. WB membranes were washed
three times with double-distillate water and incubated for 5 min with NaOH 0.25 M. Next, membranes
were washed three times with double-distillate water and TBST and incubated for 30 min with
blocking solution, followed by overnight incubation with the primary antibody. The rest of the WB
procedure was as described above.
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3.7. Data Analysis

Densitometric analysis of band intensities in digitalized WB films and RT-PCR gel images were
performed using ImageJ software (NIH).

For semi-quantitative analysis of RT-PCR bands, a calibration curve was included in all PCR
reactions, made from serial (1:2) dilutions of control cDNAs. The corresponding band intensities were
fitted using linear regression, and the equation obtained used to estimate the relative DNA
concentration corresponding to the intensity of each sample band in the same PCR assay. To account
for variations in RNA concentration during cDNA preparation, the values obtained for each transcript
of interest were first normalized to the values similarly obtained for the RNA polymerase Il transcript
amplified in parallel from the same cDNA samples (internal housekeeping control). Next, of the
corrected densitometric values obtained for the transcripts of interest in each siRNA assay were
expressed in fold change to the values obtained for the siL.uc control the same assay (considered as
reference sample). Afterwards a t-student test was applied to compare data sets of replicate control
(siLuc) vs. transcript of interest knockdown, and differences were considered significant when p-value
< 0.05.

Analogous to DNA analysis, for WB normalization, the ratio between the protein of interest and
tubulin or B-catenin (loading controls) was done. Afterwards, protein abundance was determined by
calculating the ratio between the protein of interest in a condition with siRNA and the control
condition with siLuc. This ratio expresses the change of protein levels with respect to the control.
Similarly, t-student tests were applied to compare replicate datasets of control (siL.uc) vs. protein of
interest knockdown and differences were considered significant when p-value < 0.05.
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4. Results

To analyse the effect of the candidate proteins on pharmacologically rescued Phe508del-CFTR
(rPhe508del-CFTR) we used an RNA interference approach. We depleted the candidate proteins and
observed the effect it had on rPhe508del-CFTR overall and PM abundance through cell surface protein
biotinylation assays and Western Blot (WB) analysis.

To begin, we tested the efficiency of siRNA-mediated depletion on each of the candidate proteins
transcripts, in CFBE cells. We tested different sSiRNA quantities and different incubation time points
post-transfection, and used RT-PCR to monitor transcript levels for each candidate protein. We chose
to use 220 pmol of siRNA followed by an incubation time of 48 h as the optimal conditions to obtain
the significant reduction in expression of the targeted transcripts (see example in Figure 4.1 B) The
monitoring of depletion efficiencies required the design of specific primers and optimization of
optimal RT-PCR conditions for each candidate transcript (see 3. Materials and Methods).

When specific antibodies were available, target protein levels were also assessed by WB, after SiRNA-
mediated depletion.

4.1. Tenascin-C

We started our study by depleting candidate protein Tenascin-C (TNC) After transfection, Phe508del-
CFBE cells were incubated for 48 h with either 5uM of the VVX-809 corrector or with DMSO (vehicle
used as control). We then performed a cell surface protein biotinylation assay, where proteins at the
cell surface are labelled with non-permeable EZ link Sulfo-NHS-SS-Biotin and captured with
streptavidin beads (described in 3. Materials and Methods). We recovered surface proteins and
collected whole cell lysates for protein and RNA analysis. To control this assay, on one condition we
did not apply biotin, and thus expected to recover no surface proteins. The recovered proteins fractions
were then analysed through SDS-PAGE and WB. The protein tubulin was used as a loading control
and to assess contamination of the biotinylation assay with intracellular proteins from permeable cells.
The same methodology was applied for each one of the candidate proteins. In WB analysis
rPhe508del-CFTR, when comparing the siLuc control cells treated with DMSO to treatment with VX-
809, we can confirm the pharmacologic rescue of CFTR, both in whole cell steady-state levels (WCL),
with an increase in abundance of CFTR band C (full glycosylated protein), and at the PM (surface)
fraction (see Figure 4.1 A).

WB analysis of PM proteins shows that TNC downregulation, appears to decrease PM expression of
rPhe508del-CFTR when compared to “siLuc + VX-809” control cells (Figure 4.1 A). Quantification
of membrane CFTR signals corroborates this trend. Cells treated with siTNC present rPhe508del-
CFTR with a mean of 0.21 at the PM, opposed to the control, with a given value of 1. Because of
covid restrictions, we were only able to conclude two replicates of this experiment (n = 2), and thus,
this analysis is qualitative, and the result is not statistically significant. More replicates would be
needed to confirm this tendency. Noticeably, TNC knockdown does not appear to alter the overall
abundance of rPhe508del-CFTR, but further assays would be needed to corroboration. Altogether,
these results may indicate that TNC knockdown interferes with CFTR abundance at the plasma
membrane, but not total CFTR on the cell. We propose that CFTR stability at the PM may be affected.

We used the RNA fraction (after biotinylation) to extract RNA, and through PCR, analyse the quantity
of TNC transcript and confirm TNC knockdown. Figure 4.1 B is a representation of the PCR
confirming that the transfection reduced TNC mRNA.
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Figure 4.1 - TNC downregulation appears to reduce plasma membrane CFTR. (A) Western Blot analysis of
Phe508del-CFTR in biotinylated cell surface proteins (Surface) and in whole cell lysates (WCL). Phe508del-CFBE cells
were non-transfected, transfected with 220 pmol of either siLuc or siTNC. Phe508del-CFTR was rescued to the PM by 48 h
incubation with 5 uM VX-809 at 37°C. Non-transfection cells were used as a control for biotinylation, DMSO was used as a
control for rescue with VVX-809, and Tubulin was used as a loading control. Arrows indicate immature (band B) and fully
glycosylated (band C) Phe508del-CFTR. (B) Representative semi-quantitative PCR for efficiency assessment of TNC
siRNA-mediated knockdown. RNA Polymerase Il (Pol2) was used as reference. The figure shows representative images of
two replicate assays (n = 2).

4.2. Coronin 1C

Following the same procedure described above for TNC, we evaluated the effect of Coronin 1C
downregulation on rPhe508del-CFTR abundance. Using a specific Coronin 1C siRNA we
downregulated the protein transcript in Phe508del-CFTR CFBE cells to approximately 41% of its

normal levels (control, siLuc + VX-809). The efficiency was determined through semi-quantitative
PCR, see Figure 4.2 B.

Using surface biotinylation assay, we found that Coronin 1C knockdown led to a marked decrease of
rPhe508del-CFTR at the cell surface when compared to control, see Figure 4.2 A. Analysis of WCL,
reveals that there is also a slight reduction of the levels of fully glycosylated form of rPhe508del-
CFTR, while the immature form of the protein appears to be the same. Quantification of CFTR levels
of the WB membranes confirms statistical relevance in the reduction of surface and total mature
rPhe508del-CFTR, to = 31% and =~ 79%, respectively (see Figure 4.3). These results show that
Coronin 1C knockdown decreases mature rPhe508del-CFTR abundance and suggest a role for

Coronin 1C in CFTR traffic to the cell surface and in its stability at the membrane, not excluding
CFTR ER-Golgi trafficking 82919,
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Figure 4.2 - Coronin 1C knockdown reduces VX-809-rescued Phe508del-CFTR but not wt-CFTR. (A) Biotinylation of
cell surface proteins. Phe508del-CFTR CFBE cells were non-transfected or, transfected with 220 pmol of either siLuc or
siCoronin, followed by 48 h incubation at 37°C with VX-809 (5 pM) or DMSO. Shown are representative WBs of
Phe508del-CFTR from recovered biotinylated cell surface proteins (Surface) and whole cell lysates (WCL). Arrows indicate
immature (band B) and fully glycosylated (band C) CFTR. Membranes were further stained for a-Tubulin as a loading
control. (B) Representative semi-quantitative PCR and graphic representation of band intensity for Coronin 1C mRNA levels
in Phe508del-CFTR CFBE cells. Cells treated as described in (A). RNA Polymerase 11 (Pol2) was used as reference. Graphic
data are means + SEM, compared to siLuc + VX-809, significance was tested using unpaired, two-tailed, t-test. *** is p <
0.001. (C) Surface biotinylation assay in wt-CFTR CFBE cells and (D) graphic representation of CFTR band intensity from
recovered biotinylated cell surface proteins and whole cell lysates. Cells were transfected with 220 pmol of siLuc (control) or
siCoronin and incubated for 48 h at 37°C. Tubulin was used as a loading control. In (D) Data are means + SEM relative to
siLuc [analysis of variance (Anova) followed by t-test]. (E) Representative semi-quantitative PCR and graphic representation
of band intensity for Coronin 1C mRNA levels in wt-CFTR CFBE cells. Cells treated as described in (C). RNA Polymerase
11 (Pol2) was used as reference. Graphic data are means + SEM, compared to siLuc + VVX-809, significance was tested using
unpaired, two-tailed, t-test. ** is p < 0.01.

Next, we checked if the downregulation of Coronin 1C in wt CFBE cells had the same effect. wt-
CFBE cells were transfected with siLuc or siCoronin and incubated for 48 h at 37°C. Afterwards, it
was performed a cell surface protein biotinylation assay, where cell surface proteins, whole cell lysates
and RNA fraction were recovered. Coronin 1C downregulation was controlled by PCR. Coronin 1C
transcripts levels were reduced to 60% compared to normal levels in cells treated with siLuc, see
Figure 4.2 E. Analysis and quantification of WB membranes reveal that there is no significant
alteration of the abundance of wt CFTR on the PM or in whole cell after Coronin 1C knockdown (see
Figure 4.2 C). Suggesting that the effect we see on Phe508del-CFBE cells is specific to the phe508del-
CFTR interactome.
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Figure 4.3 - Summary of Surface and WCL CFTR band C levels quantification. Quantification by WB densitometry of
CFTR band C levels from (A) isolated biotinylated surface proteins and (B) WCL, in Phe508del-CFTR CFBE cells. Cells
transfected with 220 pmol of protein-specific siRNA (siLuc, siCoronin, siCalgranulin, siSpectrin, siEnigma, siPTRF, siTG2,
siKu86, siLamin or siFLT-1) and incubated for 48 h at 37°C with VX-809 (5 uM). Data are means = SEM, compared to
siLuc + VX-809 (control), * is p < 0.05, ** is p < 0.01, and *** is p < 0.001. Analysis of variance (Anova) was followed by
t-test.

4.3. Calgranulin

Calgranulin is a protein found in high circulating levels in CF patients . So, to check if the protein
has a direct effect on CFTR abundance at the PM is of great interest. Using siRNA specific for
Calgranulin, we reduced the protein transcript to ~ 45% of its normal levels (control, siLuc + VX-
809). The efficiency was determined through semi-quantitative PCR, see figure 4.4 B.

WB analysis shows that Calgranulin knockdown does not promote any difference in abundance of
rPhe508del-CFTR at the PM. In whole cell lysates, band C appears to be slightly reduced, while band
B remains unchanged. Quantification of the membranes confirms a statistic reduction, albeit modest,
of = 20% of the abundance of band C from WCL (Figure 4.3 B). It suggests that Calgranulin
downregulation does not affect CFTR synthesis or stability at the PM, but it may interfere with ER-
Golgi trafficking. The same way we used the RNA fraction of the biotinylation assay to see the
Calgranulin transcript levels, we perform a PCR to confirm that Calgranulin knockdown does not
affect CFTR transcripts levels. The analysis does not reveal any statistically significant change of the
levels of CFTR transcript, confirming that the observed effects were not caused by changes in CFTR
synthesis (Figure 4.4 C and Figure 4.5).
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Figure 4.4 - Calgranulin downregulation does not affect rPhe508del-CFTR stability at the PM. (A) WB analysis of
biotinylation assay in Phe508del-CFTR CFBE cells. Cells were non-transfected or, transfected with 220 pmol of either siLuc
or siCalgranulin, followed by 48 h incubation at 37°C with VX-809 (5 uM) or DMSO. Recovered biotinylated cell surface
proteins (Surface) and whole cell lysates (WCL), arrows indicate immature (band B) and fully glycosylated (band C)
rPhe508del-CFTR. Tubulin used as a loading control. (B) Representative semi-quantitative PCR and graphic representation
of band intensity for Calgranulin mRNA levels in Phe508del-CFTR CFBE cells. Cells treated as described in (A). RNA
Polymerase 1l (Pol2) was used as reference. Graphic data are means + SEM, compared to siLuc + VX-809, significance was
tested using unpaired, two-tailed, t-test. * is p < 0.05 (C) Assessment of CFTR mRNA levels in Phe508del-CFTR CFBE cells
by semi-quantitative PCR. Cells treated as described in (A). RNA Polymerase Il (Pol2) was used as reference. Shown are
representative images of at least 3 replicate assays (n > 3).
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Figure 4.5 - Summary of CFTR transcript analysis. Quantification of CFTR mRNA bands from semi-quantitative PCR.
Phe508del-CFTR CFBE cells were transfected with 220 pmol of protein-specific siRNA (siLuc, siCoronin, siCalgranulin,
siSpectrin, siEnigma, siPTRF, siTG2, siKu86, siLamin or siFLT-1) and incubated for 48 h at 37°C with VX-809 (5 uM).
Cells were used in the biotinylation assay and RNA fraction was recuperated for use in a semi-quantitative PCR. Data are
means + SEM, compared to siLuc + VX-809 (control), * is p < 0.05, and ** is p < 0.01. Analysis of variance (Anova) was
followed by t-test.

4.4. 11 Spectrin, Enigma

BII Spectrin and Enigma proteins were downregulated in Phe508del-CFTR CFBE cells to
approximately 18% and 12%, respectively, of their normal cell levels (control, siLuc + VX-809). The
efficiency of the siRNA’s, siSpectrin and siEnigma, mediated knockdown was determined through
quantitative analysis of the proteins’ levels in WB membranes (see Figure 4.6 A and B). Following the
same procedure used for the other candidate proteins, cells were then treated with DMSO or VX-809
(for Phe508del-CFTR rescue), and used for biotinylation assay and WB analysis. Analysis of the WB
membrane from the first assay revealed DNA contamination. The first step of the protein purification
was not done properly, and the resulting blotting presents blurry protein bands that could not be
accurately quantified. As such, we only have one valid assay for Spectrin, with three replicates.
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However, the visual analysis of this contaminated WB membrane is in agreement with that of the valid
assay. The assessment of WB membranes and its quantification shows that, cells treated with
siSpectrin and siEnigma, have a clear reduction of surface rPhe508del-CFTR levels and band C from
whole cell lysates (Figure 4.3 and Figure 4.6 A). A reduction of the band B levels in WCL, was only
observed with BII Spectrin knockdown (Figure 4.6 A).

BII Spectrin is a cytoskeleton protein, present in the membrane, Golgi, ER vesicles and nucleus %%,
Its functions and importance to cell viability explain why after cell treatment with siSpectrin it was
observed more cell death than with other siRNAs. Taking in account its functions, and that the levels
of rPhe508del-CFTR were reduced, not only at the PM but in whole cell lysates, we suggest that II
Spectrin knockdown interferes with synthesis and/or processing of CFTR protein. To understand if
CFTR synthesis was affected, we proceeded to test RNA levels. Like before, RNA fraction of cells
treated with “siLuc + VX809 (control) and “siSpectrin + VX-809” were recovered after biotinylation,
and used to produce cDNA and do a semi-quantitative PCR followed by agarose electrophoresis to
ascertain CFTR RNA levels. Analysis and quantification of the agarose gels indicates that, when
compared to control, BII Spectrin knockdown reduces only modestly CFTR RNA levels,
approximately 14% (see Figure 4.6 C and Figure 4.5). This result supports that BII Spectrin could be
implicated in CFTR synthesis.
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Figure 4.6 - g1l Spectrin and Enigma downregulation can affect Phe508del-CFTR processing and/or synthesis. (A)
Analysis of surface protein biotinylation assay in Phe508del-CFTR CFBE cells. Cells were non-transfected or, transfected
with 220 pmol of either siLuc, siSpectrin or siEnigma, followed by 48 h incubation at 37°C with VX-809 (5 uM) or DMSO.
Shown are representative WBs of Phe508del-CFTR protein in the surface protein fraction (Surface) and correspondent whole
cell lysates (WCL). Arrows indicate immature (band B) and fully glycosylated (band C) rPhe508del-CFTR. Membranes were
further stained for a-Spectrrin, a-Enigma and a-Tubulin, the last as a loading control. (B) Determination of Spectrin and
Enigma knockdown efficiency. Quantification by WB densitometry of Spectrin and Enigma protein levels in WCL like
described in (A). Data are means + SEM, compared to siLuc + VX-809, significance was tested using unpaired, two-tailed, t-
test. *** js p < 0.001. (C) Representative semi-quantitative PCR for CFTR mRNA levels in Phe508del-CFTR CFBE cells
treated with siSpectrin, as described in A. RNA Polymerase Il (Pol2) was used as reference. (D) WB analysis of wt-CFTR
levels in biotinylation assay. wt CFBE cells were transfected with 220 pmol of siLuc (control) or siEnigma, and incubated for
48 h at 37°C. Membrane was further probed with antibodies to Enigma and Tubulin, the last used as a loading control.
Recovered biotinylated cell surface proteins (Surface) and whole cell lysates (WCL). Arrows indicate immature (band B) and
fully glycosylated (band C) wt-CFTR.
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Enigma knockdown resulted in CFTR band C reduction (with statistic relevance), both in the PM and
WCL, to approximately 61 % of control cell levels (siLuc + VX809, see Figure 4.3). Based on these
findings, it appears that Enigma downregulation may interfere with CFTR processing, and given that
there is no band B accumulation, the transport of CFTR from the ER to Golgi apparatus does not
appear to be affected.

We also tested if wt CFBE cells would present the same behaviour with Enigma knockdown. The
procedure applied is the same as described for Coronin-1C. Briefly, wt CFBE cells were either
transfected with siL.uc or siEnigma, and incubated for 48 h, followed by biotinylation essay, where
surface, whole cell lysate and RNA fraction were recovered. Western Blot analysis of Surface and
WCL fractions reveals no apparent increment of CFTR protein in the PM, nor in the WCL (Figure 4.6
D). The difference between results obtained by wt and Phe508del-CFTR cells indicates that Enigma
may have different roles depending on mutated and wt-CFTR interactome.

45. TCP-1-Theta

Following we tested the effect of TCP-1-Theta depletion on rPhe508del-CFTR levels. Efficiency of
TCP-1-Theta siRNA mediated knockdown was assessed by quantitative analysis of the protein levels
in WB membranes. TCP-1-Theta was downregulated to approximately 39% of its normal cell levels
(control, siLuc + VX-809), see Figure 4.7 A and D.
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Figure 4.7 - TCP-1-Theta knockdown does not affect CFTR levels. (A) WB analysis of biotinylation assay in
Phe508del-CFTR CFBE cells. Cells were non-transfected or, transfected with 220 pmol of either siLuc or siTCP-1-Theta,
followed by treatment with VX-809 (5 uM) or DMSO for 48 h at 37°C. Recovered biotinylated cell surface proteins
(Surface) and whole cell lysates (WCL), arrows indicate immature (band B) and fully glycosylated (band C) rPhe508del-
CFTR. Membranes were further stained for a-TCP-1-Theta and o-fB-Catenin, the last as a loading control. Blots are
representative of four independent assays. (B) Graphic representation of Surface CFTR, (C) WCL CFTR and (D) TCP
relative abundance (relative to control, siLuc + VX-809), values normalized to f-Catenin. The data are presented as means +
SEM and significance was tested using unpaired, two-tailed t-tests comparing siTCP-1-Theta to siLuc + VVX-809 for (B) and
(D), and one-way Anova followed by t-test for (C), *** is p < 0.001.
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WB analysis of the biotinylation assay shows a slight enrichment of surface rPhe508del-CFTR levels.
On WCL, the abundance of CFTR band C and B appears to remain unchanged. Quantification of the
membranes does not give significance to the apparent increment of CFTR surface abundance.
Therefore, we suggest that TCP-1-Theta downregulation does not interfere with CFTR overall
abundance.

4.6. PTRF and TG2

The same procedure was followed once more for PTRF and TG2 proteins. The efficiency of protein
knockdown by siRNA-specific for PTRF and TG2 in Phe508del-CFTR CFBE cells was assessed by
quantitative analysis of the protein levels in WB membranes. PTRF and TG2 were downregulated to
approximately 13% and 7%, respectively, of their normal levels (control, siLuc + VX-809), see Figure
4.8 A and B. Following the treatment with DMSO or VX-809 (for Phe508del-CFTR rescue), cells
were then used in biotinylation assays for WB analysis.

A o = 2 g B C - 2
=
z2 2 £ & . g £
s 0O g + ‘ g ,E "
e ; z ™
£ 0z oz 2 4 I 2 g E
E 7 3 3 = £73 4 %
CFTR ‘ LR |‘- Cle z i CFTR transcript [ s ]
=N =3
. g A Pol2 transcript
Tubulin | | E 2% cript [
_ 5 I
-— e siLuc  siPTRF D .
CFTR | S S S0 == s |_ 1 +VX-809 +VX-309 2 3
Z >
. £ o 1.5 . T+
Tubulin ‘-— p— --| e e 2 5
- i) n=8 2 =
PTRIF | s e EL- e
: E ; Lo CFTR transcript I:l
TG |- - - - — g 2 scri
25 0s Pol2 transcript \Z’
= o
S. Nt wkk
=00
siLuc  siTG2

+VX-809 +VX-809

Figure 4.8 - PTRF and TG2 proteins downregulation reduces Phe508del-CFTR protein and RNA levels. (A) Analysis
of CFTR levels. Phe508del-CFTR CFBE cells were non-transfected or, transfected with 220 pmol of either siLuc, SiPTRF or
siTG2, and incubated with DMSO or VX-809 (5 uM) for 48 h at 37°C. Shown are representative WBs of biotinylated CFTR
at the cell surface (Surface) or in whole cell lysates (WCL). Arrows indicate immature (band B) and fully glycosylated (band
C) rPhe508del-CFTR. Further staining of the membrane for a-PTRF, a-TG2 and a-Tubulin, the last as a loading control. (B)
Graphic representation of PTRF and TG2 relative abundance (relative to control, siLuc + VVX-809). The data are presented as
means = SEM and significance was tested using unpaired, two-tailed t tests, *** is p < 0.001. (C) and (D) Representative
semi-quantitative PCR for CFTR mRNA levels in Phe508del-CFTR CFBE cells treated with siPTRF or siTG2, as described
in (A). RNA Polymerase Il (Pol2) was used as reference. Images are representative of at least three independent assays.

Analysis of CFTR abundance in WB membranes and its quantification reveals that cells treated with
SiPTRF and siTG2 have a significant depletion of the amount of surface Phe508del-CFTR rescued by
VX-809 and WCL CFTR, band C and B. At the PM, and when compared to control cell levels,
rPhe508del-CFTR is down to = 30%, for both knockdown conditions. In WCL, band C is reduced to =
32% and = 43% of control levels, respectively, for PTRF and TG2, while band B is decreased
approximately 50% in either knockdown (Figure 4.3 and Figure 4.9). Since CFTR protein abundance
is reduced not only at the PM but in the whole cell lysates, the results indicate that PTRF and TG2
knockdown can perhaps interfere with Phe508del-CFTR synthesis and/or processing. To assess this,
we used RNA fraction recovered after biotinylation to monitor CFTR RNA levels. We used RNA
fraction of cells treated with “siLuc + VX809 (control) and either “siPTRF + VX-809 or “siTG2 +
VX-809” to produce cDNA and do a semi-quantitative PCR followed by agarose electrophoresis.
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Analysis and quantification of the agarose gels indicates that when compared to control, PTRF and
TG2 downregulation reduces (with statistic relevance) CFTR mRNA levels to approximately 67% and
79%, respectively (see Figure 4.5 and Figure 4.8 C and D). This result indicates that PTRF and TG2
may both interfere with CFTR gene translation or the stability of its mMRNA synthesis.
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Figure 4.9 - Summary of CFTR band B level quantification in WCL. Quantification by WB densitometry of CFTR band
B levels from WCL in Phe508del-CFTR CFBE cells. Cells transfected with 220 pmol of protein-specific siRNA (siLuc,
siCoronin, siCalgranulin, siSpectrin, siEnigma, siPTRF, siTG2, siKu86, siLamin or siFLT-1) and incubated for 48 h at 37°C
with VX-809 (5 uM). Data are means + SEM, compared to siLuc + VX-809 (control), ** is p < 0.01, and *** is p < 0.001.
Analysis of variance (Anova) was followed by t-test.

4.7. Ku86 and Lamin

Following the transfection of Phe508del-CFTR CFBE cells with siRNA, siKu86 or siLamin, and
treatment with DMSO or VX-809, cells were used in biotinylation assay for WB analysis. The
proteins’ downregulation was first assessed by quantitative analysis of the protein levels in WB
membranes (Figure 4.10 A-D). Ku86 and Lamin were downregulated to approximately 15% and 9%,
respectively, of their normal cell levels (control, siLuc + VX-809).

CFTR WB analysis displays a reduction of rPhe508del-CFTR abundance in surface proteins after
Ku86 and Lamin knockdown. The following quantification of the protein bands, both knockdowns
reduced CFTR abundance at the PM in 30-40%, although only the Lamin knockdown reached
statistical significance (Figure 4.3 A). In WCL, we see also a reduction of rPhe508del-CFTR, band C
and B, albeit only significant for Lamin depletion (Figure 4.3 B and Figure 4.9).

Both Ku86 and Lamin proteins can have nuclear localization, so as above we investigated if CFTR
transcript is also affected by their knockdown ?71%_ Analysis and quantification of the RT-PCRs
showed only small reductions of CFTR mRNA in either condition (Figure 4.5 and Figure 4.10 E and
F), albeit significant for lamin knockdown. Although this transcript reductions could contribute to the
observed decrease in CFTR protein levels, additional assays are needed to confirm this hypothesis.
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Figure 4.10 - Phe508del-CFTR protein and RNA levels are reduced in Ku86 and Lamin knockdown conditions. (A)
WB analysis of biotinylation of CFTR at the cell surface (Surface) and whole cells lysates (WCL) in Phe508del-CFTR CFBE
cells. Cells were non-transfected, or transfected with 220 pmol of either siLuc (control), siKu86 or siLamin (B), followed by
48 h incubation at 37°C with VX-809 (5 uM) or DMSO. Arrows indicate immature (band B) and fully glycosylated (band C)
Phe508del-CFTR. Membranes were further stained for a-Ku86, a-Lamin and a-Tubulin, the last as a loading control. Blots
are representative of at least 3 independent assays. (C) Graphic representation of Ku86 and (D) Lamin relative abundance
(relative to control, siLuc + VX-809). The data are presented as means + SEM and significance was tested using unpaired,
two-tailed t tests, *** is p < 0.001. (E) Representative semi-quantitative PCR for CFTR mRNA levels in Phe508del-CFTR

CFBE cells treated with siKu86 or siLamin (F), as described in (A) and (B). RNA Polymerase Il (Pol2) was used as
reference.

48. FLT-1

In the biotinylation assays testing the effect of FLT-1 knockdown, this protein downregulation was
controlled through mRNA levels, since antibody against the protein was not available. Using siFLT-1,
we were able to reduce FLT-1 transcript to approximately 61% of its normal cell levels (control, siL.uc
+ VX-809). The efficiency was determined through semi-quantitative PCR, see Figure 4.11 B. In the
biotinylation essay, analysis of WB of both surface proteins and WCL, show that the abundance of
rPhe508del-CFTR appears to be close to control. Quantification of WB membrane confirms the
observation (Figure 4.3). The results show that FLT-1 knockdown does not seem to affect either the
steady-stated or PM levels of Phe508del-CFTR rescued by VX-809.
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Figure 4.11 - FLT-1 downregulation does not interfere with rPhe508-CFTR but reduces wt-CFTR. (A) WB analysis of
biotinylation assay in Phe508del-CFTR CFBE cells. Cells were non-transfected or, transfected with 220 pmol of either siLuc,
or siFLT-1, and treated with DMSO or VX-809 (5 uM) for 48 h at 37°C. Recovered biotinylated cell surface proteins
(Surface) and whole cell lysates (WCL), arrows indicate immature (band B) and fully glycosylated (band C) Phe508del-
CFTR. Membrane was further stained for a-Tubulin. (B) Assessment of FLT-1 siRNA-mediated knockdown efficiency.
Analysis of semi-quantitative PCR and graphic representation of band quantification for FLT-1 mRNA levels in Phe508del-
CFTR cells, treated as described in (A). RNA Polymerase Il (Pol2) was used as reference. Graphic data are means + SEM,
compared to siLuc + VX-809 (control), * is p < 0.05, Shown are images representative of four replicate experiments (n=4).
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5. Discussion

In this dissertation project we investigated the effect of the suppression of the endogenous expression
of 11 candidate proteins on the PM abundance of Phe508del-CFTR pharmacologically rescued with
the VVX-809 corrector drug . About these proteins, we observed that when comparing with control
levels (siLuc + VX-809), Calgranulin, TCP-1-Theta and Flt-1 knockdown did not affect rPhe508-
CFTR abundance at the cell surface.

The protein Calgranulin (S100A8) was of great interest to study. Calgranulin is a protein that can be
found as a homodimer, or heterodimer with SI00A9 %2, Both protein dimers have diverse cellular
functions, that include inducing expression of the mucin MUC5AC in airway mucus, and modulating
inflammation and immune processes #8163 The S100A8-S100A9 dimer is present with high
circulating levels in patients with Cystic Fibrosis and can be considered a biomarker of the disease
87163 'With downregulation of Calgranulin we found, with surprise, that that the abundance of rescued
Phe508del-CFTR at the cell surface was not affected. However, a modest reduction of =~ 21% of CFTR
band C was seen in WCL. We confirmed CFTR transcript levels, and this reduction is not caused by
changes in CFTR gene expression. As such, since CFTR band B levels remained unaltered,
Calgranulin downregulation might interfere with CFTR ER-Golgi trafficking or its maturation at the
Golgi but not the abundance of the channel at the PM. Others already suggested, that SLI00A8 high
levels in CF patients are a consequence of the clinical manifestations of the disease and not the cause
164165 Our observations are in accordance to this, the results do not show a direct effect of Calgranulin
downregulation on the abundance of rescued Phe508del-CFTR (at the PM). Nonetheless, further
analysis would be necessary to check if the activity of the chloride channel at the PM is not affected
with Calgranulin downregulation. It was suggested that Calgranulin is a mediator linking neutrophil-
dominant airway inflammation to mucin hyperproduction ®. Therefore, in continuation of this work, it
would also be interesting to verify changes in inflammation regulation and mucin production in a more
complex CF disease model and where Calgranulin is downregulated.

TCP-1-Theta is another protein which knockdown did not impact the abundance of rescued
Phe508del-CFTR at the cell surface. TCP-1-Theta is a subunit of the chaperonin CCT, that facilitates
actin and tubulin folding *'*. In fact, actin and tubulin are obligate substrates of CTT, and we
confirmed by western blot that following TCP-1-Theta knockdown tubulin is downregulated (result
not shown) 2. The same result was already seen for tubulin as well as for actin ¢, Therefore, tubulin
could not be used for protein loading control in the western blot, instead we used B-catenin. Actin
cytoskeleton participates in CFTR anchorage to the plasma membrane, so we initially expected TCP-
1-Theta knockdown by siRNA would lead to a decrease of rPhe508del-CFTR levels at the PM as a
direct consequence of actin protein levels decrease. However, after the cell surface biotinylation assay,
western blot quantification revealed no alteration of rPhe508del-CFTR in the recuperated biotinylated
surface proteins and whole cell lysates. TCP-1-Theta protein levels were reduced to = 39% when
compared to control levels. Is the remaining protein enough for actin folding and subsequent CFTR
anchoring to the PM? We observed no changes in the overall CFTR protein levels, neither band B or
band C, which is expected since the chloride channel is not a substrate of the chaperonin CCT %°,
Given the results, we propose that TCP-1-Theta does not impact on rPhe508del-CFTR overall
abundance or at the PM levels.

Like the proteins discussed before we found no significant change in the abundance of VX-809
rescued Phe508del-CFTR at the cell surface after FLT-1 knockdown. Western blot analysis also shows
that the abundance of rPhe508del-CFTR, in WCL, is close to control. Flt-1 is a tyrosine kinase cell-
surface receptor that can bind the angiogenic factors VEGF-A, VEGF-B and PIGF %613, |ts gene can

35



also express a soluble short protein, sFlt-1, that is VEGF-A antagonist 14%. The results do not show a
relation between Flt-1 expression and CFTR levels, which is in accordance to Flt-1 known functions.
However, it was reported that Flt-1 tyrosine kinase activity signalling promotes pulmonary fibrosis
and that blocking the signal may be useful in the treatment of pulmonary fibrosis %61¢7, Relative to CF
subjects it was only reported an increase of VEGFA levels in the serum and that CFTR dysfunction
induces VEGFA synthesis in airway epithelium 8, Thus, we suggest that Flt-1 expression does not
affect Phe508del-CFTR abundance in the PM or its overall levels. Whether it can play a role in the
pathophysiology of CF, this is something that can be further investigated.

Following Ku86 knockdown, we observed in the WB a reduction in the abundance of surface
rPhe508del-CFTR and its overall band C and B levels, on average to approximately 60% of control
levels. However, the high variability among replicates removed statistical significance from these
observations. Additional experimental replicates would be useful to clarify the significance of this
reduction, but unfortunately these could not be carried out due to time constrains. Ku86 is a subunit of
the Ku protein that found in the nucleus of the cell. And Ku protein is also a subunit of the DNA-PK
(DNA repair enzyme), thus Ku86 is involved, among other function, in DNA replication and
transcription regulation 2-12°, Taking in account Ku86 functions we investigated if CFTR transcript
was affected. We observed a slight reduction of CFTR RNA, however also without statistic relevance.
While this could explain the overall decrease in CFTR protein levels, without addidional replicates we
cannot reach a precise conclusion on the effects of Ku86 knockdown on the overall and PM abundance
of rPhe508del-CFTR.

Tenascin-C knockdown and cell surface biotinylation assay could only be performed once, giving a
small data set of two replicates. Even so we did a qualitative analysis of the western blot membrane
that shows a marked decrease in rPhe508del-CFTR at the PM when compared to control cells (siLuc +
VX-809). In WCL, Tenascin-C knockdown does not change the overall abundance of rPhe508del-
CFTR in WCL. Tenascin-C is a extracellular matrix protein that binds ECM components, surface
receptors, soluble factors and pathogens ~%. As such, it is plausible that this protein can have a role in
the stabilization of CFTR in the membrane. Again, more replicates of the assay would be needed to
corroborate the results. It would also be interesting to investigate Tenascin-C levels in CF patients,
since its expression is tightly regulated in adult tissue, and is expressed de novo during wound healing
and pathological conditions like chronic inflammation. In fact, persistent Tenascin-C expression has
been correlated with matrix deposition in patients with fibrotic lung disorders .

Regarding Coronin 1C and Enigma, depletion of either protein resulted in the reduction of
rPhe508del-CFTR band C at the PM and in WCL, but with no change in band B levels. After Coronin
1C knockdown, the biotinylation assay revealed the statistically significant reduction of
rPhe508del-CFTR at the cell surface, to = 31% when compared to control. While in WCL, band C was
reduced to ~ 79%, while the abundance of immature form of CFTR is close to control. Coronin 1C is
an ubiquitously expressed protein that can bind F-actin and participates in actin-dependent processes,
and that it can be found associated to the cytoskeleton and membranes . It is found to also bind GDP-
bound form of Rab27a, a regulator of membrane trafficking, and be its effector in insulin-secreted cell
lines °L. In fact, it was also shown that Rab27a can interact with CFTR, restraining its localization to
intracellular compartments, and thus limiting the channel expression at the PM 9170 |s the action of
Rab27a on CFTR affected by Coronin 1C knockdown? Coronin 1C has been identified to interact with
Racl as well, and mediate its redistribution from lateral to protruding membrane where its activated .
It was already identified that CFTR anchors to apical actin cytoskeleton, via Ezrin, upon activation of
Rac1 signalling 4. Is Coronin 1C knockdown reducing Racl levels at the PM of these cells? And is
that the reason the reduction of rPhe508del-CFTR levels is more pronounced at the membrane?
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Taking all data into consideration, we wondered whether Coronin 1C might be a key participant in
conventional CFTR trafficking to the PM, and not only modulating the abundance of the rescued
channel at the PM. Thus, we tested what effect downregulating Coronin 1C protein levels had in the
abundance of wt CFTR in CFBE cells. It was with surprise that we did not observe any alteration of wt
CFTR protein levels at the cell surface, nor in WCL. Is the difference between mutant and wt CFTR
because of the depletion of Coronin 1C was more efficient in Phe508del-CFTR-expressing cells?
Also, does the levels of wt CFTR protein being higher than what a pharmacological rescued of
Phe508del-CFTR can achieve, downplay the effects of Coronin 1C knockdown? In continuation of the
work, it would be interesting to try and answer these questions.

Enigma knockdown resulted in a reduction of rPhe508del-CFTR at the PM and band C on WCL to =
60% of control cells, suggesting that post-ER trafficking of Phe508del-CFTR might be affected.
Enigma is a cytosolic protein with PDZ and LIM domains that function as protein-protein interaction
domains. Can Enigma binding partners be responsible by the reduction of rPhe508del-CFTR levels? In
fact, a few of enigma binding partners are F-actin and YAP, the later found recently to bind
Phe508del-CFTR and be a mediator for fibrotic/epithelial-mesenchymal transition processes in CF
105171 'For Enigma studies, we also used wt-CFTR cell line and downregulated Enigma. While we had
opportunity to make only one biotinylation assay, qualitative analysis of western blot membrane
appears to show no clear variation in wt-CFTR at the PM but or in WCL. More assays repetitions are
needed to give a trustworthy result. However, if the tendency is confirmed it might indicate that
enigma is an exclusive interactor of rescued Phe508del-CFTR, regulating post-ER- trafficking or
stability.

The other four proteins in study, Bll Spectrin, PTRF, TG2 and Lamin, show the same result when
downregulated — They caused rPhe508del-CFTR band C reduction, not only at the PM, but in WCL,
as well as band B, indicating an interference in the CFTR overall production. Starting with Bl
Spectrin knockdown, WB analysis revealed a noticeable reduction in rPhe508del-CFTR levels and
band B, when compared to control. We went further and analysed CFTR transcript levels. CFTR RNA
levels were reduced to = 76%, indicating that Bl Spectrin could be required for proper CFTR gene
expression. However, the mechanism leading to this effect is unclear. Bl Spectrin is a cytoskeletal
protein and a subunit of Spectrin protein, involved in maintaining cell architecture, morphology, and
membrane stability. Spectrin has been implicated in protein transport from the ER to the Golgi, and
can also interact with the Golgi apparatus and affect cell secretion ®°. BII Spectrin can bind to actin
and ankyrin forming large protein complex with actin and ankyrin, that couples membrane proteins
with the cytoskeleton structure °°%°, This suggests that Spectrin may also interfere with proper
rPhe508del-CFTR trafficking and processing, reducing banc C levels. Altogether, the results suggest
that BIl Spectrin knockdown might affect synthesis and processing of Phe508del-CFTR and thus its
abundance at the PM.

PTRF knockdown produced a relevant reduction of rPhe508-CFTR abundance in the membrane, to
approximately 30% of control cell levels. In fact, the same was observed for overall CFTR levels in
the cell. In WCL, band C and B were reduced to = 30% and 50% respectively. Since band B is also
reduced, PTRF knockdown may affect not only CFTR processing but also its synthesis. Thus, we
assessed CFTR transcript levels. CFTR mRNA levels were reduced to ~70%, suggesting an
impairment in CFTR gene expression. This result goes in accordance with PTRF function as a cellular
factor required for Pol | transcription termination *2°, however other mechanisms must be in place to
produce the pronounced decrease in CFTR overall abundance observed. Such mechanisms will require
further investigation in the future.
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TG2 knockdown also produced promounced reduction in rPhe508-CFTR abundance in the PM, to =
30% of control cell levels. This was accompanied by the decrease in band C and B, in WCL, to =~ 40%
and =~ 50%, respectively. Interestingly, TG2 depletion only reduced CFTR mRNA in = 20%. TG2 is an
inducible transamidating acyltransferase that catalyzes Ca(2+)-dependent protein modifications. In
addition to being an enzyme, TG2 also serves as a G protein for several seven transmembrane
receptors and acts as a co-receptor for integrin Bl and B3 integrins distinguishing it from other
members of the transglutaminase family. TG2 is ubiquitously expressed in almost all cell types and all
cell compartments. TG2 has been associated with various human diseases including inflammation and
fibrosis 122125, Thus, the depletion of TG2 may act to hinder the synthesis and processing of
Phe508del-CFTR along the secretory pathway reducing its overall and PM. However, and contrary to
our results, it has been demonstrated that the use of cysteamine, that can inhibit TG2 transamidating
activity, improves the trafficking of Phe508del-CFTR 72175, These discrepancies will require further
investigation in the future.

Lamin B1 is a component of the nuclear lamina, participating in chromatin organization and DNA
repair and replication 13013 Given Lamin B1 functions, its presence at rPhe508del-CFTR complexes
captured from the PM was unexpected. Hence we included this protein as a control for hit protein
specificity. It was surprising to find that although, it had a modest impact in decreasing CFTR mRNA
levels, it had a very significant impact in steady-state CFTR band C levels, indicating a pronounced
interference with the late processing or stability of the rescued mutant protein. This result strengthens
the robustness of the candidate proteins identified in complex with rPhe508del-CFTR at the PM, but
also indicates that Lamin B1 may have important functions outside the nucleus that are as of yet
unrecognized.
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6. Conclusion

Through this work we investigated the effects of depleting each of 11 proteins putatively interacting
with pharmacological rescued Phe508del-CFTR at the PM. We evaluated how this depletion would
influence both the channel's overall abundance and its localization on the cell's surface. We found that
while several of the candidate proteins were clearly involved in maintaining rPhe508del overall and
PM levels none appear to constitute a good target to improve the pharmacological rescue of
Phe508del-CFTR or its retention at the PM. However, one should not disregard future studies to
understand the mechanism by which many of these proteins seem to affect the channel’s abundance.
One important point is to find if the candidate proteins, or their dysregulation, is somehow involved in
CF disease ethology, or whether their function could contribute for the differential response to CFTR
modulator drugs from patients with equivalent CFTR genotypes 2273, Extending the investigation,
can also bring light into other interactions of Phe508del-CFTR that might be of interest to the discover
of new CFTR modulators.
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