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INTRODUCTION.
1. Cystic fibrosis: one of the most common genetic diseases.

Cystic fibrosis (CF) is one of the most common genetic pathologies (around 89000 cases in
43 countries, in 2020) associated with multiorgan defects, especially in the lungs and
pancreas [Bell S.C., et al. 2020]. CF is an autosomal recessive genetic disease found within
the Caucasian population. During the 20" century, attention to this pediatric disease
increased exponentially after the discovery of its pathologic characteristics. One of the first
descriptions of CF was reported in 1938 and it regarded only the infantry patients that
presented pancreas fibrosis and nutrient malabsorption [Andersen D.H. 1938].
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Figure 1: Clinical features of cystic fibrosis patients (left) and the associated contribution of other genetic
modifiers (right). Different organs are affected by cystic fibrosis (CF), especially the lungs and pancreas.
Airways obstruction, infections, and pancreatic dysfunction are CF individuals’ primary and limiting
symptoms. BMI= body mass index. Cutting G.R. 2015.

The presence of abnormally viscous secretion in the airways and the ducts of different
organs of patients with CF causes nutrient absorption defects, inflammation, duct

obstruction, and tissue damage, principally in the pancreas and lungs (fig. 1).

In the second part of the previous century, the Cystic Fibrosis Transmembrane
conductance Regulator gene (CFTR) was identified as responsible for CF [Riordan J.R., et

al. 1989; Kerem B., et al. 1989; Rommens J.M., et al. 1989]. The CFTR gene maps in the
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long arm of chromosome 7 and contains 27 exons. The gene encodes for a channel protein
(1480 amino acids, 168142 Da), that regulates the anionic flux (CI") through the plasma
membrane and the hydration of the organ ducts and some surface of epithelia [Gentzsch
M., et al. 2018].

More than 2100 mutations of CFTR (CFTR1 database; http://www.genet.sickkids.on.ca)
were identified and classified based on dysfunctions that affect the protein [Laselva O., et
al. 2022].

Through the improvement in the quality of therapies, in the last years, the life expectancy

of people with CF is increased. Based on 2019 American Registry data, the life expectancy
of people with CF born between 2015 and 2019 is predicted to be 46 years (fig. 2).

SURVIVAL

46

YEARS
2015 - 2019

Among people with CF born
between 2015 and 2019, half are
predicted to live to 46 years old
or more. This does not reflect
individual variability in survival
seen among people with CF.

1995 - 1999 2005-2009 2015-2019

Five - Year Increments

Median Predicted Survival, Years

Figure 2: Survival statistics for the year 2015 through 2019. Cystic Fibrosis Foundation.
https://www.cff.org/managing-cf/understanding-changes-life-expectancy.

2. CFTR physiology and the pathophysiological cascade of cystic fibrosis.

The CFTR protein is an anionic transmembrane channel involved in the regulation of ions
transport (CI- and HCO3") and in maintaining water flow through the plasma membrane of
numerous secretory epithelia (airway, intestines, pancreas, kidney, sweat gland, and male
reproductive tract).

Additional functions of CFTR are the bicarbonate secretion for the pH regulation of airway
surface liquid (ASL) and the inhibition of epithelial sodium channel (ENaC) that has an
important role in the preservation of the osmotic pressure in the cellular
secretion/absorption mechanism. The clinical consequences of CFTR alterations are related

to the organs and tissues where this channel is expressed [Saint-Criq V., et al. 2017].


http://www.genet.sickkids.on.ca/
https://www.cff.org/managing-cf/understanding-changes-life-expectancy

2.1 Role of CFTR in the airways.

The principal function of the lungs is to concentrate the oxygen in the blood favoring its
transport in all body districts. Simultaneously, the carbon dioxide is removed from blood

cells and released outside in the atmosphere.

The lungs include the conducting airways and the respiratory airways. The conducting
airways have the function of preventing the access of any noxious matter into the alveolar
gas exchanging sites. Moreover, the ciliated cells remove the particles trapped into the
mucus layer, produced by mucous cells [Knowles M.R., et al. 2002].

In the conducting airways, CFTR has the fundamental role to maintain the correct
hydration of airway surface liquid (ASL) [Saint-Crig V., et al. 2017]. The ASL is a thin
liquid layer (around 10 pm) composed of mucus and water in which the inhaled particles
and pathogens are trapped and successively removed by the ciliated cells. The secretion of
CIl" by apical CFTR channels generates a water flux that hydrates the mucus layer and
preserves the correct density of the ASL and mucociliary clearance (fig. 3A). On the apical
surface of conducting airways, CFTR drives CI- and HCO3" secretion and regulates Na*
absorption by inhibiting the ENaC. This chemical concentration in the luminal area
increases the ASL hydration and pH.

In CF patients the absence of the CFTR or the not correct function of the channel causes

ASL depletion and the formation of a thick mucus layer (fig. 3B-D).

A B C D
() N ,
F ENaC _ ( i ENaC
Lysosome Tight
v\ Golg junction Proteasome
EZB ﬂ 0O) ﬁ (o) H.,0 | (H,
Endoplasm\c °
reticulum L
& %ﬁ \ 2N
)~ N \
_J Nu(leu \_ _/ x _/ @

v v

Figure 3: Role of CFTR in airways and molecular mechanisms involved in cystic fibrosis. A) In
physiological conditions CFTR is expressed on the apical membrane of airway cells and maintains the
correct mucociliary clearance. (B-D) In cystic fibrosis, according to the mutation, the protein is absent (B),
the incorrect folding retains the protein in the endoplasmic reticulum (C), or the channel is not fully
functional. Bell S.C., et al. 2020.




In these conditions, the cilia beat does not remove the inhaled particles and pathogens
leading to the establishment of chronic and recurrent lung infections (mainly Pseudomonas
aeruginosa and Staphylococcus aureus). The absence of ENaC inhibition by CFTR activity
increases the Na® absorption and consequently, the water passes into the basolateral
versant, generating a dehydrated mucus layer.

Moreover, the maintenance of correct ASL pH is an important factor for the immune
response and the eradication of pathogens trapped in the mucus layer. The alteration of
ASL pH modifies the production and activity of antimicrobial peptides (AMPSs). Thus, the
antibiotics become ineffective in the long term and do not reach the pathogens because the
ASL density is too high and bacteria produce biofilm, resulting in lung destruction and
respiratory failure. To prevent lung infections, CF people eject the excess airways mucus
through specific physiotherapy and aerosol therapy, and take antibiotics everyday for a
lifetime [Elborn J.S., 2019].

2.2 Role of CFTR in the pancreas.

The pancreas is constituted of endocrine and exocrine glands. The exocrine part of the
pancreas is composed of glands that produce pancreatic juice (containing HCOs and
digestive enzymes), and ductal cells for the transport of the secretions into the intestine.
Acinar cells excrete a NaCl-rich secretion with different types of digestive enzymes in an
inactive form. However, ductal cells assemble the tubular ducts that link pancreas
secretions with the intestine [Argent B.E., et al. 2012].

The apical membrane of ductal cells highly express CFTR, which is fundamental for the
fluid secretions of the pancreas and the integrity of the gland system (fig. 4). CI-and HCOs
secretions from the duct cells generate also a flux of Na* and water from paracellular
versant in order to establish an HCOz™-rich isotonic fluid. CFTR regulates this HCOs’
transport in two ways: CFTR regulates the activity of SLC26A, responsible for CI/HCO3
exchange, and a direct exit pathway for HCOs™ [Saint-Criq V., et al. 2017].

A lot of evidence has indicated that insufficient HCOs™ and less fluid secretion leads to the
destruction of pancreas glands. An altered HCO3s™ concentration decreases the pH of
pancreatic juice (less than 6,5) and increases the mucus viscosity, causing difficulties in the
solubility of digestive enzymes [Hegyi P., et al. 2016].

CFTR defects and structural alterations disrupt completely the electrolyte homeostasis and
in consequence the water release into the pancreas ductal area. This condition generates
pancreas obstruction and pancreatic insufficiency. CF people are predisposed to the

formation of mucin plugs and cysts within the ductal tree [Saint-Criq V., et al. 2017].
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Figure 4: lon transport and electrolyte homeostasis of pancreatic duct cells. Cl- and HCO3 are accumulated
inside the cell and the other transporter maintains an electrical driving force for the efflux of the ions across
the apical membrane. PJ= pancreatic juice, CA= carbonic anhydrase, NBC= Na*-bicarbonate
cotransporter, NHE= Na*/H* exchanger. Adapted image, Saint-Criq V., et al. 2017.

The enzyme-secreting capacity and the structural integrity of the pancreas degenerate in
CF condition, already during the child age. For these reasons, CF people take drugs and
pancreatic enzymes to prevent the malabsorption of nutrients for a lifetime. Strategies to
improve CF pancreas HCOs™ secretion are limited because most people present a marked

pancreas tissue destruction at birth.
2.3 Role of CFTR in the sweat gland, intestine, and male reproductive tract.

CFTR protein is also expressed in the sweat gland, gastrointestinal tract, and male
reproductive tract.

The sweat gland is a tubular exocrine gland that is located in the lower part of the dermis,
and it is connected to the surface of the skin by a duct. The gland is divided into two
functional parts: the secretory coil that produces the primary sweat and the absorptive
straight duct that absorbs NaCl but not water. CFTR is expressed in both functional parts
of the gland [Wine J.J., 2022]. In the sweat gland, CFTR activity permits the re-uptake of
salt (NaCl) and ions during the regulation of the whole temperature of the body in response
to a hot environment. The sweat is secreted by eccrine glands, and it consists of a
hypotonic solution of water and salt, compared to the interstitium. Other functions of sweat
are the production and secretion of antimicrobial peptides (AMPs) and skin lubrication.

Sweat gland disorders, such as CF, lead to abnormal NaCl absorption and in consequence
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excessive salt loss, to decrease of secreted volume, and uncontrolled and excessive sweat
secretion [Saint-Criq V., et al. 2017].

Cells of the intestinal tract highly express CFTR (fig. 5), especially in the crypt cells, with

respect to the stomach in which this protein is not too present.
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Figure 5: Localization of CFTR mRNA in the small intestine. Using an anti-sense probe specific for CFTR
mRNA, the duodenal section image shows highly positive cells for CFTR mRNA (indicated by the
arrowheads). An antibody specific for endocrine protein was used to identify enteroendocrine cells (arrows).
Adapted image from: Strong T.V., et al. 1994.

The principal role of this channel protein is the secretion of bicarbonate and fluid to digest
and absorb nutrients. When CFTR function is reduced, the digestion and absorption do not
work correctly and the dehydrated luminal environment generates an accumulation of
mucus [Gabel M.E., et al. 2019]. The most serious complication is the obstruction of the
intestine (terminal ileum or proximal large intestine) that causes rupture and sepsis of the
tissue. In addition, all these symptoms lead to microbial dysbiosis and chronic

inflammation.

Obstruction of the male reproductive tract is the first cause of CF male infertility. CFTR
mutations are correlated with oligospermia, epididymal obstruction, congenital bilateral
absence of the vas deferens (CBAVD), and idiopathic ejaculatory duct obstruction (EDO).
Seminal vesicles do not secrete a normal amount of fluid and that is associated with CFTR
defects, in analogy to the obstruction of the pancreas ducts or the intestine lumen [Yoon
J.C., etal. 2019].

3. CFTR protein structure and function.

Cystic fibrosis transmembrane conductance regulator is a member of the ATP-binding
cassette (ABC) transporter proteins, but it is an anionic channel. CFTR is composed of

1480 amino acids that constitute an anionic pore with gating regulation.



The ABC transporters have the function to move substrates across the plasma membrane,
into the cells, or in the extracellular domain. Generally, the ABC transporter structure is
composed of two transmembrane-spanning domains (TMDs) and two nucleotide-binding
domains (NBDs). The TMDs represent the core of the transporter while the NBDs are the
regulatory domains that interact with ATP and protein kinase for transport activity. CFTR
Is a unique ABC transporter in which the TMDs form an ion channel, and possess a
particular regulatory domain, named R region (fig. 6). The two TMDs are composed
respectively of 6 alpha-helices that are located inside the phospholipid bilayer of the
plasma membrane, while the two NBDs are a mix of alpha-helices and beta-sheets, that are
placed in the cytoplasm. NBD1 and NBD?2 are linked through the R region, an alpha-helix
domain that prevents the interaction between the two NBDs. The TM8 is a different alpha-
helix because it is more flexible compared to the other TM domains. This transmembrane
helix is fundamental for the conformational change during the open-close process of the
channel, as well as the TM6, TM7, and TM12 [Liu F., et al. 2017].
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Figure 6: Structure of human CFTR in the dephosphorylated and ATP-free conformation. The electron
densities in red correspond to unstructured regions. The numbers represent the helix region of the TMD1.
Liu F., et al. 2017.

TMDs and NBDs are linked with the intracellular loop and when the regulatory domains
bind ATP, the two NBDs form a dimer that induces the TMDs pore opening.

Based on the most recent kinetic model of allosteric modulation, CFTR is found in a
dynamic state between closed and opened conformation in presence of both ATP and
phosphorylation by protein kinase A (PKA) [Mihalyi C., et al 2020].



The channel contains a large number of positively charged amino acids such as arginine
and lysine, that have a role in attracting anions into the pore through electrostatic
interactions. Other positive charged amino acids are presented in the extracellular side of
the TMDs in order to attract anions inside CFTR [Linsdell P., 2017].

The R region is an unstructured/alpha-helix domain that has multiple sites of
phosphorylation by protein kinase A (PKA). The unphosphorylated form of the R domain
has an inhibitory effect on CFTR because this R loop prevents the NBDs dimerization and
in consequence the chloride channel opening [Liu F., et al. 2017; Kleizen B., et al. 2020].
In general, the unphosphorylated state of CFTR increases the probability of a closed
conformational state, otherwise, in a phosphorylated state and in presence of ATP, the
opening state is favored.

The catalytic subunit of PKA (around 30 kDa) can interact easily with the R region’s
multiple serine sites during channel activation because there are no steric obstacles during

phosphorylation.

When the multiple sites of the R domain are phosphorylated by PKA (in presence of ATP),
this domain moves from the inhibitory position, and the NBDs can interact to generate a
dimer, inducing the pore opening (fig. 7).

Dephosphorylated Phosphorylated Open configuration
A cryo-EM cryo-EM 3D model

outside

inside

Figure 7: Opened and closed conformation of CFTR. A) Schematic representation of CFTR domains. B)
Cryo-EM models of CFTR in a dephosphorylated and phosphorylated form. The position of the TMDs
reflects the open and closed conformation of the channel protein. ICL= intracellular loop, Cryo-EM=
electron cryomicroscopy. Kleizen B., et al. 2020.

4. CFTR mutations and classification.

Nowadays, over 2100 different variants of CFTR are identified (CFTR1 database,
http://www.genet.sickkids.on.ca) but not all molecular consequences are clarified for each

different mutation. The classification was made according to the mechanism of CFTR
10



synthesis reduction, impaired trafficking, function or stability, and alterations that are

caused by various mutations (fig. 8) [Bell S.C., et al. 2020].

The most diffuse CFTR mutation is the F508del (Phe508del, around 70% of the worldwide

CF people), a deletion of a triplet codifying for a phenylalanine amino acid in position 508

(polypeptide chain).
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Figure 8: Classification of CFTR mutation. Class | results in no protein. Class Il causes retention of
misfolded protein and degradation. Class Il defects consist of impairing channel opening. Class IV
mutations reduce pore conductance. Class V leads to decreasing in mRNA or protein. In class VI mutations
CFTR is less stable in the plasma membrane. Boyle M.P., et al. 2013; Bell S.C., et al. 2020.

In general, class I, I, and Il are associated with poor or no CFTR function and result in a

severe CF phenotype, such as exocrine pancreas insufficiency and recurrent lung

infections. The class IV and V mutations have residual CFTR functions. The class VI

variants are the less severe, with a decrease in CFTR stability. Another classification group

(class VII) exists, and it includes the unrescuable CFTR mutations (e.g. dele2,3)
characterized by the absence of CFTR mRNA [De Boek K., 2020].

The classification of CFTR mutations:

- Class | mutations include nonsense, frameshift, and canonical splice site mutations

that lead to the formation of premature termination codon (PTC). The substitution

of a coding triplet with a PTC or the translation reading shift generates an in-frame

stop codon that induces the premature termination of the translation process.
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The consequence is the production of a truncated polypeptide, which is not
functional and it will be degraded by the proteasome.

In addition, mRNA harboring PTCs are prematurely degraded by the nonsense-
mediated MRNA decay pathway (NMD), a quality surveillance system of the cell.
For this reason, two subclasses of this group of mutations exist: class 1la precludes
CFTR synthesis, and class 1b generates a truncated form of the protein [Laselva O.,
et al. 2022].

Nonsense mutations have a frequency of around 10% (CFTR2 database,
https://cftr2.org/) and include the most prevalent G542X, W1282X, and R553X
mutations [Laselva O., et al. 2022]. In Italy, the percentage reaches 20% of CF
patients (REG. ITA. CF Report 2018).

The G542X is the most diffuse nonsense mutation and it is common in a
Mediterranean population. This mutation generates a completely not functional
CFTR channel. Besides, the W1282X is diffuse in the Jewish populations and it is
the second most common nonsense mutation. The presence of the PTC in position
1282, deletes part of the NMB2 domain preventing NBD dimerization and the
proper CFTR folding.

However, spontaneous or induced translational readthrough (a molecular
mechanism that leads to the overcome of PTC) allows to the translation of a
complete channel that will contain a non-conservative amino acid [Xue X., et al.
2017].

Nonsense mutations are extremely adverse for CF patients because the absence of
CFTR protein limits the use of drugs that increase CFTR activity (CFTR
modulators). The only strategy to restore nonsense CFTR mutations is gene therapy
using the CRISPR/Cas9 approach or similar DNA/RNA modifications, and the
pharmacological approach by translational readthrough-inducing drugs (TRIDs)
[Pranke 1., et al. 2019].

Gene therapy is an emerging method to treat genetic pathology, but nonsense
suppression therapy with TRIDs is a promising, more accessible, and specific

clinical management for nonsense-related CF care.

Class Il mutations are characterized by defects in the trafficking and processing of
CFTR protein that does not reach the apical membrane of the cells. The protein is
retained in the endoplasmic reticulum (ER) and degraded by the ubiquitin-
proteasome pathway. The F508del mutation is the most representative mutation of
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this class. The altered folding of F508del CFTR causes the activation of ER quality
control pathway and the elimination of this defective protein [Fukuda R., et al.
2020].

Today, many promising compounds named “CFTR correctors” are able to correct
the folding defect of F508del and prevent CFTR degradation [Tewkesbury D.H., et
al. 2021]. In the last years, many CFTR modulators have started the “target therapy
era” in order to correct CFTR defects in a specific way. One of them, Ivacaftor
(VX-770), induces an allosteric correction of CFTR function increasing the open
conformation probability of the channel and its functionality. Ivacaftor binds CFTR
in a state-dependent manner, it has a higher affinity for the open state and lower for
the closed state.

This is a method to favor the achievement of functional conformation of CFTR
with respect to the mutated one [Yeh H.I., et al. 2017].

Ivacaftor induces improvements in ions transport, ASL height, and ciliary beating
in vitro, but only modest clinical benefit. However, a combination with the
potentiator lvacaftor and two correctors, Elexacaftor (VX-445) and Tezacaftor
(VX-661), generates an increase of F508del mutated CFTR protein function
resulting in an improved chloride ion transport [Middleton P.G., et al. 2019; Ridley
K., et al. 2020]. Results derived from studies of this triple combination of CFTR
modulators have allowed the synthesis of a single compound that contains
Elexacaftor, Tezacaftor, and lvacaftor. This new molecule, approved by Food and
Drug Administration (FDA), is known as Trikafta™ (also known as Kaftrio®,
Vertex Pharmaceutical) and its clinical use showed better symptoms improvement
than single CFTR modulators treatment, in patients with mutations related to CFTR
trafficking and gating defects [Heijerman H.G.M., et al. 2019].

Class 11l mutations are represented by gating defects of the channel protein.
Mutations such as G551D alter the activity of NBD1 and the resulting CFTR
protein exhibits a much lower opening probability than wild-type (WT) channels.
The ATP binding pocket is localized in NBD1 and it is not accessible for the ATP.
This condition is associated with severe CF phenotype [Laselva O., et al. 2022].
Some molecules are known as “CFTR potentiators” restore or enhance the channel
activity of CFTR. Normally the resulting phenotype is severe CF form, but the care
with CFTR potentiators (e.g. Ivacaftor and GLPG1837) help to keep the channels
in the open conformation for longer [Davies J.C., et al. 2019].
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Class 1V variants lead to a similar effect to class 11l mutations, showing a reduced
chloride conductance of the CFTR protein [Laselva O., et al. 2022]. The quantity of
ions passing through the pore is decreased but the chloride flux is not completely
deleted, generating a less severe form of CF. Examples of this class of mutation are
R117H and R334W. The class IV defects are also restorable by the treatment with
CFTR potentiators [Laselva O., et al. 2022].

Class V mutations are often splicing mutations in which the quantity of the CFTR
protein is not sufficient to work on the cell surface. Alternative splicing or errors
during the maturation of CFTR mRNA generate a reduced amount of the protein
[Deletang K., et al. 2022]. Splicing mutations represent 12% of all reported CFTR
mutations, and some of these are 3849+10kb C>T and the polymorphism TnyTGm.
This frequent polymorphism located at the end of intron 9 (formerly known as
intron 8) is known to influence the splicing efficiency of exon 10 [Pierandrei S., et
al. 2019].

Alleles bearing less T and more TG repeats are associated with a lower rate of exon
10 inclusion. The CFTR transcript with exon 10 skipping encodes for a misfolded
and non-functional protein lacking 21% of the N-terminal end of the NBD1 region
[Deletang K., et al. 2022]. Expression of this protein isoform in combination with a
CF-causing mutation in trans can be associated with monosymptomatic forms of
CF, like the congenital bilateral absence of the vas deferens (CBAVD) or chronic
airway diseases [Deletang K., et al. 2022].

Moreover, the 5T allele is also known to modify the expressivity of the
p.Argl17His mutation when this is in cis [Deletang K., et al. 2022]. Usually,
splicing mutations result in a less aggressive CF phenotype, however, if the
mutation alters the splicing site around exons fundamental for the functionality of
CFTR or generates the formation of a PTC, the resulting phenotype is more severe
and the mutation is included in another class (class 1) [Bergougnoux A., et al. 2019;
Deletang K., et al. 2022].

Ideally, compounds that selectively modify RNA splicing, would represent a better
option to correct splicing defects. Recent studies reported the successful use of
small molecules modulating splicing in different Mendelian conditions like familial
dysautonomia (FD) [Salani M., et al. 2019]. Among effective compounds, kinetin

(fig. 9), a plant cytokinin used topically for its antiaging properties, was shown to
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modulate splicing in mutated ELP1 and IKBKAP genes [Salani M., et al. 2019;
Ajiro M., et al. 2021].
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Figure 9: Kinetin and RECTAS structures. RECTAS differs for Cl substituent (red part), compared
to kinetin.

More importantly, kinetin was successfully administered to 8 FD homozygotes for
splicing mutation leading to a significant increase in wild-type IKBKAP mRNA in
leukocytes. Recently, also a kinetin synthetic analogue RECTAS (fig. 9, red part)
was shown to promote better exon 20 inclusion in the same gene [Ajiro M., et al.
2021].

Overall, the encouraging results obtained in FD suggest that splice-modulating
drugs have the potential to become valuable future therapeutics for the treatment of
different genetic diseases, including CF. Splicing mutations may cause serious CF
phenotypes in patients and a specific cure for all splicing variants (more than 200)
does not exist [Deletang K., et al. 2022]. Evaluation of kinetin and RECTAS
efficacy in CF research models is an important challenge to find a future target
therapy for CFTR splicing mutation.

Class VI includes CFTR variants associated with the production of functional
CFTR protein but unstable, leading to quick degradation (lysosome mediated
degradation) once on the cell apical membrane [Strub M.D., et al. 2020]. This class
includes Q1412X and 4326delTC and these are considered also less severe CF

diseases. CFTR correctors work in class VI mutations [Yeh J.T., et al. 2019].

According to researchers, another classification could be done, composed of mutations for

which there are no drug treatments at present [De Boeck K., 2020]. This is a new class,

class VII or class zero, which is associated with severe disease and the only methodology

to target these alterations is gene therapy (e.g. dele2,3 mutation).

The principal aim of CF mutation treatment is the restoration of CFTR function to

approximately 25% with respect to the WT value. In this case, the probability to confer a

tangible clinical benefit increases [Laselva O., et al. 2022].
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5. Nonsense mutations and translational readthrough mechanism.

Translation of messenger RNA (mRNA) into protein is a necessary molecular mechanism
for the decoding of genetic information in all cells. Translation starts at an initiation codon
(AUG codon) and continues up to one of the three stop codons UAA, UAG, or UGA,
generating a full-length polypeptide chain. Sometimes, ribosomes may ignore the stop
signal overcoming the point in which the translation should be concluded, and generating a
protein that will have an extra C-terminus portion compared to the normal one. This event,
in which the ribosomes bypass the stop codons is named “translational readthrough”
[Palma M., et al. 2021]. The absence of termination codon recognition can constitute a
decoding error but also represents a system to express protein isoforms (programmed
translational readthrough) or a therapeutic approach for some pathologies (induced
translational readthrough) [Palma M., et al. 2021].

5.1 Translation termination.

Translation termination is an efficient process in which the nascent polypeptide chain is
released from the translation complex (ribosome and tRNA) when the ribosome reaches a
stop codon.

Translation termination takes place when A site of the ribosome achieves one of the three
stop codons (UAA, UAG, or UGA). In this case, the translation termination complex and
the near-cognate tRNAs compete to bind two of the three stop codon bases (fig. 10) [Palma
M., et al. 2021].

The translation termination complex is composed of two protein factors named eukaryotic
release factors 1 and 3 (eRF1 and eRF3). The eRF1 factor mimics a tRNA and enters into
the A site to bind and recognize the stop codon (all of the three stop codons). The eRF3
protein is a GTPase that is stimulated by the interaction with polyA-binding protein
(PABP) during the translation termination at the physiological stop codon (also known as
natural termination codon, NTC), or it is stimulated by the nonsense-mediated mMRNA
decay (NMD) factor UPF3B at a premature termination codon (PTC) [Neu-Yilik G., et al.
2017]. After the conversion of GTP to GDP, eRF3 modifies the conformation of eRF1
promoting the release of nascent polypeptide and the termination of translation. eRF3 was
replaced by the ATPase ABCE1l (ATP binding cassette subfamily E member 1) that
induces the recycling of the two ribosome subunits after the hydrolyzation of ATP to ADP
[Palma M., et al. 2021].
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Figure 10: Translation termination mechanism. When the ribosome covers the stop codon in the A site, eRF3
and ABCEL1 interact with the ribosome. ABCE1 recruits the DDX19-eRF1 complex (DEAD-box helicase
19B). eRF3 hydrolyzes GTP and modifies the structure of eRF1, with subsequent dissociation of the peptide.
Adapted image from Palma M., et al. 2021.

5.2 Translational readthrough.

There is a low probability that a near-cognate tRNA can be inserted in the A site of the
ribosome during translation termination instead of release factors. In this case, the
translation continues until a next stop codon promoting the termination of the process. This
mechanism is named “stop codon readthrough”, a molecular event divided into three
typologies depending on the presence of regulatory elements or readthrough-inducing
drugs [Palma M., et al. 2021].

Stop codon readthrough efficiency can be influenced by different kinds of factors such as
stop codon identity, the nucleotides surrounding it (genetic context), proteins, and RNAsS.
The first nucleotide immediately next to the stop codon strongly influences the termination
efficiency. A purine in this position helps the translation termination in 90% of the most
expressed genes, indeed a pyrimidine near-stop codon facilitates translational readthrough
[Wangen J.R. and Green R. 2020].
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-Induced translational readthrough:

Translational readthrough of the PTCs can be promoted by molecules and compounds
generating the misreading during translation (fig. 11). The ribosome does not stop at the
premature termination codon in presence of translational readthrough-inducing drugs
(TRIDs). In this case, the recruitment probability of near-cognate tRNA is favored with
respect to the introduction of release factor (eRF1) into the ribosome A site on the PTC
position. Aminoglycoside antibiotics are the first molecules that showed the capacity to
induce translational readthrough (such as geneticin, paromomycin, gentamicin, and
neomycin). These compounds bind the ribosome minor subunit inside the decoding center
and generate a conformational rigidity of the ribosome complex during the recognition of
the stop codon [Prokhorova I., et al. 2017]. This mechanism increases miscoding errors

and the recruitment of near-cognate tRNA.
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Figure 11: Induced translational readthrough is promoted by molecules and compounds that force the
misreading of the stop codons. UTR= untranslated region. Adapted image from Palma M., et al. 2020.

However, evidence suggests that new-generation TRIDs do not induce translational
readthrough of NTCs but only the readthrough of the PTCs. This specificity is possible
thanks to the nucleotides surrounding the NTC, which allow to establish efficiently the
translation termination, with respect to PTC [Benhabiles H., et al. 2017].

The induced translational readthrough has two specific limits:
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- The quantity of the nonsense mRNAs is less than the normal one because the

nonsense-mediated mMRNASs decay (NMD) degrades nonsense mRNAS;

- The near-cognate tRNA that is inserted during translational readthrough could
deliver a different amino acid in chemical characteristics compared to the original
one, influencing negatively CFTR folding and/or functionality. In this case, the
nonsense mutation is converted into a missense mutation (as regards the effect on
CFTR protein).

6. Nonsense-mediated mMRNA decay (NMD) mechanism and inhibitor molecules.

Nonsense-mediated mMRNA decay (NMD) is a surveillance pathway used by eukaryotic
cells to degrade viral and nonsense MRNAs. NMD activation limits the induced
translational readthrough efficiency.

The complex of this surveillance pathway consists of several proteins factors: up-
frameshift proteins (UPF), suppressors with morphological effects on Genitalia proteins
(SMG), and the exon-junction complex (EJC) with specific subunits [Mailliot J., et al.
2022].

During a translation event, the slow termination at the PTC allows the formation of a
ribosome-associated complex with the SMG proteins, UPF1, and the release factors eRF1
and eRF3. This complex interacts with EJC and other UPF proteins (UPF2 and UPF3B),
forming the decay-inducing complex (DECID). At this point, the factors responsible for
mMRNA deadenylation and mRNA-5’-cap removal can modify the nonsense mRNA.
mRNAs without 5’-capping result unprotected and susceptible to RNA-exonuclease
degradation [Mailliot J., et al. 2022].

6.1 NMD-inhibitor compounds and combination with readthrough agents.

The quantity of the mRNA is a limiting factor for the induced translational readthrough.
Some compounds are both TRIDs and NMD inhibitors, for example, Amlexanox™ or
Escin, and in theory, these work better to suppress nonsense mutation [Banning A., et al.
2018]. Otherwise, this rule is not absolute because other TRIDs without NMD inhibition
capacity promote greater synthesis of full-length proteins than to dual-action molecules,
such as 2,6-diamino purine (DAP) [Trzaska C., et al. 2020].

Compounds that inhibit only the NMD pathway as SMG1i or NMDI14 (also known as
NMD-14) increase the rescue level in cellular or organoid systems harboring nonsense
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mutations using a combination treatment with TRIDs, but generally the inhibition of the
NMD pathway could induce a variety of off-target effects [McHugh D.R., et al. 2020].
However, the synergy between TRIDs and NMD inhibitors requires more research efforts

in order to understand the clinical benefit of nonsense-related pathologies.

7. Nonsense suppression therapy: Translational Readthrough Inducing Drugs

(TRIDs) to treat nonsense mutations.

Several readthrough compounds have been identified during the last decades. According to
the general classification, these are divided into two classes: aminoglycosides and non-

aminoglycosides readthrough agents.
7.1 Aminoglycoside antibiotics and derivatives.

The capacity to induce PTC readthrough is a potential therapeutic strategy for every
nonsense-correlated pathology. For this reason, many studies are focused on the
identification of efficient readthrough molecules.

Already in 1985, researchers had observed the readthrough effect of the aminoglycoside
antibiotics in mammalian cells [Burke J.F., et al. 1985]. Among the aminoglycosides, there
are geneticin (also known as G418) gentamicin, paromomycin, and neomycin (fig. 12),
however, other antibiotics do not show readthrough action (e.g. hygromycin, streptomycin,

kanamycin, tobramycin).
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Figure 12: Molecular structure of the aminoglycoside antibiotics. Geneticin, gentamicin, and paronomycin
show readthrough activity, however, tobramycin is an aminoglycoside without the same readthrough effect.
Adapted image from Pibiri I., et al. 2020.

Unfortunately, long-term treatment with aminoglycoside antibiotics causes oto- and
nephrotoxicity, and these cannot be used as a treatment for nonsense pathologies (e. g. CF

and Duchenne muscular dystrophy, DMD).
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ELX-02 (Eloxx Pharmaceuticals; fig. 13) is a synthetic aminoglycoside that shows
readthrough activity similar to G418 and the absence of nephrotoxicity [Leubitz A., et al.

2019].
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Figure 13: ELX-02 chemical structure. This compound is composed of sugar substituted with one amino
group, a typical aminoglycoside component. Adapted image from Pibiri I., et al. 2020.

It showed the rescue of nonsense CFTR mutation in CF organoids, but it did not present
the same results in CF patients [Crawford D.K., et al. 2021; Venturini A., et al. 2021].
Currently, the phase-1l clinical trial using ELX-02 (ClinicalTrials.gov Identifier:
NCT04135495) to evaluate the effect on CF patients with G542X nonsense mutation, is
concluded (31 July 2022). This clinical trial failed to rescue pulmonary capacity, measured
by FEV1 (forced expiratory volume in the 1% second), in G542X CF patients
(ClinicalTrials.gov Identifier: NCT04135495).

7.2 Non-aminoglycosides: Ataluren (PTC124) and oxadiazole derivatives.

The necessity to develop a safe and efficient readthrough agent allowed us to identify
several non-aminoglycoside molecules that have been shown to promote translational
readthrough. The PTC124 (also known as Ataluren or Translarna) is an oxadiazole derivate
synthesized to treat nonsense-related diseases such as CF and Duchenne Muscular
Dystrophy (DMD). This compound is a readthrough agent that restores CFTR expression
and function in cells and transgenic mice [Roy B., et al. 2016].

PTC124 was approved by FDA and EMA (European Medicines Agency) for the treatment
of patients with DMD, an X-linked recessive genetic pathology caused by mutations in the
dystrophin gene (DMD) such as nonsense mutation [Morkous S.S., 2020]. In addition, this
TRID is the only molecule that has reached the clinical trial 11-111 phase for the treatment
of CF patients [Kerem E., et al. 2014]. Unfortunately, it showed no significant
improvement in CF patients with nonsense mutations. The mechanism of action remains
unclear but recent evidence suggest that PTC124 binds two different targets: the 18S
portion proximal to the ribosome decoding center and the PTC in the mRNA [Huang S., et
al. 2022].
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Among the oxadiazole derivatives that promote the induced translational readthrough,
there are three new molecules identified by Pibiri I. et al. using a virtual screening of
public and in-house libraries and tested by luciferase (FLuc) activity assays [Pibiri 1., et al.
2018; Pibiri 1., et al. 2020]. The identified compounds are three synthetic 1,2,4-oxadiazole
derivatives (NV848, NV914, and NV930; PTC Int. Appl. WO 2019/101709 A1 20190531)
with an accessible chemical structure to the synthesis and with readthrough activity (fig.
14) [Pibiri 1., et al. 2020].
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Figure 14: Oxadiazole derivative structures. These compounds are newly developed TRIDs.

The oxadiazole compounds NV848, NV914, and NV930 present significant structural
differences compared to PTC124: NV848 has acidic and aryl substituents, NVV914 presents
a maximized fluorine content while NV930 has an organic alcohol moiety. These three
TRIDs were tested in CF cellular model system (Fischer rat thyroids cells, FRT)
transfected by a vector harboring nonsense mutated (G542X or W1282X) CFTR cDNA.
The compounds showed high readthrough efficiency restoring CFTR protein expression
and channel functionality [Pibiri I., et al. 2020].

Considering the limits of the pharmacological approach to suppress nonsense mutations,
this hopeful evidence must be verified in more complicated CF experimental systems to
confirm the readthrough efficacy and molecule specificity of the target (inducing the PTC
readthrough and not the NTC readthrough).

8. Advanced in vitro systems to evaluate CFTR functionality.

Different model systems were proposed to study CFTR functionality in vitro [Ramalho
A.S., et al. 2022]. Animal cells that overexpress human mutated CFTR, can be used to
measure the amount of protein rescue and the channel chloride transport after treatment

with specific drugs.

Fischer rat thyroid cells (FRT), suitable transfected with appropriate vectors harboring

human wild-type or mutated human CFTR cDNA, are used in the following experimental
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studies such as electrophysiology, western blot, compounds screening,
immunofluorescence, and others [Sheppard D.N., et al. 1994]. This kind of animal cell is a
good system in order to perform a screening of compounds library for all CFTR mutations.
Otherwise, primary human bronchial epithelial cells (HBE), derived from CF patients, are
a more similar biological in vitro system, concerning human physiology [Awatade N.T., et
al. 2018]. Primary HBE cells are considered the “gold standard” for the analysis of CFTR
rescue in all CF research fields.

However, colon (intestinal) organoids contain all of the distinct cell types present in the in
vivo epithelium. CFTR activity analyzed through organoids 3D cultures has an important
utility for the diagnosis and prognosis of CF patients [van Mourik P., et al. 2019].
Organoids derived from CF patient’s biopsies (as well as HBE cells) have high CFTR
expression at the apical membrane and that allows to study the activity of the channel in a

personalized manner.
8.1 Human intestinal organoids and forskolin-induced swelling (FIS) assay.

The intestine is characterized by various kinds of differentiated cells with highly
specialized functions [Taelman J., et al. 2022]. In vivo, the intestinal surface is structurally
organized in villi and crypt domains. The villi are finger-like protrusions of intestinal tissue
with the function of increasing the total absorbent area and need to facilitate the passage of
fluid and nutrients during digestion.

Besides, the crypts are small domains located in the bottom of villi in which the
multipotent stem cells (ISCs) lineage reside for the periodic renewal of the tissue (fig.
15A). Human intestinal epithelium undergoes renewal every 5-7 days thanks to ISCs.
ISCs are localized in the bottom of the crypts and can be identified by the expression of the
receptor LGR5 for R-respondin (RSPO). Plus, Paneth cells are interspaced with 1SCs and
they are specialized in the secretion of antimicrobial molecules. Differentiation factors like
Notch signaling are secreted by secretory lineage precursor cells and others are produced
by specialized mesenchymal cells (Trophocyte and Telocyte) for the maintenance of
differentiation factor gradient inside the crypt. However, the absorptive progenitor cells
give rise to absorbing enterocytes in the villi, while secretory precursor cells generate
enteroendocrine cells, mucus-producing cells, and Paneth cells. The apical cells residing in

the apical portion of the villi undergo spontaneous apoptosis.
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Intestinal organoids, which are generated from crypt biopsies and ISCs, are self-organizing
three-dimensional (3D) structures consisting of both multipotent stem cells and their
differentiated progeny.

Generally, organoids recapitulate in vivo tissue architecture, cell heterogeneity, and
interaction, but it constitutes an in vitro model (fig. 15B).
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Figure 15: Cellular organization of intestinal domains and organoids. A) Different cellular types constitute
the intestinal epithelium. The cellular heterogeneity reflects the complexity of the tissue function. B) Cellular
organization of the organoids is similar to in vivo structures. Adapted image from Taelman J., et al. 2022.

Organoids could be propagated like human stem cells (bi-dimensional culture; 2D), from
which they are derived, but they are more precise than cellular culture and, in some cases,
animal models too. When intestinal organoids are completely mature, they present budding
crypts and villi, similar to in vivo intestinal tissue [Guiu J., et al. 2022]. Intestinal organoids
appear as a sort of hollow sphere in which the different cellular types constitute the

surface, while inside the sphere there is a cavity named the lumen of the organoids.
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Cellular lineage consists of ISCs and progenitor cells, differentiated enterocytes, globet
cells, and Paneth cells.

For all these characteristics, intestinal organoids are an innovative and hopeful in vitro
system to study intestinal function, intestinal-related diseases, and drug discovery
screening.

One of the most affected organs in CF is the gastrointestinal system. CFTR is highly
expressed in colon tissue and intestinal organoids are an excellent in vitro system to study
the functionality of the channel through specific assays like the “swelling assay”.

The forskolin-induced swelling (FIS) assay permits to quantify CFTR function in intestinal
organoids derived from CF patients, especially after treatment with specific compounds.
When CFTR is opened by forskolin the chloride enters through the channel in the luminal
region of the organoids, together with water, thanks to the osmotic pressure that is
generated inside the organoids. The water flow increases the dimension and the luminal
area of the organoids after a relatively short period (e.g. 60 min), compared to the initial
organoid state. Immediately after the addition of forskolin (t0) or if CFTR is mutated (fig.

16 A-B on top) the organoids appear thin and not swollen.
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Figure 16: Schematic representation of forskolin-induced swelling (FIS) assay. A) When the CFTR channel
is altered by mutations, the luminal secretion of chloride is absent and also water, resulting in an absence of
luminal organoids increasing. Rescue of CFTR by treatment with mutation-specific drugs (e.g. CFTR
modulators for F508del) restores the chloride flux and the water entrance inside the lumen increases the
organoids area. B) confocal images at time=0 min and time= 60 min (t=0 and t=60) with calcein staining.
Adapted image from Ramalho A.S., et al. 2022.
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On the other hand, after a period of time incubation with forskolin (t60, one hour) and if
mutated CFTR activity is restored by compound treatment, the organoids appear more or
less swollen depending on the rescue level of protein expression/channel activity.

This increasing luminal area is named “swelling of the organoids” and its quantification
during time is an indirect measurement of CFTR activity. A positive response in the FIS
assay, using CF-derived organoids, predicts clinical response to treatment (readthrough
agents, CFTR modulators, gene therapy) [Berkers G., et al. 2019]. The patient-specific
sample is the great advantage of this technique, especially for the analysis of rare CF
genotypes and personalized clinical approach. However, the organoids model and FIS

assay is a really expensive methodology and requires a high level of expertise.
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AIMS OF THE PROJECT.

CF is one of the most widespread genetic diseases in the world. Although it is an
aggressive and adverse genetic pathology, thanks to progress in both clinical treatments
and biomedical research, CF patients’ quality of life and their age have improved in recent
years [Bell S.C., et al. 2020; Laselva O., et al. 2022].

Currently, only CF patients harboring at least one allele with the F508del mutation are
allowed to receive an FDA- and EMA-approved pharmacological therapy (CFTR
modulators Trikafta™ or Kaftrio®; Vertex Pharmaceutical) [Zaher A., et al. 2021]. Other
CF people carrying different kinds of mutations, such as nonsense and splicing mutations,
do not benefit from any target therapy.

For these reasons, biomedical studies are focused on finding target treatments for every
CFTR mutation’ category.

Based on these observations the aims of the present project were focused on the rescue of
CFTR protein expression and functionality using different small molecules to fight splicing

and nonsense mutations.

Splicing mutations alter mRNA splicing sites and compromise the efficiency of correct
maturation of the mRNA. This condition leads to different splice events such as exon
skipping, modification of splice sites, and intron retention [Deletang K., et al. 2022].
Today, a specific target therapy to modulate splicing alterations of the CFTR mRNA does
not exist and all the treatments are experimental [Deletang K., et al. 2022]. A promising,
proposed strategy, used in other genetic diseases characterized by splicing defects, is the
use of small molecules that restore abnormal splicing processes. To this aim, the first
objective of this Ph.D. project was centered on the rescue of the CFTR protein expression
by two small molecules kinetin and its synthetic analogous named RECTAS [Salani M., et
al. 2019; Ajiro M., et al. 2021].

A specific vector harboring a CFTR minigene with the polymorphism TsTG12 (p)cDNA3.1-
CFTRN®9*NS10+5T12TGY "and two regions of the intron 9 and intron 10 was used to produce a
cell model system to evaluate kinetin and RECTAS ability in the rescue of CFTR
expression.

The following step was to clone the CFTR minigene into a retroviral vector in order to
produce CFTRNS9*NS10+5T12TG gtaply expressing cells to obtain a greater number of cells for
the analysis. These cells were also used to test kinetin and RECTAS capacity to restore the

CFTR protein expression.
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An important class of CFTR mutations is represented by nonsense mutations. They are a
severe genetic defect that leads to the introduction of a premature termination codon (PTC)
into the codifying sequence causing the complete absence of the CFTR protein. An
innovative therapeutic approach for this genetic defect is nonsense suppression therapy by
translational readthrough-inducing drugs (TRIDs). Despite numerous studies, there is not a
molecule that resulted efficient in CF nonsense-related clinical trials [Laselva O., et al.
2022; e.g. Elox-02, ClinicalTrials.gov Identifier: NCT04135495]

Recently, three new TRIDs named: NV848, NV914, and NV930 were identified by virtual
screening and orthogonal assays by Pibiri I., et al. These molecules showed promising
results in different nonsense cell model systems and resulted well tolerated in the murine
model [Pibiri 1., et al. 2020; Corrao F., et al. 2022].

Therefore, the second part of the project was focused on the rescue of CFTR expression in
nonsense-CFTR cell model systems and in human intestinal organoids from CF patients
using the three new TRIDs [Pibiri I., et al. 2020].

Moreover, another object of the study was to establish: 1) the metabolic stability of the NV
molecules by human liver microsomes (HLM), 1) the specificity of the PTCs readthrough,
and I1l) the hypothetical mechanism of action (MOA)/biological target of the three

molecules.

In particular, the experimental plan is summarized in these main tasks:

TASK#1 Study of CFTR expression in the rescue of splicing mutation defects after

treatment with the small molecules kinetin and RECTAS.

TASK#2 Rescue of the CFTR expression and functionality by translational
readthrough inducing drugs (TRIDs) in nonsense cystic fibrosis

(CF) model systems.

TASK#3 NV848, NV914, and NV930 molecule metabolic stability and mechanism of
action (MOA) studies.

28



MATERIALS AND METHODS.

-Compounds.

Compounds were prepared and purchased as reported in table 1:

Compound Solvent Concentration Manufacturer
N MedChemExpress
Kinetin DMSO 10 mM MCE
RECTAS DMSO 25 mM *
Geneticin ]
(G418) H,0 200 mg/mL Gibco
MedChemExpress
ELX-02 H,O 8 mM MCE
PTC124 DMSO 100 mM MedChemExpress
MCE
NV848 H,O 100 mM **
NV914 DMSO 100 mM **
NV930 DMSO 100 mM **
NV2899 DMSO 100 mM **
NV2909 DMSO 100 mM **
NV2907 DMSO 100 mM **
NV2913 DMSO 100 mM **
VX-445 DMSO 10 mM Selleckchem
(Elexacaftor)
VX-661 DMSO 20 mM Selleckchem
(Tezacaftor)
VX770 DMSO 20 mM Selleckchem
(lvacaftor)
NMDI14 DMSO 6,25 mM MedChl\eA”C"EEXpress

Table 1: Compounds were dissolved in DMSO (dimethyl sulfoxide, Sigma Aldrich) or sterile water (H20) at
the indicated stock concentrations. (*) kindly provided by Prof. Duga S, Humanitas University, Milan. (**)
TRIDs are produced by Prof. Ivana Pibiri (STEBICEF department), University of Palermo, Palermo. All
compound stocks were stored at -20°C.

-Cell culture and conditions.

All cells were cultured in a humidified incubator with an atmosphere of 5% CO. at 37°C.

HCT116, HeLa, and Phoenix cells were cultured in DMEM (Dulbecco’s modified eagle
medium, Gibco) supplemented with 10% FBS (fetal bovine serum, Gibco) and 1%
Streptomycin and Penicillin antibiotics (Corning). Antibiotics were removed 24 hours

before treatments.
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Fisher rat thyroid (FRT) cells were cultured in powder Coon’s modified Ham’s F-12
medium dissolved in 1 L of sterile water for injection (WFI, Gibco) supplemented with
2,68 g/L sodium bicarbonate (AnalytiCals Carlo Erba). The medium was filtered by a
specific membrane filtration system (CytoOne® bottle filtration unit 0,20 um, StarLab) and
10% FBS was then added (fetal bovine serum, Gibco), along with 1%
Streptomycin/Penicillin antibiotics (Corning) and 1% glutamine (Corning). Antibiotics
were removed 24 hours before the addition of every compound for the experiments.

FRT cells are characterized by the absence of CFTR protein expression and are considered
a good model for FC studies.

The FRT-CFTR®**2X and FRT-CFTRW!282X cells express human CFTR cDNA (p-TRACER
plasmid) harboring the nonsense mutations G542X or W1282X.

Human bronchial epithelial cells (L6HBE) were cultured in MEM (minimum essential
medium, Gibco) supplemented by 10% FBS (fetal bovine serum, Gibco) and 1%
Streptomycin/Penicillin antibiotics (Corning). Before plating, every plate was coated with
rat tail collagen (1:100). Antibiotics were removed 24 hours before treatments.

16HBE cells represent a superior in vitro system compared to FRT cells for the study of
CF.

-Human intestinal organoids.

CF human rectal mucosa tissues were obtained by suction biopsy during a routine clinic
visit at the UZ Leuven University Hospital (Herestraat 49, 3000 Leuven, Belgium) by Dott.
F. Vermeulen’s group. The biopsies were stored in ice-cold phosphate buffer and kept in
ice until crypt isolation.

Crypts were isolated from the rectal biopsies and subsequently mixed with 70% matrigel
and plated on 24-well plates; human organoid expansion medium (A83-01 500 nM,
SB202190 p38 inhibitor 10 uM, EGF 50 ng/ml, Nicotinamide 10 mM, N-Acetylcysteine
1.25 mM, B27 supplement 2%, Wnt3A conditioned medium 50%, fcNoggin conditioned
medium 10%, Rspol conditioned medium 20%, ADF+++ 20%) was added after the
solidification of matrigel (1 ml for wells) [Vonk A.M., et al. 2020]. The medium was
changed every day. Organoids were split by mechanical disruption after 7 days in culture.
Organoids samples used in the experiments were characterized by two different CFTR
genotypes: CFTRE542XC542X gnd CFTRWI282¥dele23 1n particular, in CFTRW1282X/dele23

genotype one allele shows a nonsense mutation, and the other allele the dele2,3 class VI
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mutation, a large deletion of the CFTR gene that results in severe CF phenotype and no

CFTR protein expression [De Boeck K. 2020].

-Plasmids and vectors.

pcDNA3.1 plasmids (fig. 17; previously provided by Prof. Duga S, Humanitas University)
are characterized by the human CFTR wild-type cDNA (pcDNA3.1-CFTR"T) and the
human CFTR minigene harboring the specific polymorphism (TsTGi2) localized at the 3’
end of intron 9 (DcCDNA3.1-CFTRN%9N510+5T127G) |
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Figure 17: pcDNA3.1 plasmid backbone map.

In addition, pcDNA3.1-CFTRN%9+NS10+3T12TG contains two intron (9 and 10) parts localized
at the extremities of exon 10, fundamental for splicing activation (fig. 18). The intron 9 and
intron 10 fragment sizes are respectively 298 pb and 300 pb in the pcDNA3.1-

C FTRN59+N510+5T12TG

Notl Apal
EX1-7 EX 8-9 EX 10 | EX 11-13| ' EX 15-27 |

(_A_\ INTR10

Figure 18: Schematic representation of CFTR minigene (CFTRNS9+NS10+5T12TG) ' The polymorphism TsTGi2
located in the intron 9 constitutes the CFTR mutation that alters mRNA splicing. In this picture, there are
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also displayed the restriction enzyme (Notl and Apal) sites used for the cloning. EX, blue: exon; INTR,
yellow: intron.

The pcDNA3.1-CFTR4EX10 contains the human CFTR cDNA without the sequence of the
exon 10, in order to simulate the skipping of the exon 10 caused by CFTR TsTGy

mutation.
-Cloning protocol.

CFTRN®9*NS10+5TI2TG minigene and CFTRYWT cDNA were recovered from pcDNA3.1
plasmids by Notl-Apal restriction enzymes and cloned under the control of the tetracyclin-
inducible (Tet) system of retroviral vector pBPSTR1, digested with Notl and Pmel (fig. 19;
Invitrogen) [Paulus W., et al. 1996]. pcDNA clones were first digested with Apal and 3’
protruding ends were removed by T4 DNA polymerase (ThermoScientific). Fragments
were then released by Notl restriction and they were dephosphorylated to favor ligation
with pBPSTR1/Notl-Pmel (Rapid DNA Dephos & Ligation Kit, Roche). Ligation products
were transformed into E. coli Topl0 competent cells. Recombinant clones were screened
by colony PCR with primers pBPSTR1-Fw (Fwd: 5>-CCAGACGACGAGGCTTGC-3")
and CFTR 6dw (Rev: 5’-CAATAACTTTGCAACAGTGG-3’). The thermal cycle used for
the PCR was: (step 1) 3 min, 94°C; (step 2) 20 sec, 94°C; (step 3) 30 sec, 54°C; (step 4) 1
min, 72°C; (step 5) 5 min, 72°C. Steps 1 to 3 were repeated for 30 cycles. Finally, PCR
products were separated with agarose gel (1%) electrophoresis in order to verify the correct
size of the amplicons.

The two final vectors are the following: pBPSTR1-CFTRNS9*NS10+5TI2TG gng pBPSTRI1-
CFTRYT,

The extremities of pBPSTR1-CFTRN9*NS10+5TI2TG gng pBPSTR1-CFTRYT produced after
Notl digestions were then sequenced using Sanger-sequencing methodology by an external
company (BMR Genomics). The primers used for the sequencing mapped in the retroviral
vector pBPSTRI1 (Fwd: 5’-CCAGACGACGAGGCTTGC-3; Rev: 5’-
GACGCCATCCACGCTGTTTTC-3").

-Phoenix cell line and retroviral infection system.

Phoenix (DNX) packaging cells (provided from Stanford University, Nolan lab; Pear W.S.,
et al. 1993) are a human embryonic kidney cell line transformed by adenovirus, which

gives rise to high titers of retroviral supernatant. These cells were transfected with the two
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retroviral vectors (pBPSTR1; fig. 19) containing: CFTRNS9*NS10+5TI2TG minjgene and

CFTR"TcDNA to produce retroviral particles.
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Figure 19: Retroviral vector pBPSTR1 map. Long terminal repeat (LTR) elements, puromycin resistance
cDNA (PuroR), and MMLV ¥ (retroviral psi packaging element) are displayed in the map.

3x10° of Phoenix cells were plated. On the second day, cells were transfected with the
above retroviral vectors. The transfections were performed by Lipofectamine™ 3000
Transfection Reagent (Invitrogen) according to the manufacturer’s instructions. 72 hours
after transfection, the cell medium containing retroviral particles was collected and then
filtered with a 0,45 um filter.

For infection, medium containing retroviruses was added to previously plated FRT cells
(3x10°). Polybrene 1 pg/ml (a cationic polymer that neutralizes charge repulsion between
virus and cell) was used in order to promote the interaction between retroviral particles and
cells.

The selection of cells stably expressing the retroviral vector (harboring
CFTRNS9+NSI0+5TI2TG o CETRWT sequences) was performed by puromycin 1 pg/ml for three

weeks.
-Trypan blue assay.

FRT cells were plated onto a 6-well plate at a density of 10° cells/well in 2 ml of cultured
medium. Cells were then treated with test compounds at the concentration of 12 uM for 24,
48, and 72 hours. Cells were suspended in 5 ml of medium and 100 pL of suspension was
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added to 100 pL of Trypan Blue (Sigma Aldrich). Subsequently, 10 puL of the cell

suspension was counted in a Burker chamber.

-Western blotting.

Proteins samples were extracted from cellular pellets using RIPA buffer
(ThermoScientific) and protease cocktail inhibitor (1:100, ThermoScientific) at 4°C. After
extraction, proteins were quantified by the Bradford assay method (Coomassie blue dye,
Thermo Scientific) and samples were compared to a BSA (bovine serum albumin) protein

standard curve at known concentrations.

For the analysis of CFTR, proteins (30 ug) were separated in 3-8% SDS-PAGE gel and
transferred to a PVDF transfer membrane overnight at 4°C and 12 V (constant voltage).
The membranes were blocked in non-fat dry milk 5% (1 hour at room temperature) and
then incubated with primary antibody anti-CFTR (mouse, ab570, CF American Foundation
1:500) overnight at 4°C.

For the analysis of p53, Cys-C, and B2M, proteins (20 pg) were separated in 12% SDS-
PAGE gel and transferred to a PVDF transfer membrane, overnight at 4°C and 12 V
(constant voltage). Blotted membranes were blocked with non-fat dry milk 5% (1 hour at
room temperature) and after that membranes were incubated with primary antibody anti-
p53 (mouse, p53 DO-1, Santa Cruz Biotechnology, 1:2000), primary antibody anti-
Cystatin-C (rabbit, Cell Signaling Biotechnology, 1:1000) or primary antibody anti-B-2-
Microglobulin (rabbit, Cell SignalingBiotchnology, 1:1000), overnight at 4°C. Anti-
tubulin primary antibody (mouse, Sigma Aldrich, 1:5000) was used to detect B-tubulin as a

loading control to normalize the protein bands.

After three washes (15 min on shaker) with TBS-Tween™-20 1X (ThermoScientific),
membranes were incubated with anti-mouse (Invitrogen, 1:5000) or anti-rabbit (Promega,
1:2500) HRP-conjugated secondary antibodies for 1 hour. After incubation, the membranes
were washed three times (15 min on a shaker) with TBS-Tween™-20 1X
(ThermoScientific). The detection of the bands was performed by SuperSignal® West
Femto kit (ThermoScientific) and images were acquired by ChemiDoc MP imaging system
(Bio-Rad). Gel bands were quantified by ImageJ software.

-Immunofluorescence microscopy.
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FRT and HCT116 cells were grown on round glass coverslips in 12-well plates with 1 ml
of medium (without antibiotics). After removing the medium and one wash in DPBS 1X
(Dulbecco’s phosphate buffer saline, GIBCO), cells were fixed with cold methanol for 1
min and treated with Triton-X 0,01% for 10 min at room temperature. After washing, fixed
cells were blocked in BSA (bovine serum albumin) 0,1% for 1 hour and incubated with
primary antibody anti-p53 (mouse, p53 DO-1, Santa Cruz Biotechnology, 1:2000)
overnight at 4°C. Coverslips were then incubated with a goat polyclonal to mouse Alexa

Fluor-488 (Abcam, 1:1000) secondary antibody for 1 hour at room temperature.

For FRT cells immunofluorescence (CFTR detection), after incubation with Triton-X, cell
membrane, and Golgi apparatus were stained with wheat germ agglutinin (WGA)
conjugated with Alexa Fluor-594 for 10 min at room temperature. CFTR protein
localization was revealed by a mouse monoclonal antibody (ab570, CF American
Foundation, 1:500). Samples were incubated with a secondary antibody goat polyclonal to

mouse Alexa Fluor-488 (Abcam, 1:1000), for 1 hour at room temperature.

Nuclei were stained with ProLong™ Gold antifade mounting medium with DAPI
(Invitrogen). Cells were observed using a Zeiss Axioskop microscope equipped for

fluorescence. Fluorescence signals were quantified by ImageJ software.
-Real-time RT-PCR.

Total RNA was extracted from the cellular pellet by using the RNeasy® Mini Kit
(QIAGEN) according to the manufacturer’s instructions and samples were purified by
DNase Max® kit (QIAGEN). RNA was reverse transcribed in a final volume of 50 pl using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For each
sample, 2 ul of cDNA, corresponding to 100 ng of reverse transcribed RNA, was analyzed
by real-time RT-PCR (95°C for 15 s, 60°C for 60 s, repeated for 40 cycles) in triplicate,
using AB PRISM 7300 instrument (Applied Biosystems). Real-time RT-PCR was
performed in a final volume of 25 pl comprising 1X Master Mix SYBR Green (Applied
Biosystems) and 1 uM of forward and reverse primers, which are the following: p21(Fwd:
5’-CTG GAG ACT CTC AGG GTC GA-3’; Rev: 5’-CGG ATT AGG GCT TCC TCT TG-
3’) and GAPDH (Fwd: 5°-CTC ATG ACC ACA GTC CAT GCC-3’; Rev: 5-GCC ATC
CAC AGT CTT CTG GGT-3").

As regards the analysis of CFTR expression in FRT cells, we used 1 uM of forward and
reverse primers mapping the exon 10 of CFTR (Fwd: 5°-ATC CAG CAA CCG CCA ACA
ACT -3’; Rev: 5°-ACT TCT AAT GGT GAT GAC AGC C -3’) and Actin (Fwd: 5’-ACC
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GTG AAA AGA TGA CCC AGA -3’; Rev: 5’-GAG GCA TAC AGG GAC AGC ACA -
3%).

Data were analyzed using triplicates values of C; (cycle threshold). Levels of RNA were
determined by using the SDS software version (Applied Biosystems) according to the 2-
AA Ct method and C; values were normalized to the internal control GAPDH or mouse
Actin.

-p-FLuc®? transfection and measurement of luciferase activity by luminescence.

HelLa cells were seeded onto 6-well plates with 2 ml of medium (without antibiotics). After
24 hours cells were transfected using Lipofectamine™ 3000 Transfection Reagent
(Invitrogen) according to the manufacturer’s instructions with two vectors harboring the
cDNA for FTSJ1 [Trzaska C., et al. 2020] and FLuc®?. Vectors were diluted in opti-MEM
(Gibco). Cells were transfected with the p-FTSJ1 vector (2.0 pg) and with 1 ug of the p-
FLuc®? vector. 24 hours post-transfection, HeLa cells were treated with TRIDs (NV848,
NV914, and NV930) at experimental concentrations (6 uM, 12 uM, and 24 uM). Finally,
cells were washed with PBS 1X and incubated with the detection mix Steady-Glo®
Luciferase Assay System (Promega). 200 ul of Steady-Glo® reagent was mixed with 200
ul of Ultra Pure distilled water (DNase/RNase free; Invitrogen) and added in the samples
to lysate cells. After 5 min, 200 ul of cell suspension was added in duplicate in a 96-well
plate. Luciferase activity was finally measured at the GloMax®-Multi Detection System

(Promega).
-Human liver microsomes.

The pool of human liver microsomes (20 mg/ml; Gibco) derived from 50 different donors,
were pre-incubated with 100X NV848 (1.2 mM in H20), NV914, and NV930 molecules
and PBS1X or TRIS-HCI (phosphate buffers, pH 7.4) phosphate buffer, at 37°C for 5
minutes. The reaction started with the addition of NADPH, respectively in the
microsomes-PBS mix and in microsomes-TRIS mix. The reaction mix represented in

figure 20-A allowed us to evaluate the metabolic activity of cytochrome-P450 (CYP).
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A -181 pL Phosphate buffer (100 mM) Reaction mix to
- 2 uL Test NV molecules (100X)
- 5 pL Microsomes (20 mg/mL) evaluate the
- 12 uL NADPH (20 mMm) activity of CYP.

- 152 pL Phosphate buffer (100 mM)
- 2 uL Test NV molecules (100X)

B -3 ML Microsomes (20 mg/mL) Reaction mix to
© 12 ML NADPH (20 mM) evaluate the
- 20 pL Uridine-diphosphate-glucuronic activity of
acid trisodium (UDPGA; 50 mM) CYP and UGT.
- 1 pL Alamethicin (2 pg/uL)
- 8uL Mgcl (1mm)

Figure 20: Schematic representation of microsomes mixes for the evaluation of cytochrome-P450 (CYP) and
UDP-glucoronyl-transferase (UGT).

However, in order to evaluate the UDP-glucosyl-transferase (UGT) activity, the UDPGA,
MgClz, and Alamethicin (pore-forming antibiotic) were added respectively in other two
mixes with PBS 1X or TRIS-HCI phosphate buffer (fig. 20-B).

After the addition of NADPH, 30 pL of the mix was collected in a new tube and the
reaction was stopped with the addition of 200 pL of acetonitrile (0-time point aliquot). The
mixes were incubated for 5, 30, and 60 minutes respectively, at 37°C. Next, 30 uL of every
mix was collected in a new tube, vortexed, and centrifuged (3000 rpm, 5 min). The

supernatant was separated from the pellet in a new tube and analyzed by LC/MS-MS.
-CFTR activity in the organoids by FIS assay.

Briefly, organoids (between the 4th and the 20th passage) were seeded onto 96-well plates
in 4uL of matrigel drops. Each drop, containing 15-60 organoids, was covered with 50 pL
of growth medium. Human organoid expansion medium was replaced and then the

compounds were added at 24 and 48 hours for the following treatments (fig. 21):
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Figure 21: Experimental representation in a 96-wells plate with compounds used for the treatments and
relative concentrations. PTC124 (10 pM) and ELX-02 (80 pM) were used at non-toxic and effective doses.
NV848, NV914, and NV930 (NVs) were used at different concentrations (detailed in figure; NV848: black,
NV914: red, NV930: blue). Higher concentrations of NV914 (>12 pM) were not tolerated in intestinal
organoids. Forskolin (5 uM; Fsk) was used in all samples as CFTR activator. Meanwhile, CFTR modulators,
Elexacaftor (3uM; 445), Tezacaftor (3uM; 661), and Ivacaftor (3 uM; 770), were included to increase CFTR
recovery and activity. DMSO was the vehicle of the compounds.

Green calcein (Invitrogen) was added to stain the organoids (0.02 mg/uL). Subsequently,
to stimulate CFTR activity, forskolin 5 uM was added to the organoids that were
immediately analyzed by confocal live-cell microscopy (LSM800, 5x objective; Zeiss,
Oberkochen, Germany). Every 10 min (from 0 to 60 min (to—te0)), the total organoid area
(xy plane) was automatically quantified using Zen blue analysis software (Zeiss) and
normalized to the area at to.

To test the rescue of CFTR function by correctors, organoids were pre-incubated for 48
hours with 3 UM Elexacaftor (VX-445; Selleckchem) and 3 puM Tezacaftor (VX-661;
Selleckchem), as figure 21 shows. lIvacaftor at a concentration of 3 uM (VX-770;
Selleckchem) was added as a potentiator in combination with forskolin. Within each
organoid experiment, every test condition was assessed in duplicate. Per organoid
genotype, two independent experiments were performed on different days. Reported values
reported correspond to the average area under the curve (AUC) calculated from plots
representing the mean percentage of organoids swelling from to to teo (60 min) plus the
standard error of the mean of the two independent experiments.
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Residual CFTR function was determined from the organoid swelling after the addition of
forskolin and CFTR modulators (VX-445/ VX-661/ VX-770) with DMSO (vehicle).

-Data analysis.

The experiments were performed at least in duplicate (n=2, experimental replicates) and
using two (three for Real time RT-PCR and microsomal analysis) technical replicates for
each analysis. All data are expressed as mean values + standard error of the mean (SEM).
Statistical analysis was performed by Student’s t-test and one-way ANOVA when
appropriate by GraphPad Prism software version 7.0.0 for Windows. A probability value
(p) of less than 0.05 was regarded as significant and indicated in relevant graphs as one
symbol (*) for p< 0.05, two symbols (**) for p< 0.01, three symbols (***) for p< 0.001,
and four symbols (****) for p< 0.0001.
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RESULTS.

TASK#1 Study of CFTR expression in the rescue of splicing mutation
defects after treatment with the small molecules kinetin and
RECTAS.

1.1 Transient transfection of the CFTRNS®*NS10+5T12TG (CETR minigene) construction and

rescue of CFTR expression after treatment with kinetin and RECTAS molecules.

To evaluate the ability of the two molecules kinetin and RECTAS (fig. 9, Introduction
Section) to correct CFTR TsTGi2 mRNA splicing, a vector harboring the CFTR
polymorphism TsTGi2 (pcDNAS3.1-CFTRNS9+NS10+5TI2TC) \yag ysed to transfect Fischer rat
thyroid cells (FTR). As a positive control, the vector containing CFTR wild-type cDNA
(pPcDNA3.1-CFTRYT) was used.

FRT cells were chosen for the analysis because these cells do not express human CFTR
protein and do not present analog CAMP-regulated protein channels that transport CI ions
[Sheppard D.N., et al. 1994].

24 hours post pcDNA3.1-CFTRNS9*NS10+5TI2TG yransfection, FRT cells were treated with
kinetin (100 uM) or RECTAS (50 uM) for 48 hours and the total RNA was extracted to
analyze CFTR expression by Real time RT-PCR.

In order to evaluate the presence of the correct CFTR mRNA, with the exon 10 inclusion
promoted by kinetin or RECTAS treatment, two specific primers for the exon 10 sequence

were used in Real time RT-PCR reaction (fig. 22).
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Figure 22: Real time RT-PCR of the CFTR mRNA in FRT cells untransfected (Untr) or transfected with
PCDNA3.1-CFTRNS9#NSI0+STIZTG g treated with DMSO (vehicle, negative control), kinetin (100 uM), or
RECTAS (50 uM). FRT cells were transfected with pcDNA3.1-CFTRYT as a positive control. Data were
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analyzed by GraphPad Prism 7 software. A probability value (p) with respect to the DMSO sample: three
symbols (***) for p < 0.001.

Real-time RT-PCR revealed an increase of CFTR expression in pcDNA3.1-
CFTRNS*NSI0+STI2ZTG  ERT cells treated with kinetin or RECTAS, with respect to
untransfected cells (fig. 22; Untr). Moreover, the use of specific primers for exon 10
confirms the inclusion of this region in the transcript after the treatment. In contrast, also
DMSO treated cells showed an increase in CFTR expression probably due to the presence
of pre-splicing CFTR mRNAs.

To evaluate CFTR protein expression in pcDNA3.1-CFTRN9#NSI0+5TI2TG ERT cells, 48
hours after treatment with kinetin or RECTAS proteins were extracted and samples were
analyzed by western blot. An additional control was used for this analysis: a sample
transfected with a vector containing the CFTR cDNA without the exon 10 sequence
(pcDNA3.1-CFTR4EX1%) This control was used to visualize the eventual different
molecular weights of the CFTR protein. FRT cells were transfected with the indicated
vectors and after 24 hours, treated with kinetin or RECTAS for 48 hours (fig. 23).
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Figure 23: A) Western blot analysis in FRT cells untransfected (Untr) or transfected with pcDNA3.1-
CFTRNS9+NS10+5TI2TG gnq treated with DMSO (vehicle, negative control), kinetin (100 pM), or RECTAS (50
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UM). FRT cells were transfected with pcDNA3.1-CFTRVT(CFTR-WT) as positive control and pcDNA3.1-
CFTRY“XI%AEX1() as a negative control of exon 10 inclusion. The two protein bands with different
molecular weights (170 kDa C-band and 150 kDa B-band) represent the two forms of CFTR: glycosylated
and unglycosylated CFTR forms, respectively. The band quantification was performed using the bands
corresponding to the mature form of CFTR protein (170 kDa); B) Relative quantification of bands density
was performed by ImageJ software. g-tubulin was used as a loading control. Data were analyzed by
GraphPad Prism 7 software. A probability value (p) with respect to the DMSO sample: two symbols (**) for
p < 0.01, four symbols (****) for p < 0.0001. ns= non-significant.

As shown in figure 23, the treatment with kinetin or RECTAS partially restored CFTR

protein expression in pcDNA3.1-CFTRNS9+NS10+5TI2ZTG FRT cells,

CFTR is a protein channel localized in the apical surface of the cell membrane and its
correct localization is necessary for physiological osmotic regulation. To analyze the

protein localization, it was evaluated by immunofluorescence assay.

Plasma
DAPI CFTR membrane Merge

Figure 24: Immunofluorescence analysis of FRT cells untransfected (Untr) or transfected with pcDNA3.1-
CFTR"T or pcDNA3.1-CFTRNS9*NSI0+STI2TG - Cells were treated with DMSO (vehicle, negative control),
kinetin (100 uM), or RECTAS (50 pM) 48 hours after transfection. CFTR protein (green) was revealed by a

CFTR

Untr

DMSO

N59+N510+5T12TG
CFTR
Kinetin

RECTAS
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specific primary antibody (ab570) and secondary antibody (Alexa-488). Nuclei (blue) were stained with
DAPI (4'6-diamidino-2-phenylindole) and the plasma membrane (red) was stained with wheat germ
agglutinin (WGA)-Alexa 594.

FRT cells were seeded on rounded glass coverslips in 12-well plates and transfected with
the indicated vectors (pcDNAS3.1-CFTRN9*NS10+5T12TG o ncDNAS3.1-CFTRYT). 24 hours
post-transfection, cells were treated with kinetin (100 uM) or RECTAS (50 uM) for 48
hours (fig. 24).

As shown in figure 25, CFTR protein expression was detected on cellular membranes and
it results increased in 25% and 33% of the cells treated with kinetin or RECTAS

respectively.
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Figure 25: Quantification of CFTR signal relative to immunofluorescence analysis. Fluorescence intensity
quantification was performed by ImageJ software. Data were analyzed by GraphPad Prism 7 software. A
probability value (p) with respect to the DMSO sample: four symbols (****) for p < 0.0001.

These data support both the hypothesis that kinetin and RECTAS compounds are able to

rescue splicing defects and induce CFTR protein recovery.

In order to improve the data obtained in transient transfections, the next step was the
production of FRT cells that stably express the CFTRN$*NS10+5T12TG minjgene using a

retroviral infection system.

1.2 Cloning CFTRWT and CFTRNS$*NS10+5T12TG constryctions into the retroviral vector

pBPSTR1 in order to produce stably expressed FRT cells.

To increase the number of cells that express CFTRN9*NS10+5T12TG minjgene, the whole

insert was cloned in a retroviral vector named pBPSTR1 (fig. 19, Methods Section). The
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CFTRNS9+NSI0+5TI2TG g CFTRWT inserts were recovered from pcDNA3.1 plasmids by Notl
and Apal restriction enzymes digestion.

At first, pcDNA3.1 digestion with Apal generated a 3’ protruding end, that was removed
by treatment with T4 DNA polymerase in order to create a 3’ blunt end. This 3’ end
modification was required because the consensus site for the Apal restriction enzyme was
absent in the polyclonal site of the pBPSTR1 vector. After the second digestion with Notl
and dephosphorylation of the pcDNA3.1 ends, the CFTRNS+NSI0+STIZIG gpg CETRWT
fragments were released (fig. 26). The consensus sites for Notl and Apal enzymes are
unique cutting sites in pcDNA3.1 plasmid, while ApalLl can generate a cut inside the
sequence of CFTR cDNA. Notl and Apal were used in order to release the
CFTRN®9*NS10+5T12TG and CFTRWT inserts from pcDNA3. 1.

CFTR
Ladder mjnigene CFTRWT

6.0kb — 5179 pb
5.0kb —— 4581 pb
3.0kb —— [

t——

—
1.0kb ——

—

——

Figure 26: Gel electrophoresis of pcDNA3.1-CFTRNS$*N510+5T12T6 (CETR minigene) and pcDNA3.1-CFTRWT
(CFTRYT) fragments after digestion with Notl, Apal, and ApaLl restriction enzymes, CFTRNS9+N510+5T12TG g
CFTRYT fragments present respectively a dimension of 5179 pb and 4581 pb.

Finally, the CFTRN*NS10+5TL2T minjgene and CFTRWT cDNA were cloned into the
retroviral vector pBPSTR1 digested with Notl and Pmel.
In order to verify the correct cloning after ligation, pPBPSTR1-CFTRN9#NS10+5T12TG gnq

pBPSTR1-CFTRYT resulting vectors were digested with BamHI (fig. 27).
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Figure 27: Gel electrophoresis of pBPSTR1-CFTRN%$*N510+5T12TG (CETR minigene) and pBPSTR1-CFTRWT
(CFTRWT) fragments after digestion with BamHI restriction enzyme. The table (right) shows the expected
molecular weights of the fragments deriving from BamHI digestion. The higher bands (7022 pb) represent
the pBPSTR1 vectors.

Restriction with BamHI gave 3 cuts in pBPSTR1-CFTRN$*NS10+5T12TG ang pBPSTR1-
CFTR"T vectors, and that was confirmed by gel electrophoresis (the two fragments with
size < 322 pb are slightly visible).

The CFTRNS9+NS10+3T12TG (CETR minigene in fig. 27) sample has a higher molecular weight
with respect to CFTRYT fragments because this construction harbors the two introns
portions (intron 9 and intron 10) containing the TsTG12 polymorphism (intron 9). The top
bands correspond to the pBPSTR1 vector size.

Ligation products were then transformed into E. coli Top10 competent cells to amplify the
engineered retroviral vectors (pBPSTR1-CFTRNS9#NS10+5T12TG ang pBPSTR1-CFTRWT).
The two retroviral vectors were transformed into E. coli Topl0 by thermal shock and
plated onto LB agar plates with the addition of ampicillin, in order to isolate the positive
colonies. The correct transformation of selected clones was controlled by PCR-colony (fig.
28).
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Figure 28: Colony PCR deriving from the transformed and selected E. coli Top10. Using specific primers
that mapped inside the sequence of pBPSTR1 vector and CFTR cDNA, the amplicons present a dimension of
840 pb (respectively 142 pb and 698 pb).

Finally, the resulting extremities of pBPSTR1-CFTRNS®*NSI0+STI2TG gnd pBPSTRI-
CFTR"T were sequenced (by an external company; BMR Genomics) in order to confirm

the correct cloning.

1.3 Packaging cells (Phoenix) transfection with pBPSTR1-CFTRNS$*NS10+5T12TG  gp
pBPSTR1-CFTR"T and retroviral infection of FRT cells.

Phoenix (®NX) packaging cells can produce retroviral particles when transfected with an

appropriate retroviral vector such as the pBPSTR1.

To evaluate the transfection efficacy in Phoenix cells, they were transfected with the
pBPSTR1-H2BGFP retroviral vector expressing the chimeric cONA H2BGFP [Kanda T.,
et al. 1998].

72 hours post-transfection 60% of the Phoenix cells showed the presence of the fluorescent
protein H2BGFP (fig. 29 A-B).

To validate the efficacy of infection by the retroviral particles produced, the supernatant of
the pBPSTR1-H2BGFP Phoenix cells was used to infect HCT116 cells (FRT cells were
not used because express a fluorescent protein named YFP).

As shown in figure 29-C, 72 hours post-infection, HCT116 cells resulted positive to the
expression of the H2BGFP protein, indicating the ability of the Phoenix cells to produce

functional retroviral particles.
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Figure 29: A) Representative fluorescence microscopy images of Phoenix cells 72 hours after transfection
with pBPSTR1-H2BGFP. B) Percentage of Phoenix after 24, 48, and 72 hours of transfection with
pBPSTR1-H2BGFP. C) representative fluorescence microscopy images of HCT116 cells infected with
retroviral particles derived from Phoenix transfection with pBPSTR1-H2BGFP.

The next step was the production of retroviral particles that contain the two vectors:
pPBPSTR1-CFTRNS9*NS10+5TI2TG o nBPSTR1-CFTRYT by Phoenix cell transfection.

After the transfection, the culture medium containing the retroviral particles was collected
in order to infect FRT cells.

72 hours post-infection, FRT cells were selected by puromycin for three weeks.

FRT-pBPSTR1-CFTRNS*NSI0+STI2TG and  FRT-pBPSTR1-CFTRWT selected cells were

analyzed to confirm the expression of the CFTRN®9*N510+5T12TG ang CFTRWT expression.

Total RNA was extracted from FRT-pBPSTR1-CFTRNS+NS10+5T12TG g FRT-pBPSTRI1-
CFTR"T and a Real-time RT-PCR analysis was performed to confirm the expression of

CFTR transcript (fig. 30).
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Figure 30: Real-time RT-PCR of the CFTR mRNA in FRT cells not infected (Not Inf) or infected with
retroviral particles harboring pBPSTR1-CFTR"T (CFTRYT) or pBPSTR1-CFTRNS9+NS10+5TI2TG (CETR
minigene) constructions. Primers used in this experiment are specific for exon 10.

As shown by real-time RT-PCR analysis, both FRT cells (FRT-pBPSTR1-
CFTRNS9*NSI0+5TI2TG gng FRT-pBPSTR1-CFTRYT) express CFTR mRNA (fig. 30). The
expression of CFTRN®9*NS10+5T12TG (CETR minigene; fig. 30) was lower than the expression

of CFTRWT according to the presence of the polymorphism TsTG1, mutation.

To evaluate the rescue of the CFTR protein by kinetin or RECTAS treatments, FRT-
PBPSTR1-CFTRNS9*NSI0+STI2TG \yere treated with kinetin or RECTAS for 48 hours.
Immunofluorescence analysis revealed that CFTR protein expression was increased after
treatment with kinetin or RECTAS, compared to the DMSO-treated control (fig. 31). Data

were confirmed by fluorescence signal quantification (fig. 32).
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Figure 31: Immunofluorescence analysis of FRT cells not infected (Not Inf) or infected with retroviral
particles harboring pBPSTR1-CFTR"T (CFTR"T) or pBPSTR1-CFTRNS9*NSL0+5T2TG (CETR  minigene)
constructions. Cells were treated with DMSO (vehicle), kinetin (100 pM), or RECTAS (50 uM) for 48 hours.
CFTR protein (green) was revealed by a specific primary antibody (ab570) and secondary antibody (Alexa-
488). Nuclei (blue) were stained with DAPI (4',6-diamidino-2-phenylindole) and the plasma membrane (red)
was stained with wheat germ agglutinin (WGA)-Alexa 594.

5 231071 xkx
©
> * ok ok ok
2 7 P
- 1.5310 v A
< v'y * o
< X ey ot
= 7o
N 18810 +
o
c v &0
o v *
o 53101 v = v *
(0]
- [ J
5 %o
2 0 T T T T T
w
\Q\ $/\ @O \.\(\ -
o &Q‘ Q .(\?1 0«
<> OQ Q <« 2
Q.

N59+N510+5T12TG
CFTR

Figure 32: Quantification of CFTR signal relative to immunofluorescence analysis. Fluorescence intensity
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quantification was performed by ImageJ software. Data were analyzed by GraphPad Prism 7 software. A
probability value (p) with respect to the DMSO sample: four symbols (****) for p < 0.0001.

TASK#2 Rescue of the CFTR expression and functionality by
translational readthrough inducing drugs (TRIDs) in nonsense

cystic fibrosis (CF) model systems.

2.1 Dose-response activity for the evaluation of the CFTR expression in FRT cells
characterized by CFTR W1282X mutation.

The second part of my Ph.D. project was based on advanced studies about the activity,
functionality, and stability of three new readthrough agents as a potential treatment of
nonsense-related CF.

To date, no experimental treatments specific to CF nonsense mutations are effective, but
the induction of premature termination codon (PTC) translational readthrough mediated by
compounds (TRIDs) can be one of the most promising and quickly available strategy to
rescue CFTR nonsense mutations.

Three oxadiazole core molecules named NV848, NV914, and NV930 (fig. 14; Introduction
Section) were identified by the research group of Pibiri I. and Lentini L. (STEBICEF
Department, University of Palermo), these compounds were validated as a molecule with
readthrough activity in FRT cell model system harboring two different nonsense mutations
(CFTR®**Z and CFTR"282X) [Pibiri 1., et al. 2020].

The first step was the evaluation of the dose/response activity of the three NV molecules:
NV848, NV914, and NV930 at 3, 6, 12, 24, or 48 uM (fig. 33).
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Figure 33: (B, C, D, left) Western blot analysis to detect CFTR in FRT CFTRW282X cells 24 hours after
treatment with NV molecules (NV848, NV914, and NV930) at increasing concentrations (3, 6, 12, 24, or 48
UM). (A) FRT CFTRYT (WT) and untreated FRT CFTRW%2X cells (Untr) were used respectively as positive
and negative controls. The two protein bands with different molecular weights (170 kDa C-band and 150
kDa B-band) represent the two forms of CFTR: glycosylated and unglycosylated CFTR forms respectively.
The band quantification was performed using the bands corresponding to the mature form of CFTR protein
(170 kDa). Actin was used as a loading control. (right) Western blot band quantification was performed by
ImageJ software.

FRT cells expressing the p-TRACER-CFTR"1282X (FRT-CFTRW!282X) wwere treated for 24
hours with the different molecules at indicated concentrations. As shown in figure 33,
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CFTR expression was detected in all tested concentrations. 24 uM resulted in the
concentration with the highest CFTR expression.

In addition, to evaluate the potential activity of the three molecules on natural termination
codons (NTCs), the presence of elongated proteins was assessed as a successive step.

2.2 Evaluation of NV molecules (NV848, NV914, and NV930) effects on the natural mRNA
termination codons (NTCs) in order to confirm the specific action of new readthrough

agents.

To exclude possible off-target effects on natural stop codons (NTCs) by NV molecules,
another objective of the project was based on the study of NV848, NV914, and NV930
activity in different cell model systems (HCT116 and 16HBE). The rationale of these
experiments was focused on the identification of specific elongated proteins such as p53
(in HCT116 cells), the Cystatin-C, and the p-2-Microglobulin (in 16HBE cells). In fact, the
eventual NTCs readthrough could cause the production of proteins with different weight
with respect to the normal molecular weight of the wild-type proteins.

In particular, p53 was chosen as a model of inducible protein and the other two proteins
were chosen as models of housekeeping proteins with a low molecular weight. Precisely,
Cystatin-C and the B-2-Microglobulin proteins were chosen because they were used in
similar experiments by Crawford et al. to investigate off-target effects on NTCs by another
TRID in a clinical trial (ELX-02) [Crawford D.K., et al. 2020].

2.3 Study of p53 correct translation and functionality after its translational increasing
(DNA damage response) and NV molecules (NV848, NV914, and NV930) treatment.

p53 is one of the most characterized proteins in the research field, because it is involved in
cell cycle arrest, DNA repair, senescence, and apoptosis, all processes to prevent cancer
[Tanaka T., et al. 2018]. In order to exert its proper function, this protein needs a series of
important events: aggregation in tetramer form, phosphorylation of specific aminoacidic
residues, nuclear localization, and interaction with transcription promoting DNA sequence
of specific genes [Gencel-Augusto J. and Lozano G. 2020].

One of the first genes activated by the p53 transcriptional factor in response to DNA
damage is CDKN1A [Rizzotto D., et al. 2021]. This gene encodes for a cyclin-dependent
kinase inhibitor also known as p21, that is fundamental to arresting the cell cycle during
DNA repair response [Georgakilas A.G., et al. 2017].

After DNA damage induction, p53 mRNAs and proteins are stabilized and the translation

of p53 is increased in order to accelerate DNA damage response [Grover R., et al. 2009].
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p53 alterations can interfere with the functionality and correct localization of this protein in
several ways [Hu J., et al. 2021].

Based on these observations, to evaluate a possible activity of the NV molecules (NV848,
NV914, and NV30) on the natural termination codons (NTCs) during the translation
process of the p53 protein, DNA damage was induced by Doxorubicin, in HCT116 cells in
presence of NV molecules. The purpose of these experiments was to visualize the possible
expression of greater molecular weight forms of p53 after treatment with NV molecules for
24 hours. Moreover, the presence of unfunctional forms of the p53 protein due to an

incorrect translational process was assessed.

HTC116 are tumor and immortalized cells with a high replication rate. These cells were
used for the higher translation capacity with respect to normal cells.

HCT116 cells were plated and, after 24 hours, the cells were treated with Doxorubicin to
induce DNA damage and p53 translation increase, in combination with TRIDs as shown in
the graphic representation in figure 34. p53 protein expression, functionality, and
localization were analyzed after DNA damage induction in presence of NV molecules.
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Figure 34: Experimental scheme. Doxorubicin DNA damage induces p53 expression in HCT116 cells.
TRIDs could generate translational readthrough of the natural mRNA termination codons (NTCs), even on
p53 NTC. This miscoding error could result in alterations of protein expression, nuclear localization, and/or
DNA/protein interaction.

p53 NTC
readthrough
product

In particular, HCT116 cells were seeded in 6-well plates and treated with Doxorubicin 0,2
pg/ml in combination with G418 or NV molecules at the indicated concentrations (G418:
430 uM, 645 uM, and 1075 uM; NV848, NV914, and NV930: 3 uM, 12 uM, and 48 uM;
fig. 35).
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The G418 aminoglycoside was used as a positive control considering its capacity to induce
NTCs genome-wide readthrough [Wangen J.R. and Green R. 2020].

Western blot experiments and bands quantification analysis showed a little decrease of p53
protein levels in HCT116 treated with G418 and NV914 after DNA damage compared to
Doxorubicin (Dox) samples (black bars in fig. 35-B). However, in all analyzed samples

were no visible p53 bands with greater molecular weight.
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Figure 35: (A) Western blot analysis to detect p53 in HCT116 cells 24 hours after treatment with G418
(430uM, 645 uM, and 1075 uM) or NV molecules (3 uM, 12 uM, and 48 uM) at increasing concentrations, in
combination with Doxorubicin (Dox, 0,2 ug/ml). Only compound indicated the treatment without DNA
damage induction (-Dox). NV or G418 samples indicated the treatment with different TRID concentrations
(triangles) in combination with Doxorubicin (+Dox). g-Tubulin was used as loading control. (B) Western
blot bands quantification was performed by ImageJ software.
In response to DNA damage, p53 protein is stabilized and its protein expression is
increased. Post-translational modifications and other signals are involved in p53
tetramerization and its nuclear localization to activate specific gene transcription. The
nuclear translocation is a fundamental event to the correct p53 function and, in addition,
this process is regulated by the presence of a protein nuclear localization sequence (NLS).
Nuclear localization and export sequences together with the tetramerization domain are
located in the C-terminal domain of p53. The suggestion is that: if any alteration in the p53
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translational process is induced by TRID treatment, protein function would be impaired

like its nuclear localization.

In order to visualize p53 protein localization after DNA damage induction and TRID
treatment, an immunofluorescence assay was performed. HCT116 cells were treated with
Doxorubicin and simultaneously with G418 or NV molecules at the indicated

concentrations for 24 hours (fig. 36-37).
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Figure 36: Immunofluorescence analysis of HCT116 to visualize the localization of p53 (green) 24 hours
after DNA damage induction by doxorubicin (0,2 ug/ml) and after 24 hours of treatment with G418, NV848,
NV914, or NV930 at the indicated concentrations. p53 protein (green) was revealed by a specific primary
antibody and a fluorochrome-conjugated secondary antibody (Alexa-488). Nuclei (blue) were stained with
DAPI (4',6-diamidino-2-phenylindole). G418 was used as a positive control of NTCs readthrough.
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Figure 37: Quantification of the p53 signal relative to the immunofluorescence analysis. The single shapes
indicate the amount of fluorescence of a single cell. Fluorescence intensity quantification was performed by
ImageJ software. Samples were analyzed compared to DNA damage controls only treated with doxorubicin
(Dox). Data were analyzed by GraphPad Prism 7 software. Probability value (p): two symbols (**) for p <
0.01, four symbols (****) for p < 0.0001.

Interestingly, the samples treated with 1075 uM of G418 showed reduced fluorescence
intensity similar with respect to controls without induced DNA damage (Untr and G418
430 uM). This result could be indicative of the reduced ability of the p53 protein to
respond to DNA damage as a consequence of aberrant protein production. Cells treated
with NV848 and Doxorubicin showed a comparable fluorescence intensity to the DNA
damage positive control sample (Dox).

On the other hand, samples treated with NV914 and NV930 showed a decreasing of
fluorescence signal at 12 uM. Anyway, the p53 fluorescent signal was localized every time

in the cell nuclei in all samples treated with Doxorubicin and in combination with TRIDs
(G418 and NV molecules).
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Since no significant change in p53 nuclear localization was revealed after treatment with
Doxorubicin and NV molecules, the transcription levels of p21 (CDKN1A) were analyzed
in order to confirm the functionality of the p53 protein.

HCT116 cells were treated with Doxorubicin and NV molecules, total mRNA was
extracted and analyzed by Real time RT-PCR to determine p21 (CDKN1A) mRNA

expression levels (fig. 38).
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Figure 38: Real Time RT-PCR of the p21(CDKN1A) mRNA in HCT116 cells untreated (Untr) or treated,
with G418 (430 uM, 645 uM, 1075 uM) or NV molecules (3 uM, 12 uM, 48 uM) after DNA damage induction
by Doxorubicin (Dox, 0,2 ug/ml). Only compound indicated the treatment without DNA damage induction (-
Dox). NV or G418 samples indicated the treatment with different TRID concentrations (triangles) in
combination with Doxorubicin (+Dox). Analyses were performed 24 hours after treatment conditions.

A sensible p21 mRNA reduction (around 16%) was observed in presence of DNA damage
and high concentrations of the G418 (645 uM) (fig. 38).

2.4 Western blot analysis of the two housekeeping proteins (Cystatin-C and p-2-
Microglobulin) after treatment with NV molecules (NV848, NV914, and NV930), in

order to evaluate possible NTC miscoding.

Recently a new molecule named ELX-02 has been established to be effective to treat
nonsense mutations and to be safe. Furthermore, it has been shown that its targets are
specifically PTCs. In fact, to demonstrate all the above-mentioned characteristics of this
TRID, Crawford et al. have developed a method similar to the one shown previously for
the p53 protein [Crawford D.K., et al. 2020].
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Precisely, they considered two housekeeping proteins, Cystatin-C and B-2-Microglobulin,
that have respectively the molecular weight of 15 kDa and 13 kDa.

The rationale of the used method is the same as described in p53. Indeed, if TRID
treatment induces readthrough of NTCs in Cystatin-C and B-2-Microglobulin mRNA, a

higher molecular weight can be detected by western blot analysis.

Based on the experiment by Crawford et al. human bronchial epithelial (L6HBE) cells were
treated with increasing concentrations of NV848, NV914, and NV930 molecules (fig. 39)
[Crawford D.K., et al. 2020].
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Figure 39: Western blot analysis in 16HBE cells untreated (Untr; negative control) or treated after 24 hours
with NV848, NV914, and NV930 at indicated concentrations. Images show the molecular weights of two
housekeeping proteins, Cystatin-C (Cys-C; A) and f-2-Microglobulin (82M; B). p21 protein was used as an
internal control of expected high molecular weight. S-tubulin (Tub) was included as a loading control (C).
Images were derived from different membranes and they were placed according to molecular weight markers
migration.

In particular, cells were treated for 24 hours at 12, 24, 48, or 100 uM and then proteins

were extracted and separated by western blot analysis.

In addition, the same experiment was performed with prolonged (72 hours) treatment with
TRIDs to validate the absence of NTCs readthrough (fig. 40).
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Figure 40: Western blot analysis in 16HBE cells untreated (Untr; negative control) or treated after 72 hours
with NV848, NV914, and NV930 at indicated concentrations. Every 24 hours the treatments were refreshed.
Images show the molecular weights of two housekeeping proteins, Cystatin-C (Cys-C; 4) and f-2-
Microglobulin (B2M; C). p21 protein was used as an internal control of expected high molecular weight. -
tubulin (BTub) was included as a loading control (B-D). Images were derived from different membranes and
they were placed according to molecular weight markers migration.

No bands relative to the tested proteins with higher or abnormal molecular weight are

visible, confirming the data obtained after 24 hours of treatment with NV molecules.
These experiments confirm that NV molecules did not induce appreciable readthrough on

natural stop codons.

2.5 Activity study of the CFTR channel rescued by NV molecules (NV848, NV914, and
NV930) in human intestinal organoids carrying CFTR nonsense mutations (G542X or
W1282X).
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Intestinal organoids are one of the best in vitro models for the estimation of CFTR protein
functionality. Human intestinal organoids derived from patients carrying CFTR nonsense
mutations were used to evaluate CFTR protein activity after treatment with NV molecules
(NV848, NV914, and NV930). These experiments were performed during the external
period of the Ph.D. program at the CF Organoid Research Group, University of Leuven

(KU Leuven, Leuven, Belgium).

Two different genotypes were selected from intestinal organoids (derived from
differentiation of adult stem cells) biobank: CFTRG%42X/C542X gnd CFTRWI282X/dele23
Importantly, the allele harboring dele2,3 mutation does not provide any increase of CFTR
protein (class VII mutation).

In addition, in order to improve the activity of CFTR proteins, organoids were treated with
CFTR modulators (Elexacaftor, Tezacaftor, and Ivacaftor) in combination with NV

molecules.

CFTRG%42X/6542X (fig, 41-A) and CFTRW1282X/dele23 (fj - 41-B) organoids were treated with
NV848, NV914, and NV930 alone at different concentrations and in combination with
CFTR modulators for 48 hours.
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Figure 41: CFTRG>2X/G2X (A) and CFTRW1282X/dele23(B) organoids were treated for 48 hours with DMSO
(negative control), PTC124, ELX-02 (positive control), NV848, NV914, and NV930 at indicated
concentrations. CFTR correctors (VX-445 Elexacaftor and VX-661 Tezacaftor; 3 uM) and CFTR potentiator
(VX-770 lIvacaftor; 3 uM) were added in order to increase CFTR activity after readthrough rescue. Samples
were analyzed and compared to each DMSO negative control (DMSO). Data were analyzed by GraphPad
Prism 7 software. Probability value (p): one symbol (*) for p<0.05, two symbols (**) for p <0.01, three
symbols (***) for p<0.001, four symbols (****) for p <0.0001.

The forskolin-induced swelling (FIS) assay measures the increase of the organoids area
(AUC; area under the curve), deriving from CFTR activity.

If CFTR protein is correctly synthesized, after the addition of forskolin (Fsk), a compound
that increases the CAMP concentration and stimulates the CFTR opening, the organoids
swell [Ramalho A.S., et al. 2022]. This swelling happens thanks to a water flux inside the
organoid’s lumen. The water enters into the lumen because the CFTR opening creates an
osmotic pressure inside the organoid able to generate the swelling.

Data show two different treatment responses. In CFTR®%42X/542X grganoids (fig. 41-A), the
aminoglycoside ELX-02 (positive control) increased the organoids area better compared to
the same treatment in CFTRW!282X/cele23 grganoids (fig. 41-B).

As regards TRIDs samples, no swelling was detected in CFTR®%42X/6%42X grganoids (fig.
41-A). However, a visible swelling appeared in CFTRW1282X/dele23 grganoids (fig. 41-B)

using TRIDs in combination with CFTR modulators (VX-445, VX-661, and VX-770). In
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both genotype samples and in all experimental conditions PTC124 did not induce

organoids swelling.

In order to increase the efficacy of TRIDs, the nonsense-mediated decay (NMD) pathway
was inhibited in CFTRC%2X/C542X gnd CFTRW!282X/dele23 grganoids. The NMD pathway
induces the degradation of nonsense mMRNAs thus limiting the NV molecule’s action
[Mailliot J., et al. 2022].

FIS assays were repeated in CFTRC%2XC542X gng CFTRWI282X/dele23 grganoids at the
previous experimental conditions (fig. 41 A-B), using the NMD inhibitor named NMDI14
(fig. 42 A-B). This compound interferes with the interaction between UPF1 and SMG7,
two important NMD factors [Aksit M.A., et al. 2019].
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Figure 42: CFTRG>2X/G2X (A) and CFTRW1282X/dele23(B) organoids were treated for 48 hours with DMSO
(negative control), PTC124, ELX-02 (positive control), NV848, NV914, and NV930 at indicated
concentrations. All samples were treated with NMD inhibitor NMDI114 (0.625 pM). CFTR correctors (VX-
445 Elexacaftor and VX-661 Tezacaftor; 3 uM) and CFTR potentiator (VX-770 Ivacaftor; 3 uM) were added
in order to increase CFTR activity after readthrough rescue. Samples were analyzed and compared to each
DMSO negative control (DMSO). Data were analyzed by GraphPad Prism 7 software. Probability value
(p):one symbol (*) for p<0.05, two symbols (**) for p <0.01, three symbols (***) for p<0.001, four symbols
(****) for p <0.0001.

Data show a little variation of AUC between the experiment without NMDI14 (fig. 41-A)
and with the addition of the NMD inhibitor (fig. 42-A), as regards ELX-02. Anyway, NV
molecules treatment did not induce organoid swelling also in presence of NMDI14 (fig.
42-A) in CFTRE2¥6542X grganoids.

However, by inhibiting the NMD pathway through NMDI14 in CFTRW!282X/dele23
organoids, it is possible to see an increase of AUC in samples treated with TRIDs and
CFTR modulators (VX-445, VX-661, and VX-770; fig. 42-B), compared to the FIS assay
without NMDI14 (fig. 41-B). Thus, NMD inhibition synergized with the induction of

translational readthrough via TRIDs, at least in CFTRW1282X/dele23 grganoids.

Finally, the percentage of the increasing area during FIS assays in CFTRW!282X/dele23
organoids evidenced the difference between the CFTR rescue mediated by NV848 and
PTC124 treatment in combination with CFTR modulators (VX-445, VX-661, and VX-770;
fig. 43 A-B). The same result was visible using the NMD inhibitor NMDI14 (fig. 43 C-D).
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Figure 43: (A-C) Percentage of total CFTRW'282X/dele23 grganoids area (1 hour of FIS), 48 hours after
treatment with DMSO (negative control), PTC124, ELX-02 (positive control), and NV848 at indicated
concentrations in combination with CFTR modulators (VX-445 Elexacaftor; VX-661 Tezacaftor; VX-770
Ivacaftor; 3 UM). NMD pathway inhibitor NMDI14 (0.625 uM) was used in order to increase TRIDs efficacy
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(C). (B-D) Representative confocal images (calcein staining) of human intestinal organoids
(W1282X/dele2,3) during FIS assay (0 min to 60 min). Scale bar = 100 pm.

TASK#3 NV848, NV914, and NV930 molecule metabolic stability and

mechanism of action (MOA) studies.

An important step to evaluate the metabolic stability of the three compounds NV848,
NV914, and NV930 was the study of the three molecules amount after incubation with
human liver microsomes (HLM). In fact, HLM can be used to investigate cytochrome-
P450 (CYP) and UDP-glucuronyl-transferase (UGT) activity (in addition to other enzymes
activity such as flavin monooxygenase and epoxide hydrolase), and to evaluate the
consumption of exogenous drugs, mimicking the liver biotransformation ability in vitro.
The human liver vesicles used were derived from 50 different donors in order to collect
more enzyme isoforms in a single microsomes mix. In the used system, all donors were
equally represented for a truer population sample (25 female and 25 male donors; mixed
gender). The metabolism products were analyzed by LC-MS/MS (in collaboration with
Prof. Pibiri 1., STEBICEF Department, University of Palermo) in order to clarify the

amount of compound that was metabolized after incubation.

3.1 Evaluation of NV848 metabolic stability in human liver microsomes (HLM).

HLM (30 pg) were incubated with PTC124 or NV848 in two different buffers (DPBS and
Tris) at 37°C. A phosphate buffer (DPBS) and another one without phosphate components

(Tris), were used to understand eventual alteration in HLM efficiency.

Every mix contained the necessary cofactors and substrates for the evaluation of the
metabolic activity of cytochrome-P450 alone (CYP) or contemporary the UGT and CYP
activity (CYP/UGT). A single reaction was stopped by adding acetonitrile (organic
solvent) after 0, 5, 30, and 60 minutes (fig. 44).
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Figure 44: Percentage of tested compounds after 0, 5, 30, and 60 minutes incubated with human liver
microsomes (HLM). Samples have been distinguished with respect to enzymatic activity (CYP or CYP/UGT)
and phosphate buffers used (DPBS and Tris).

The samples were collected and analyzed by LC-MS/MS (in collaboration with Prof. Pibiri
I., STEBICEF Department, University of Palermo).

We used PTC124 (Ataluren; oxadiazole readthrough agent) to verify the compound
consumption observed by Kong et al. as a control [Kong R., et al. 2020]. PTC124
incubation with HLM confirmed the metabolic consumption of the compound which
reached about 50% after 60 minutes, while the corresponding formation of its glucuronate

derivative as the main metabolite was observed.

On the other hand, NV848 showed higher metabolic stability with its major consumption
reaching 16% or 11% after 60 minutes in CYP-DPBS or CYP/UGT-Tris conditions,
respectively, while no metabolite was detected. Irrelevant NV848 consumption (around
5%) was observed in the other experimental conditions, CYP/UGT-DPBS and CYP-Tris.

In general, NV848 is more stable against biotransformation mediated by CYP, UGT, and
other liver microsome enzymes compared to PTC124. Interestingly, no glucuronate
metabolites were detected after incubation of NV848 in presence of the cofactors needed
for the evaluation of UGT activity (also in two different buffers).

3.2 Evaluation of NV914 metabolic stability in human liver microsomes (HLM).

Regarding NV914, the compound’s consumption was detected by HPLC (LC-MS/MS)
analysis as previously described for the NV848 test (fig. 44). Microsome assays were

66



performed only in phosphate buffer (DPBS) because the HLM experiments using NV848
did not show any significant difference between DPBS and Tris buffer analysis (fig. 45).
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Figure 45: Percentage of the tested compound after 0, 5, 30, and 60 minutes incubated with human liver
microsomes (HLM). Samples have been distinguished with respect to enzymatic activity (CYP or CYP/UGT).

In contrast to NV848 stability in HLM, the consumption of NVV914 was comparable to that
observed in PTC124 CYP/UGT samples (fig. 44). Furthermore, NV914 probably was
metabolized by cytochrome-P450 (CYP) and fewer by UDP-glucuronyl-transferase
(UGT).

These experiments suggested that NV914 stability in HLM was different with respect to
the stability of NV848. Although, the readthrough activity in vitro of NV914 was
confirmed by previous tests.

3.3 Evaluation of NV930 metabolic stability in human liver microsomes (HLM).

The metabolic stability of NVV930 was performed according to the experimental conditions
of NV848 and NV914 analysis.

As regards NV930 metabolization, its specific mass was detected only at the first two time
points (0’ and 5”) and with a very low percentage (around 10%). Since the molecule cannot
be metabolized at time 0 min, a possible rearrangement has been proposed (fig. 46). The
NV930 HPLC analysis revealed a specific peak corresponding to benzoyl cyanamide mass
and for this reason, the rearrangement was suggested.
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NV930 Benzoyl cyanamide

Figure 46: Proposed NV930 rearrangement and chemical structure of the resulting compound. NV930
formula: C1oH11N203. Benzoyl cyanamide formula: CgHgN-O.

At this point, a new experiment using a benzoyl cyanamide solution was made. HLM were
incubated with benzoyl cyanamide (37°C) and the reactions were stopped using
acetonitrile. After HPLC analysis, benzoyl cyanamide seems very stable in metabolism

since the concentration registered after 60 minutes was similar respect to the initial one.

In order to clarify a possible benzoyl cyanamide readthrough activity, HeLa cells were
transfected using a vector harboring the cDNA of firefly luciferase with a nonsense
mutation (UGA) in the FLuc cDNA (p-FLuc®?). HeLa cells were plated onto 6-well plates
and 24 hours after transfection cells were treated with different concentrations (6, 12, or 24
M) of benzoyl cyanamide for 24 hours. As a positive control, 12 uM PTC124 was used

(fig. 47).
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Figure 47: Luciferase activity in HeLa cells transfected with luciferaseY®* vector (p-FLuc®?'; 1,0 pg). Cells
were treated 24 hours after transfection with DMSO (negative control), PTC124 12uM (positive control),
NV930 12 uM and benzoyl cyanamide (6 uM, 12 uM, and 24 uM). Data were analyzed by GraphPad Prism
7 software. A probability value (p) with respect to the DMSO sample: two symbols (**) for p < 0.01; four
symbols (****) for p < 0.0001.

PTC124 was used at the optimum concentration (12 uM), the same concentration of NV
molecules [Pibiri 1., et al 2020].
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Data show a small increase of FLuc activity after treatment with benzoyl cyanamide 24
MM (around 34% compared to DMSO sample). However, the rescue of luminescence
signal after treatment with PTC124 or NV930 was more efficient (around 4 fold) with
respect to benzoyl cyanamide (24 uM).

3.4 NV molecules (NV848, NV914, and NV930) interact with the methyltransferase FTSJ1

as a potential mechanism of action (MOA).

Nowadays, as regards translational readthrough, only the molecular target of
aminoglycoside antibiotics is supported by several evidence [Prokhorova I., et al., 2017].

In recent work, Trzaska C. and Lejeune F. have identified a new molecular target for the
compound 2,6-diamino purine (DAP), a molecule that possesses translational readthrough
activity [Trzaska C., et al. 2020]. One of the most commonly incorporated tRNAs at the
PTC position (UGA stop codon) is the tRNAT™ (Tryptophan). This specific tRNAT™ can be
modified by the methyltransferase named FTSJ1, that methylates the cytosine at position
34 of tRNAT™. The inhibition of FTSJ1 is associated with an increase of UGA stop codon
recognition by tRNAT™. This mechanism enhances the translational readthrough

probability.

The hypothesis is thus to understand if NV molecules could interact with FTSJ1 as the
DAP compound does. If it is possible, when the concentration of FTSJ1 increases in the
cells, the readthrough activity of NV molecules is altered because their concentration is not

enough to inhibit all FTSJ1 proteins.

In order to evaluate the possible interaction between FTSJ1 and NV848, NV914, and
NV930 molecules, HelLa cells were co-transfected with a vector harboring the UGA
premature stop codon in the firefly luciferase cDNA and another vector harboring FTSJ1
cDNA (kindly provided by F. Lejeune, Institut de Biologie de Lille, France). The cells
were then treated 24 hours after transfection with NV848, NV914, NV930, or DAP (fig.
48).
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Figure 48: Luciferase activity in HeLa cells co-transfected with luciferaseY®A vector (p-FLuc®?; 1,0 ug) and
FTSJ1 vector (p-FTSJ1; 2,0 pg). Cells were treated 24 hours after transfection with DAP (6,25 uM, 100 uM,
and 300 pM), NV848, NV914, and NV930 at the indicated concentrations (6 uM, 12 uM, and 24 uM).

As shown in figure 48, NV848 inhibited weakly FTSJ1 with respect to DAP. These results
indicate that the FTSJ1 protein probably is not an NV848 target.

However, the treatment with NV914 and NV930 decrease strongly the luminescence signal
after co-transfection of the p-FTSJ1 vector, compared to the samples only transfected with
p-FLuc®®. The similar FLuc decreasing activity pattern between DAP, NV914, and
NV930 suggests that these NV compounds could interact with the methyltransferase
FTSJ1.

Moreover, computational experiments performed by Prof. Tutone M. (STEBICEF
department, University of Palermo; Carollo P.S., et al. manuscript in preparation)
confirmed these results. NV914 and NV930 showed more affinity for FTSJ1
methyltransferase catalytic site compared to NV848, during a quantitative structure-
activity relationship (QSAR) simulation.

3.5 Non-oxadiazolic TRIDs (NV2899, NV2909, NV2913, and NV2907) treatment in order
to rescue CFTR expression.
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The last aim of the project was to test other potential readthrough compounds in view of a
possible failure of the three NV molecules studied. Therefore, in parallel, the aim was to
study four new non-oxadiazole compounds: NV2899, NV2909, NV2913, and NV2907

(fig. 49)
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Figure 49: Four non-oxadiazole compound structures. Also, the chemical core and substituents are different
with respect to PTC124 (Ataluren) chemical characteristics.

Firstly, the four non-oxadiazole core compounds cytotoxicity was tested in FRT cells after
24, 48, and 72 hours of treatment with NV2899, NV2909, NV2907, or NV2913
compounds at 12 uM and stained with trypan blue to quantify live and dead cells (fig. 50).
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Figure 50: (A) Percentage of live and dead FRT cells after 24, 48, and 72 hours of treatment with NV2899,
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NV2909, NV2907, or NV2913 (12 puM) readthrough compounds. (B) Cell proliferation at 24, 48, and 72
hours of treatment with indicated compounds. PTC124 was used as a non-toxic readthrough agent control.

The concentration used to treat FRT cells (12 uM) is the optimum concentration used for
NV848, NV914, and NV930 experiments [Pibiri I., et al. 2020].

The new four non-oxadiazole core compounds showed a similar percentage of dead cells in
analyzed samples. All treated FRT cells (with NV molecules or PTC124) presented a
decrease in cell proliferation with respect to untreated cells (Untr). This could be attributed
to the compound’s solvent (DMSO) that shares all treatments.

Translational readthrough efficiency was evaluated in FRT cells stably transfected with a
plasmid harboring the cDNA of the human CFTR gene with the most diffuse nonsense
mutation G542X (UGA stop codon) [Laselva O., et al. 2022]. CFTR protein rescue was
detected by immunofluorescence assay. FRT-CFTR®**?X cells were seeded on rounded
glass coverslips in 12-well plates and treated with NV2899, NVV2907, NV2909, or NV2913
molecules at 12 uM for 24 hours (fig. 51).

Plasma
DAPI CFTR membrane Merge

Figure 51: Immunofluorescence analysis of FRT cells stable transfected with a plasmid harboring CFTR
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cDNA with nonsense mutation (FRT-CFTR®%2X), treated with DMSO (vehicle, negative control; DMSO) or
NV2899, NV2907, NV2909, or NV2913 (12 uM) for 24 hours. FRT cells stable transfected with a plasmid
harboring CFTR WT cDNA (WT) were used as a positive control. PTC124 sample represents the
translational readthrough positive control. CFTR protein (green) was revealed by a specific primary
antibody (ab570) and a fluorochrome-conjugated secondary antibody (Alexa-488). Nuclei (blue) were
stained with DAPI (4',6-diamidino-2-phenylindole) and the plasma membrane (red) was stained with wheat
germ agglutinin (WGA)-Alexa 594.

PTC124 was wused as translational readthrough control (positive control).
Immunofluorescence images (fig. 51) showed CFTR rescue in samples treated with
NV2899 and NV2909 compared to the negative control (DMSO). In contrast, FRT-
CFTR®** treated with NV2907 and NV2913 did not show protein rescue after 24 hours
of treatment. These data were confirmed by immunofluorescence signal quantification (fig.
52).
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Figure 52: Quantification of the CFTR signal relative to the immunofluorescence analysis. The single shapes
indicate the amount of fluorescence of a single cell. Fluorescence intensity quantification was performed by
ImageJ software. Samples were analyzed and compared to DMSO control (DMSQO). Data were analyzed by
GraphPad Prism 7 software. Probability value (p): three symbols (***) for p < 0.001, four symbols (****)
for p < 0.0001. ns= not significant.
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DISCUSSION.

CF is one of the most adverse genetic pathologies caused by several different mutations in
the CFTR gene. The heterogeneity among CFTR mutations makes the identification of a
unique CF cure a complicated challenge. In terms of finding a target therapy for every
mutation, this research project was based on the study of the CFTR expression rescue in

presence of splicing and nonsense mutations.

Splicing defects in CFTR mRNAs are not widely investigated, especially some
polymorphisms such as the TsTG12 polymorphism located into the intron 9.

In this work, the treatment with two small molecules kinetin and RECTAS was proposed
as a pharmacological approach to restoring CFTR expression in cell systems harboring
splicing mutation (TsTGz2 polymorphism).

Using a CFTR vector that contains the CFTR minigene characterized by TsTGi
polymorphism and part of the two introns 9 and 10 (CFTRN®8*NS10+5T12TG) "the rescue of
mRNAs splicing and protein recovery was studied.

After transient expression of CFTRNS9*NS10+5TI2TG jn FRT cells, the treatment with kinetin
and RECTAS partially corrected the aberrant CFTR mRNAs splicing and increased the
amount of exon 10 inclusion. As demonstrated by the use of specific primers that map into
the exon 10. It can be hypothesized that kinetin and RECTAS modulate the splicing of
mutated CFTR mRNAs interacting with the spliceosome components in order to avoid the
exon 10 skipping. Presumably, the kinetin and RECTAS mechanism of action is specific
for mMRNAs with mutations in splicing cis-elements (e.g. TsTG12 polymorphism) and not
for CFTR transcript.

In addition, this was associated with increased CFTR protein expression and localization in
the plasma membrane of the transfected FRT cells.

In order to generate stable cells expressing the CFTRN9*NSI0+5TI2TG minjgene, it was
successfully cloned in the retroviral vector pBPSTR1 (pBPSTR1-CFTRNS9+N510+5T12TG),
After the transfection of Phoenix packaging cells and retroviral infection, FRT cells were
used to generate CFTRNS9*NS10+5TI2TG gtahe expressing cells.

The experiments performed in FRT stable expressing CFTRNS9*NS10+5TI2TG confirmed the
partial rescue of CFTR protein expression after treatment with kinetin or RECTAS. These
two molecules represent an important and potential treatment of the CFTR gene splicing

mutations.
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In the second part of my project, | focalized the attention on CFTR nonsense mutations
(class 1). Nonsense mutations lead to an aggressive form of CF, caused by the complete
absence of functional CFTR proteins in the cells. To date, no one experimental treatments
specific to CFTR nonsense mutations are effective, but the inducing of PTC translational
readthrough mediated by compounds (TRIDs) can be one of the most promising and

quickly available strategies to rescue this class of CFTR mutations.

Advanced studies of three new TRIDs named NV848, NV914, and NV930 obtained in this
project, have added original evidence regarding their specificity, functionality, stability,

and mechanism of action [Pibiri I., et al. 2020].

In my project, the specificity of NV848, NV914, and NV930 against premature stop
codons (PTCs) was confirmed using two different in vitro systems. In fact, to exclude the
possibility that the NV molecules induced the readthrough of the NTCs, three different
translation products were analyzed with the intent to identify increased forms of molecular
weight.

As proteins model the Cys-C and 2M were chosen because ubiquitous proteins and above
all they were used previously to demonstrate the absence of the readthrough on the NTC
by ELX-02 [Crawford D.K., et al. 2020].

In particular, by using in silico translation (ExPASy translate tool), it was observed that the
amino acids included between the first stop codon (NTC) and the second one in the
sequence encoding for the Cys-C protein, are 60. Through a theoretical calculation, these
amino acids hypothetically add about 7,32 kDa to the Cys-C protein. For 2M resulted 49
amino acids between the two stop codons and a theoretical addition of 5,71 KDa to the
molecular weight of the proteins reported in figure 53.

Cys-C

TASPRYRSGSSLSSSSLSPAPHSPRPASGStopP TMetAGPLRAPLLLLAILAVALAVSPARA
SPGKPPRLVGGPMetDASVEEEGVRRALDFAVGEYNEKASNDMet Y HSRALQVVRARKQTIV
VNYFLDVELGRTTCTEKTQPNLDNCPFHDQPHLEKREKAFCSFQIYAVPWQGTMet TLSKST
DAStop G SVPGWPVPITSYAHLPPPVFEFPPLDWWPLPWGRSP VPAPGDRQRRQOQARATEFYV
ALPSLLPSCEFSGStop PRCAVHTZPPPPATILIK Stop Stop HR

B2M

IPEADSIRAEMet SRSVALAVLALLSLSGLEAIQRTPEKIQVYSRHPAENGEKSDNTFEFLNCYV
FHPSDIEVDLLKNGERIEKVEHSDLSFSKDWSFYLLYYTEFTPTEEKDEYACRVNHVTTL
PKIVKNDRDMet Stop AASWRFEDAAFGLDEFQILLACFLILICLYTYTLCTEKCRYVITIMetL
T Stop S S L Stop F Y FECCLHY Stop C I Stop A CSTGSSRRAGNLEVGSREFSYPT ST SWSDILN
I SCTQSLLRStop LS VHKLT SNLHTLLRIWGEKTIGS Stop K Y NStop QD YWKFVIMeE NETEFCHTIRE
TSYTFEDKVRHGCGStop SGLFLFHEKLNEKS Stop N L

Figure 53: In silico translation of Cystatin C (Cys-C) and -2-Microglobulin (f2M) mRNAs. Open riding
frames are highlighted in red.

Western blot analysis did not show any translational products with higher molecular
weight after treatment with NV848, NV914, and NV930 (fig. 39-40).
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In addition, a similar study using p53 protein as a model system was performed. The
treatment with NV848, NV914, and NV930 molecules did not show molecular weight
alteration or a functional alteration of p53, except using the aminoglycoside G418 (protein
localization decreasing after DNA damage). Moreover, these results are consistent with a
recent work in which the data show that the ribosome could reach the UTR region of
MRNAs (over the NTCs) after treatment with G418 (1075 uM = 500 pg/mL) in HEK293T
cells [Wangen J.R. and Green R. 2020].

An important goal of this project was the study of the activity of the three NV molecules in
CF human organoids harboring nonsense mutation of the CFTR gene. Human CF intestinal
organoids represent an important preclinical in vitro system for the estimation of drug
activity.

NV molecules were tested on two different organoid genotypes (G542X/G542X and
W1282X/dele2,3) in combination with CFTR modulators or NMD pathway inhibitor. In all
conditions, NV848, NV914, and NV930 did not work in CFTR®542XC542X grganoids, but
the combination of NV molecules and CFTR modulators, restored partially the CFTR
activity in CFTRW1282X/dele2.3 organoids, especially using NV848.

Moreover, the treatment with NV848, NV914, and NV93, associated with CFTR
modulators, in combination with NMD inhibitor (NMDI14), enhanced the effect of NV
molecules in CFTRW1282X/dele235rganoids.

These results are relevant for the research of new readthrough agents, especially because
the major promising compound’s clinical trial (ELX-02) failed the clinical trial
(ClinicalTrials.gov Identifier: NCT04135495).

Finally, the project was extended in the evaluation of the effective stability of the NV
molecules in a system that mimics liver metabolism in vivo. Molecule stability is
fundamental for their correct activity in biological systems. One of the best in vitro
systems for the evaluation of compound stability is the use of human liver microsomes
(HLM). Studies of NV848, NV914, and NV930 stability in HLM are important
preliminary steps for in vivo administration.

In particular, the NV848 molecule revealed good metabolic stability in HLM compared to
commercial readthrough agent PTC124 (Ataluren).

In contrast, the HLM metabolic stability of NV914 appeared similar to that of PTC124,
with a consumption of 36% at 60 min (CYP/UGT activity evaluation).

Interestingly, N\VV930 appeared to change in a compound (benzoyl cyanamide) that showed

low readthrough activity in HeLa cells transfected with p-FLuc®?. Probably, a minimal
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percentage of NVV930 could be converted into benzoyl cyanamide, because NV930 rescues

CFTR nonsense mutation in cells.

Finally, the mechanism of action (MOA) of NV848, NV914, and NV930 was investigated.
It was suggested that NV molecules could interact with protein factors during translation
and not with the ribosome as aminoglycoside antibiotics (e.g. G418) [Huang S., et al.
2022].

One of the most interesting targets of NV914 and NV930 (deriving from computational
analysis performed by Prof. Tutone M., STEBICEF Department, University of Palermo)
could be the catalytic site of the methyltransferase FTSJ1. In my experiments, the co-
transfection with p-FTSJ1 and p-FLuc®® plasmids and contemporary treatment with
NV914 and NV930, revealed a similar decrease in luminescence signal as observed by
readthrough agent (DAP) that inhibits FTSJ1 and promotes translational readthrough
[Trzaska C., et al. 2020].

However, NV848 showed a different response suggesting that this compound could not
interact with the methyltransferase catalytic site but probably with other factors (e.g.
DDX19 or eRF factors; fig. 54).
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Figure 54: NV848, NV914, and NV930 proposed models of the mechanism of action (MOA). NV848 could
not interact directly with the ribosome, but it could interfere with translation termination factors such as
DDX19 or eRFs. Moreover, NV914 and NV930 appear to inhibit the methyltransferase FTSJ1, and that
increases the recognition probability of the UGA stop codon by tRNAT™. nc-tRNA: near-cognate tRNA.
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As regards, the final step of this work, four new TRIDs (nhon-oxadiazole core structures)
named NV2899, NV2909, NV2913, and NV2907 were studied to have other eventual
readthrough agents if the above-cited molecules will be not functional in the future
applications. These new TRIDs exhibited low toxicity and readthrough capacity (except for
NV2913), in order to rescue CFTR localization in FRT-CFTR®**X cells.

Validation and selection of new TRIDs are central goals for the research of effective cure
of nonsense-related CF. In fact, the efficiency of readthrough agents in CF patients could

be different with respect to in vitro experimental evidence.

CONCLUSIONS.

In conclusion, the treatment with kinetin and RECTAS appears to be a good strategy in
order to modulate the correct splicing of CFTR mRNAs with the TsTG12 polymorphism.
The results obtained in FRT cells transfected with two different vectors harboring CFTR
cDNA with the TsTG12 polymorphism confirm the recovery of CFTR expression in this

cellular CF model system.

On the other hand, the advanced studies about NV848, NVV914, and NV930 resulted in a
series of important findings for the pharmacological treatment of nonsense-related CF.
NV848 compound showed good metabolic stability in HLM and positive activity in order
to restore CFTR functionality in human intestinal organoids CFTRW!282X/dele23  py,
combining it with CFTR modulators.

The NV914 HLM consumption was higher compared to that of NV848, and NV930
metabolic stability was not completely clarified. A metabolite with minimal readthrough
activity was found for NVV930 (benzoyl cyanamide). However, NV914 and NV930 seem to
show rescue activity of CFTR in CFTRW282X/dele23 hyman intestinal organoids, in
combination with CFTR modulators.

All NV molecules would induce translational readthrough of PTCs without generating
abnormal translational products as regards Cys-C and B2M, or induced p53.

Finally, the catalytic site of the methyltransferase FTSJ1 could be the target of NVV914 and
NV930 but not of NV848. MOA is an important aspect of the design of performing
compounds in order to increase the functionality effect of readthrough agents.

This work added important evidence for what concerns the study of small molecules in the

fight against CF nonsense and splicing mutations.
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The possibility to use compounds, that could become drugs in the coming years, for the
treatment of target and specific CF mutations, could be a significant expectation for all
patients without an effective cure.
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