LSSy :  AREA RICERCA E TRASFERIMENTO TECNOLOGICO
Universita SeTTorRe DOTTORATI E CONTRATTI PER LA RICERCA

/7 deg. Studl U.O. DOTTORATI DI RICERCA
diPalermo

&
>

&

=% » \\\\\

\\ \-_\\u‘,,.'.,,
oy INA VY

Ph.D. Course Technologies and Science for Human Health
Department of Biological, Chemical, and Pharmaceutical Sciences and Technologies
(STEBICEF)
SSD BIOS 14/A

Innovative therapeutic approaches for the recovery of protein expression
in rare genetic diseases characterized by the presence of

nonsense variants

Ph.D. Student Coordinator
Emanuele Vitale Prof. Valeria Vetri
UL~

Co-Tutor

Tutor
Prof, Maria zia Ziizzo

Prof. Laura Lentini

ooy o~

XXXVIII CYCLE
2022/2025



Table of contents

1.
2.

3.
4.

ABSTRACT ...ttt sttt ettt ettt e bt et sat e st e e bt e et enbeetesaeenaeennens 1
INTRODUCGTION ...ttt sttt ettt et sbt e bt et e sstesbeebesaeesaeenaeas 2
2.1 Nonsense variants causing geNetic diSCASES......ccvuurerrrrerruireririeeririeerireeeereeesreeesreeesereeesaneas 2
2.2 Cystic Fibrosis: a “multiorgan diSEaSe” ..........cccvieeiiieeiiieeiieeeiieeeieeeereeesveeesveeesereeeseseesnereeens 3
2.3 CFTR protein: a chloride and bicarbonate channel with gating function ..............cccccoecvveennnnn. 5
2.4 Nonsense variants in the CHM gene as a cause of Choroideremia...........ccceeeeveeeeieeeiveeenneenns 7
2.5 Molecular structure and function of REP1 protein ..........cccccveeeviieiiiiieiiie e 9
2.6 Emerging therapeutic approaches to the rescue of the premature stop codon effects.............. 11
2.6.1 Gene editing for the correction of DNA nONsense variants.............eceeeveeeveenveenneenveenneens 11
2.6.2 MRINA-DASEA thETAPY ..evvieeiiiiiieiieiie ettt ettt et et e e b e e saeebeestseesseessneensaens 12
2.6.3 Anticodon engineered tRNA (ACE-tRNA): a post-translational gene recovery for
NONSEINSE VATTATIES ..eeutieuiieeiteette et ettt et e sttt et e sttt et e ebt e et e e s ateebeeeab e e bt e sabe e bt e esbeenbeesabeenbneeaseensees 13

2.6.4 Suppression Therapy: using translational readthrough-inducing drugs (TRIDs) for the

1E€COVETY OF ZENE TUNCHION ....teiiiieiiieciie ettt et e b e et eesbeesaaeesseensnas 14
2.7 The PURE-LITE system: an in vitro tool for the evaluation of new compounds with
TEAAtNTOUZN ACTIVILY ....eiiiiiiiie et ettt sttt e et e e et e saaeebeeseees 18
2.8 The CFTR G542X mouse as model to study cystic fibrosis and new treatments..................... 19

AIM OF THE PROUJECT ......cc.ooiiiiiiiiiitee ettt sttt st 22

MATERIALS AND METHODS .....oooiiiiiiteeee ettt 24
4.1 Cell Culture CONAILIONS. ... .eeiuiiiiiiriieeieeeite ettt sttt et sate e eebe e e 24
4.2 TRIDS PIrEPATAtION .. ..veeeeiieeiiieeiieeeiieeesiteeeriteeeseteeeateesseeessseeeasseeessseesssseeessseesssseessnsessnsseesnssens 24

4.2.1 Cell and AnTmal ProCEAUIES.........cccuviiriiieeiiieerieeertee e erteeeteeeteeesreeesaeeessbeeesseesaneeens 24

4.2.2 PURE-LITE PrOCEAUIES.......cececuiieiiieeiiieeeiieesieeesiteeeiteeeeteeeseeessseeesseeessseesnsseesnsseesnsseesns 24
4.3 Homozygous CFTRE42X/G342X mouse colony production..............oceeveveceevevreeeereeveesienenns 25
4.4 Chronic treatment for a drug efficacy Study........ccccoeoiiiiiiiiiiieiee e 26
A5 HEE AN THC ... ettt ettt ettt et e e e e e et e snaeenbeennnes 27
4.6 RINA EXETACHION .....eeiutiiiiieeitesit ettt ettt ettt b ettt s bbb sb et e st sbtesbe et e eaeesbeenaesaee e 27
4.7 Reverse transcription and Real Time PCR ..........cccoooiiiiiiiiiiiieee e 28
4.8 Protein extraction and western blot analySes ........ccccveeeviiieiiiiiniieeeie e 30
4.9 Plasmid pRG213610 Preparation ..........ccueeeeuveeereeeeiuieeeieeesieeesreeesreeessseessseeesseessssesssssessssses 30
4.10 Site-directed mutagenesis and Colony PCR.............ccccviieiiiiiiiiiciece e 31
411 Cell TranSTECTIONS ....ceueeiuiieiieeieeit ettt ettt ettt e st e e bt e et e bt e eabeesaaeenbeenaees 32
4.12 Cell DNA EXEIACLION ....cuuiiutiriiitieieettesteete ettt ettt et et ste ettt sbt e bt et satesbe et e eaeesbeenaesaee e 33
413 PCR ANALYSIS...ieutiieiiiiiieiiieiie ettt ettt ettt et e st e et esabeeaeeeabeenseesabeensteenbeesseeenbeesnaeenseennnes 33

4.14 PURE-LITE SYStem PrOCEAUIES .........ccecuieriieiiieiieeiieiie et esiee et eiee e esite st eseeesseesnaeenseenenes 33



U141 TRINAS e st e et e e e 33

4.14.2 POSTS cCOMPIEXES PIEPATATION .....veeeevieeiiieeiieeeiiveeesiteeeitreeeseeesseeessseeessseeessseeensseeessseeans 34
4.14.3 TrpPH-PRE6 and TrpP-POST6 complexes preparation ..............ccceeveveveveveeeeeeenenenne. 34
4.14.4 LeuPM-POST7 complexes Preparation.............oeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseesesennn. 34
B 145 ASSAYS .eveeeueieeeiiee ettt ettt et e e et e et e e ettt e ettt e e tt e e e bt e e eabteeeabeeeanbeeeanbeeenaeesnneeeas 35
4.14.6 E1ONGAtION ASSAY ...veeuvieirieiieriieeiiesieesteesteestteeseeseessseeseessseesseessseesssessseesssesseesssessseessees 35
4.14.7 Readthrough @SSAY ........c.cecviiiiiiiieiiieiie ettt ettt sttt e et steeeabeesaaeenseennnes 35
4.14.8 TErMINATION ASSAY ..eeuveerurierieriieerteerteenseesteesseeeseesseesseesseessseesseesseesssessseessesssseessseesseessees 35
4.14.9 Peptide 1€1EASE ASSAY...ccuuieirieiiiieiieeieeiie et et e eteeieeete et e eaeebeesbeesteeesbeensaesnsaensaeenbeenneas 36
4.14.10 PREG fOrmMAtioN @SSAY.......ccccuureririeerieeesiieesteeesreeeseseesssseesssseessseessesessesssssesssssessssseenns 36
RESULTS ..ottt ettt ettt e st e e e e st e st e enseesee st enseestenseensesseenseenseeneenses 37
5.1 Rescue of the CFTR protein expression by readthrough experimental molecules in a Cystic
Fibrosis mouse model characterized by the CFTR%**** nonsense variant.................cccccooeverrnnnen. 37
5.1.1 Production of a Cystic Fibrosis mouse model characterized by the CFTR G542X
NONSENSE MIULALION .....utieuiiieitietieetieeit e et ettt e sttt et e e eateebeesabeeseessbeeseesabeeseeenbeenseesnseesneeenseenneas 37
5.1.2 CFTR protein rescue after 15 days of NV914 and NV930 chronic administration in
G542X nonsense Mouse MOAE] ........oooiiiiiiiiiiiii e 42
5.2 Assessment of REP1 protein rescue following NV848, NV914 and NV930 treatment on
different in vitro nonsense Choroideremia cell model Systems..........cccvevvieiiienieeniieniieeniienreeieens 47
5.2.1 Generation of a stable Choroideremia cell model system to evaluate the rescue of the
expression of the REP1-tGFP protein following NVs molecule treatment. .............cccceeniennnee. 47
5.2.2 Engineering stable cell populations harboring the R253X (c.757C>T) and R293X
(c.877C>T) nonsense variants within the pRG213610 CHMWT-tGFP...........cccococvvveeenennne. 48
5.2.3 Immunofluorescence analyses reveal REP1-tGFP protein rescue in H1299 pCHMR?>3X.

tGFP and pCHMR***_tGFPcells after treatment with NV compounds................ccccoeueverrrernnee.. 50

5.2.4 Evaluation of the readthrough activity of NV molecules in vitro after 72 hours of chronic
treatment in primary male patient-derived fibroblast cultures carrying the R253X, S190X and

R270X NONSENSE VATTANLS. ...eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeeseeaeeneaaeseeeeesaeennnaeseseeerennnnnaeaeseeeeennnnnnnns 55
5.2.5 REP1 rescue in CHMR?¥3XY CHMS!9%Y and CHMR?7XY patient-derived fibroblasts after
NV MOLECULE tIEATIMENT. ... eeeeeeeieeeeee et e e e e et e e e e e e e e eeaereaeseeeeeraaanraaeeeens 55

5.3 Investigation of the biological target of NV compounds using the PURE-LITE in vitro
100 IR B 110 00 A1 1<) 1 4 R SR 60

5.3.1 Ribosomal peptide elongation in the Trp-IRES PURE-LITE system is not affected by NV
COMIPOUINAS ....eeeiieeeeiieeeeitteeteeeetee et eeetteeesteeeesteeesssaeeasseeeasseeasssaeansseeansseesnsseensseeeasseeensseesnsseennnns 60

5.3.2 Readthrough is induced in the Stop-IRES PURE-LITE system by NV848, NV914, and



5.3.4 The UGA codon readthrough in the PURE-LITE system is induced synergistically by the

combination 0f NV848 and PTC124 ........cooiiiiiiiieieieieeee et 65

6. DISCUSSION ...ttt ettt et e st e st et e e st e teenaeese e seenseeseesseensesseenseensesneenses 68

7. CONCLUSIONS ...ttt ettt et e et e e st e bt eneeese e seesseeseenseensesseenseensesnnenes 73

8. SUPPLEMENTARY MATERIAL ........ccooiiiiiieieeee ettt 74
8.1 Genotyping of all the mice produced during experimental project and Sanger sequences of

mice involved in experimental ProCEAUIES. .......c..ieiriieeiieeeieeeiee et eeee e et e e e e eereesereeeeeeas 74

8.2 Western blot analyses do not detect REP1-tGFP protein rescue in H1299 CHMR*3* tGFP and

CHMPZPEAGEP ...ttt s st s s ese s 81

9. BIBLIOGRAPHY ..ottt sttt ettt et st sae e 82

10.  ACKNOWLEDGEMENTS......cc.oiiiiiiiiiiieeeeeeee et 94



1. ABSTRACT

Approximately 11% of inherited genetic diseases worldwide are caused by nonsense variants. These
single-nucleotide substitutions occur within coding DNA sequences and result in the introduction of
a premature termination codon (PTC) into the corresponding mRNA. As a consequence, they lead to
the production of truncated, non-functional proteins or, in some cases, to their complete absence.
Several genetic disorders are associated with nonsense variants, including Choroideremia (CHM),
Cystic Fibrosis (CF), Duchenne Muscular Dystrophy (DMD), and numerous other genetic diseases.
Notably, nonsense variants account for approximately 34% of pathogenic mutations in
Choroideremia and 15% in Cystic Fibrosis. Currently, no specific cure or therapy exists for these
types of genetic defects. However, in recent decades, the field of personalized medicine has made
significant progress in developing targeted treatments, particularly through nonsense suppression
therapy. This pharmacological strategy employs readthrough agents to restore full-length protein
synthesis.

The first aim of this Ph.D. thesis project was to evaluate the rescue of the CFTR protein in a Cystic
Fibrosis G542 X murine model by assessing the readthrough activity of two novel compounds, NV914
and NV930, specifically focusing on the restoration of CFTR in the lung, one of the primary organs
affected by the disease.

The second objective consisted of two different aspects. The first one, was to generate a
Choroideremia cellular model carrying nonsense mutations to investigate the restoration of the REP1
protein following treatment with NV molecules (NV848, NV914, and NV930), thereby evaluating
their ability to induce readthrough of premature stop codons in CHM mRNA. The second aspect was
focused on assessing REP1 recovery directly in primary cell cultures derived from patients harbouring
nonsense variants.

Finally, the third objective of the project was to investigate the biological target of the three NV 848,
NV914, and NV930 molecules using the advanced cell-free experimental PURE-LITE system.



2. INTRODUCTION
2.1 Nonsense variants causing genetic diseases

A genetic mutation in the DNA sequence can lead to the development of genetic diseases. Several
types of variants are described in the literature; among them, nonsense variants are single-nucleotide
substitutions that occur within the DNA sequence. When the substitution occurs in coding regions of
a gene, these variants result in the introduction of a stop codon (UAG, UGA, or UAA), referred to as
a premature termination codon (PTC), in the mRNA sequence, leading to the production of a

truncated and nonfunctional protein (Potapova NA., 2023) (Figure 1).
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Figure 1. Natural and premature translational termination processes: image showing the normal
termination of translation that produces full-length proteins, in which ribosomes correctly translate
mRNA sequences, and the translation termination when a premature termination codon (PTC) occurs
in mRNA coding sequence, in which ribosomes prematurely encounter the stop codon and arrest the
translation with the truncated proteins production (Borgatti M. et al., 2020).

Recent studies, based on the human gene variant databases, including Human Gene Mutation
Database (HGMD), Codon Usage Database (CUD), Database for Annotation, Visualization and
Integrated Discovery (DAVID), and several others, have demonstrated that these variants are
responsible for approximately 11% of all gene modifications linked with nonsense inheritable
diseases (Wittenstein A. et al., 2023).

Indeed, several genetic diseases are caused by nonsense variants, with a different percentage for each
one, including Cystic Fibrosis (CF), Choroideremia (CHM), Duchenne Muscular Dystrophy (DMD),
Shwachman-Diamond Syndrome (SDS), Usher Syndrome (USH), B-Thalassemia and Lysosomal



Storage Diseases (LSD) (Borgatti M. et al., 2020; Pennesi ME. et al., 2019; Bezzerri V. and Cipolli
M., 2019; Vitale E. et al., 2025).

2.2 Cystic Fibrosis: a “multiorgan disease”

CF is an autosomal recessive genetic disease caused by several variants in the cystic fibrosis
transmembrane regulator (CFTR) gene; several variants are known in the literature (De Boeck K.,
2020). In particular, more than 70,000 cases are known worldwide, with approximately 1,000 new
cases added annually (Rafeeq M.M. and Murad H.A.S., 2017). The CFTR gene spans a region of
approximately 189 kb on the long arm of chromosome 7 (position 7q31.2), comprising 27 exons
(Figure 2). The coding sequence is approximately 4,443 nucleotides long and encodes a protein with

1,480 amino acids (Farinha C.M. and Callebaut I., 2022).
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Figure 2. CFTR gene localization and structure: A) Localization of the CFTR gene on chromosome
7, B) CFTR gene structure containing 27 exons and covering 190 kb of genomic human DNA; C)
CFTR mRNA structure (Lopes-Pacheco, 2020).

Specific variants of the CFTR gene cause CF, mainly known as a lung disease accompanied by
chronic lung infections and inflammation, causing respiratory insufficiency and the patient’s death.

However, CF is also defined as a multiorgan disease because it encompasses numerous other
manifestations, including pancreatic insufficiency with CF-related diabetes, intestinal obstruction in
the neonatal period, male infertility, and liver manifestations, as shown in Figure 3 (Fernandez F. E.

etal., 2018).
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Figure 3. Cystic Fibrosis manifestations: A) Main organs hit by CF; B) Healthy person airway, C)
Cystic Fibrosis patient airway characterized by sticky mucus and widened airway with bacterial
infection (NHLBI: National Heart, Lung, and Blood Institute).

In literature, more than 2,100 variants of the CFTR gene have been reported, which the scientific
community has divided into six classes (Figure 4), each one characterized by a specific phenotypic
correspondence. As described by scientific guidelines, the I-II-III classes are related to CFTR
complete or near-complete loss-of-function, caused also by the CFTR protein absence; instead, IV-
V-VI classes are associated with a residual CFTR function (Fernandez F. E. et al., 2018; Ensinck
MM. and Carlon MS., 2022; CFTR1 database).

Class I variants are characterized by the almost total absence of a functional CFTR protein caused
by the premature termination of the translation arising from splice site abnormalities, frameshifts or
nonsense variants, such as G542X or R1162X. These variants are approximately presented by 22%
of CF patients in almost one of their mutated alleles.

Class II variants are associated with the misfolding of the CFTR protein, which is subsequently
degraded in the cytoplasm through the proteasome pathway. Notably, 88% of CF patients exhibit the
AF508 variant in the mutated allele.



Class III variants affect the ATP-binding domains and are present in 6% of patients. Usually, they
are represented by missense variants that induce the production of a protein correctly inserted in the
cell membrane that shows a gating inefficiency, caused by the resistance to protein kinase A (PKA)
activation. The most common example is the G551D variant.

Class IV variants are present in 6% of patients and cause the production of a protein that is properly
located in the membrane, retaining the cAMP-dependent chloride channel activity, which shows a
very low channel conductance.

Class V variants affect the pre-mRNA splicing process, downregulating CFTR protein production.
They are harboured by 5% of CF patients and involve promoter variants that introduce incorrect
amino acids in the CFTR protein sequence, causing improper protein maturation.

Class VI variants cause the instability of the CFTR protein directly in the plasma membrane and

affect at least one allele of 5% of CF patients (Fernandez F. E., et al, 2018; Lee J.A., et al., 2021).
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Figure 4. Representation of CF variants classification: it shows the specific CFTR defect and an
example of a variant for each class (Regard L. et al, 2022).

2.3 CFTR protein: a chloride and bicarbonate channel with gating function

The CFTR protein, a cAMP-activated, ATP-gated chloride and bicarbonate channel, is
localized and predominantly expressed in the apical plasma membrane of polarized cells, enabling
proper ion transport that maintains salt and water balance at the epithelial surface (Pankonien I. et al.,
2022). The CFTR channel plays a crucial role in cells, and its structure, as shown in Figure 5,
comprises a single regulatory R-domain, two transmembrane domains (TMD1 and TMD?2), and two
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cytosolic nucleotide-binding domains (NBD1 and NBD2). Each domain has a specific function and
is fundamental to the activity of the others: TMD domains form the skeleton of the CFTR channel,
while NBD domains enable the correct opening and closing of the gate when the R-domain (RD) is

phosphorylated (Hanssens L.S. et al., 2021).

Figure 5. CFTR protein structure: Ribbon diagram of CFTR, representing the front (left) and back
(right) view (Hwang T.C. et al, 2018).

In addition, CFTR TMD domains are composed of 12 transmembrane a-helix, and between every
two helices a loop is inserted, producing six extracellular loops (ECL) and four intracellular loops
(ICL), as shown in Figure 6 (McDonald E.F. et al, 2023). Among ICL loops, ICL1 and ICL4 interact
with NBD1, whereas ICL2 and ICL3 interact with NBD2. The CFTR NBD domains are characterized
by three subdomains: the beta subdomain, belonging to NBD1 and covering residues 390-400 and
440—450, the alpha helical subdomain, belonging to NBD1 domain and spanning residues 500—565,
and the ATPase subdomain, spanning NBD1 residues 450-500 and 566-650 (McDonald E.F. et al,
2023). Furthermore, the RD domain is highly conserved, particularly in the region defined by residues
645-845; post-translational modifications of this domain regulate CFTR gating (McDonald E.F. et
al., 2023).
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Figure 6. CFTR transmembrane topology: CFTR protein is organized into transmembrane helices
(TH) that form both intracellular loops (ICLs) and extracellular loops (ECLs). Specifically: TH2-3
form ICL1, TH4-5 form ICL2, THS8-9 form ICL3, and TH10-11 form ICL4. On the extracellular side,
THI-2 form ECLI, TH3—4 form ECL2, TH5—6 form ECL3, TH7—8 form ECL4, TH9—-10 form ECLS,
and THI11-12 form ECL6. Notably, TH2-3 and THI10-11 cross each other to interact with the
opposite transmembrane domains (TMDs) and nucleotide-binding domains (NBDs), illustrating the
complex 3D folding of the channel (McDonald E.F. et al., 2023).
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The CFTR protein plays a crucial role in hydrating airway mucus and the epithelial surfaces of
different organs. It acts with the Ca?"-activated Cl~ channel (CaCC), promoting chloride secretion,
and regulating salt absorption by modulating the epithelial Na* channel (ENaC). In its mutated form,
CFTR loses the ability to control ENaC activity, impairing salt absorption and disrupting fluid
homeostasis. This leads to defective water transport across apical cell membranes and ultimately to

improper hydration of the epithelial surface (Fernandez F. E. et al., 2018).

2.4 Nonsense variants in the CHM gene as a cause of Choroideremia

Choroideremia is an inherited genetic disease closely linked to chromosome X, causing
degeneration of the retinal pigment epithelium (RPE), the choroid, and outer retina (Jolly JK, et al.,
2015). This rare genetic disease leads to progressive vision loss during adolescence and adulthood,
and finally, in the elderly, to total blindness. The first manifestations of the disease appear during
childhood/adolescence, characterized by night vision loss and progressive degeneration of the
peripheral vision. The vision is reduced during middle age, impairing central vision and total
blindness among 66 to 72-year-olds (Figure 7). The eye manifestations of the disease are strictly
linked to mental health, causing a diminished quality of life, followed by increased stress, anxiety, or
depression, and emotional burdens, comprising loss of independence with difficulties in performing

daily activities (Bozkaya D. et al., 2022).

Figure 7. CHM patient phenotype: A-B) fundus photograph and C-D) optical coherence
tomography images; A-C) Chinese male patient with p.R267X nonsense variant; B-D) healthy
Chinese male (Imani S. et al., 2018).

Choroideremia has an incidence of approximately 1:50,000 to 1:100,000 worldwide and is caused by
nullizygous deletions or hemizygous duplications of the CHM gene. The CHM gene (OMIM: 300390)
7



extends across 186,383 bp on the X chromosome long arm on locus 21.2-21.3. The transcription of
this gene produces an mRNA composed of 15 exons, each less than 400 bp long, except for exon 15,
which is 3642 bp (Imani S. et al., 2018). Nowadays, more than 280 variants have been identified in
the CHM gene; the majority are point variants that directly introduce premature stop codons (Figure

8).
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Figure 8. CHM nonsense variants: A) The disease-causing variants are represented in the
highlighted boxes in the exons 1, 4, 5, 6, 7, and 13. B) Pathogenic allelic variants affect the two main
domains of REP1, specifically the FAD/NAD(P)-binding domain and the GDP dissociation inhibitor
domain (Imani S. et al, 2018).

In addition, the etiology and pathology of retinal degeneration caused by CHM variants are unknown,
and no phenotype-genotype correlations have been established (Gao F.J. et al.,, 2020). More
specifically, the diverse CHM gene variants are frameshift (51%), nonsense (34%), missense (8%),
deletions (2%, insertions (1%), Indels (1%), other (1%) and unknown (2%) (Sarkar H. and Moosajee
M., 2022) (Figure 9).



Figure 9. CHM gene variants: diagram showing variants affecting the CHM gene (Sarkar H. and
Moosajee M., 2022).

Currently, about 116 nonsense variants have been reported in ClinVar for the CHM gene, all of which
are classified as pathogenic. The most frequently occurring nonsense variants in Choroideremia are
represented by p.R239X, p.R253X, p.R267X, p.R270X, and p.R293X (Sarkar H. et al, 2019).
Currently, no cure or treatment is available for this genetic disease; however, various experimental

approaches are showing promising results.

2.5 Molecular structure and function of REP1 protein

The CHM gene encodes the 95-kDa Rab Escort Protein 1 (REP1), a crucial transporter
associated with vesicle traffic, which is composed of 653 amino acids. This protein is responsible for
a specific post-translational modification, namely prenylation, which involves the addition of a prenyl
group to the Rab GTPases, a family of G proteins belonging to the Ras superfamily, crucial for vesicle
trafficking (Pylypenko O. et al, 2018). In addition to facilitating prenylation, REP1 is essential for
the correct transport of Rabs through the cytoplasm, ensuring their appropriate membrane localization
(De Silva S.R. et al., 2021). The Rab geranyl-geranyl-transferase Il (RabGGTase II) is involved in
the prenylation process; specifically, this complex can catalyze the addition of several geranyl groups
to specific cysteine protein residues, namely the Rab protein (Pylypenko O. et al., 2018). However,

unlike other prenyl transferase enzymes, RabGGTasell can’t directly recognize its substrate; thus, in



this scenario, REP1 can carry out its natural function, working as a chaperone protein and introducing
the Rabs protein to the RabGGTasell complex (Pylypenko O. et al., 2003).

For instance, in the retinal pigment epithelium (RPE), the REP1 protein plays a key role in the
transport of RAB27a to present it to RabGGTase 11, so that the lack of REP1 causes the absence of a
correct prenylated RAB27a, leading to early disease onset in the eye (Fry L.E. et al., 2021). X-Ray
crystallographic studies have shown that REP1 owns several domains constituted by a-elix and -
strand, organized in a globular structure (Figure 10-A), which holds a hydrophobic pocket that can
bind Rabs protein (Pylypenko O. et al., 2003), while immunofluorescence analyses revealed its

correct cell cytoplasmatic distribution (Figure 10-B) (Vasireddy V. et al., 2013).

A B

Figure 10. The REPI protein structure and cell localization: A) ribbon model showing REPI
structure, in green and grey structural elements, in red the hydrophobic binding platform and in blue
the effector loop (Pylypenko O. et al., 2003); B) Immunofluorescence analysis revealing the REP1
correct localization inside the cells, with a cytoplasmatic distribution (Vasireddy V. et al., 2013).

In particular, due to the REP1-Rabs cycle, REP1 binds the inactive Rab-GDP protein in the cytosol
presenting them to the a- subunits of the RabGGTasell complex, that can add the geranyl-geranyl
diphosphate (GGPP) to the C-terminus of the Rab protein, allowing now the correct transport of Rabs
by REP1 to the final destination in membrane; once released, the Rab-GDP protein is activated in
Rab-GTP, and REP1 can restart the cycle by binding a new inactive Rab in the cytosol, as shown in
Figure 11 (Fry L.E. et al. 2021).
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Figure 11. REPI molecular pathway: representation of the main intracellular REPI trafficking
pathway in RPE cells, allowed by correct geranylation of Rabs protein performed by REPI (Fry L.E.
etal., 2021).

Therefore, the absence of this protein in the cells causes defects in intracellular vesicular trafficking,
with cellular dysfunction and premature cell death. These conditions are strictly linked with the
degeneration of the retinal pigment epithelium (RPE), the photoreceptors in the retina, and the

choriocapillaris (Fry L.E. et al., 2021).

2.6 Emerging therapeutic approaches to the rescue of the premature stop codon effects

More than 7,000 rare genetic diseases have been recorded, and as previously discussed, 11%
of all genetic variants associated with these human-inherited rare genetic diseases are nonsense
variants. Today, there is no cure or treatment for nonsense-related diseases (NRDs), but in the last
decades, several promising approaches have been developed (Vitale E. et al., 2025; Ricci D. et al.,
2025). The first involves techniques such as CRISPR/Cas9, the second involves mRNA-based
therapy, while the last involves suppression therapy based on translational readthrough-inducing

drugs (TRIDs) and anticodon-engineered tRNA (ACE tRNA).

2.6.1 Gene editing for the correction of DNA nonsense variants

Different technologies are currently under development based on gene editing. Among these,
interesting results have been shown by CRISPR-Cas9 (Doudna J.A., 2020; Golkar Z., 2020). Against
nonsense variants, several research groups are actively investigating these gene editing tools,

especially in the context of CF. The Base Editors were investigated in patient-derived organoids
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carrying the R785X, W1282X, or R553X variants. Clevers' group has generated and characterized an
intestinal organoid biobank representing 664 CF patients, focusing on rare variants, evaluating two
different ABE (Adenine Base Editor) systems (Figure 12), the xCas9-ABE and the SpCas9-ABE.
This study has demonstrated that a subset of organoids showed the expected A-to-G nucleotide
conversion, with no detectable off-target effects in the genome, but with an editing efficiency that
varies depending on the Cas9 and sgRNA used, but that does not exceed 9,3% for any of the three
variants assessed (Geurts M.H. et al., 2020; Maule G. et al., 2020). In addition, these base editors can
be delivered via chemically modified mRNAs, which result in more stable ones than unmodified
ones, with no significant off-targets, as already evaluated in vitro for the correction of the W1282X
nonsense variant by the Xue group (Jiang T. et al., 2020). This approach enabled the efficient rescue
of the pathogenic variant, highlighting a novel and potentially effective strategy for base editor

delivery (Jiang T. et al., 2020).
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Figure 12. ABE system functioning: ABEs are composed of a deoxyadenosine deaminase fused to a
catalytically impaired SpCas9 with nickase activity. ABE, guided by a gRNA, binds the target DNA,
producing a single-stranded DNA, in which deoxyadenosine deaminase converts adenine to inosine,
which is recognized as guanine during DNA repair or replication. In this way, the original AT pair
is replaced with a G+C pair at the target site (Krishnamurthy S. et al., 2021).

2.6.2 mRNA-based therapy

The in vitro transcription mRNA (IVT mRNA) represented the first study step in the
development of mRNA-based therapy, introducing an external mRNA in the cells to produce any
protein or peptide via the same cell’s protein synthesis machinery, showing high transfection
efficiency with low toxicity, with no opportunistic insertional mutagenesis, although the main issues
are related to mRNA instability, immunogenicity and cell membrane passage (Qin S. et al., 2022).

This approach, in the last decades, is gaining promising results and some companies have developed
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new strategies to treat also rare genetic pathologies; for instance, in CF field, some inhaled mRNA
therapy have been patented by Arcturus Therapeutics that have produced ARCT-032 and ACTR-810
(NCT05712538) delivered by LUNAR system, that are under studies by clinical trials with promising
results for safety, tolerability, and kinetics (Clarke L.A. and Amaral M.D., 2023; Ricci D. et al., 2025),
while, Moderna and Vertex Pharmaceuticals have developed VX-552, which is in Phase I clinical
trials for safety evaluation (NCT05668741). In addition, several groups have demonstrated that the
use of mRNA therapy based on splice-modulating ASOs, causing the exon 23 skipping, can
successfully restore CFTR protein not only in 16-HBE cells engineered with W1282X variant but
also in W1282X-homozygous pwCF primary cultures of nasal or bronchial cells (Michaels W.E. et
al.,2022; Oren Y.S. et al., 2022; Kim Y.J. et al., 2022). To date, an approach based on mRNA therapy
has been developed to correct the mutations that cause methylmalonyl-CoA mutase deficiency,
responsible for methylmalonic acidemia, a rare metabolic disease with high morbidity and mortality
(Coughlan K.A. et al., 2024). This mRNA-3705 shows a potent rescue and a wide therapeutic
window, representing a robust preclinical profile supporting clinical development. In addition, it has
already entered an international, multicenter Phase 1/2 clinical trial for patients with MMUT-deficient
MMA. Indeed, Mrna-3705 has been selected by the FDA for the START program (Support for
Clinical Trials Advancing Rare Disease Therapeutics), which aims to accelerate the clinical

development of drugs for rare diseases. Lastly, Moderna is preparing to launch pivotal studies by the

end of the current year (2025) (NCT04899310).

2.6.3 Anticodon engineered tRNA (ACE-tRNA). a post-translational gene recovery for nonsense
variants

Among the different approaches, the strategy based on anticodon-engineered tRNA (ACE-
tRNA), namely suppressor tRNA, can recover protein expression in a genetic context characterized
by nonsense variants. Those tRNAs are charged with specific amino acids by the endogenous cell
aminoacyl-tRNA synthetase. Still, they also own an altered anti-codon sequence that can recognize a
PTC in the mRNA, allowing the correct protein synthesis as shown in Figure 13 (Lin T.Y. and Glatt
S.,2022).
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Figure 13. Functional scheme showing the correct mechanism of action of suppressor ACE-tRNA:
these tRNAs are charged with a canonical amino acid and own an engineered anticodon that
recognizes PTC, allowing the insertion of the amino acid and the production of a full-length protein
(adapted from Ruan J. et al., 2024).

Several groups are currently investigating ACE-tRNAs and their activity. Recently, this strategy has
shown promising results in suppressing nonsense variants in CF. In particular, the Lueck group has
demonstrated that these tRNAs can rescue CFTR protein expression in vitro in G542X, R1162X, and
W1282X nonsense variant models, as well as in vivo in a NLuc-UGA PTC mouse model (Lueck J.D.
et al., 2019). Notably, in 16HBEge cells, they reported a rescue of nearly 90% of wild-type CFTR
channel function at two PTC positions in cells with efficient ACE-tRNA delivery, which was also
supported by evidence of CFTR protein restoration (Ko W. et al., 2022). In addition, the Cooperman
group has demonstrated that ACE-tRNA”™ can suppress various nonsense variants, as shown in their
studies using the PURE-LITE system with mRNA sequences harbouring CFTR patient-specific
nonsense variants (Bhat S. et al., 2025). Although the ACE-tRNA strategy is promising, further
analyses are needed to assess biosafety, bioavailability, and the development of efficient delivery

systems (Lin T.Y. and Glatt S., 2022).

2.6.4 Suppression Therapy: using translational readthrough-inducing drugs (TRIDs) for the
recovery of gene function

Among the various therapeutic approaches described so far, suppression therapy has yielded
particularly promising results. This strategy is based on the pharmacological induction of readthrough
at premature termination codons (Bidou L. et al., 2012; Campofelice A. et al., 2019). During protein
synthesis, the ribosome translates information encoded by messenger RNA, producing a polypeptide
chain that is released upon encountering a natural termination codon (NTC). However, when a
premature termination codon (PTC) arises in the mRNA sequence due to a DNA nonsense variant,
protein synthesis is interrupted, leading to the production of a truncated and non-functional protein

(Lombardi S. et al., 2020) (Figure 14).
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Figure 14. Premature termination translation: The ribosome encounters a PTC in the mRNA
sequence due to a nonsense variant, leading to the interruption of protein translation and the
production of a truncated protein (Dabrowski M. et al., 2018).

It has been demonstrated that cells can attempt to recover protein synthesis through a natural
mechanism: the non-programmed translational readthrough. In this process, a near-cognate tRNA
(nc-tRNA), that is a transfer RNA whose anticodon sequence partially matches a given mRNA codon,
matching base pairs at two out of the three positions within the codon-anticodon interaction, is
inserted at the site of the PTC, allowing translation to continue and potentially producing a full-length
protein. Despite this mechanism, natural readthrough is rare, occurring in less than 0.1% of cases in
over 80% of transcripts (Palma M. and Lejeune F., 2021). Over the last 20 years, various molecules
have been identified that induce readthrough during translation. These molecules, known as
translational readthrough-inducing drugs (TRIDs), possess the ability to “force” the translation in the

presence of a premature stop codon in the mRNA (Palma M. and Lejeune F., 2021) (Figure 15).

Readthrough
compound
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Figure 15. Pharmacologically induced readthrough: a near-cognate tRNA is inserted at the PTC
site during translation, thanks to the activity of a readthrough compound (Dabrowski M. et al., 2018).
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In literature, various classes of compounds with readthrough activity have been identified. Among
them, aminoglycosides were the first to be discovered; their mechanism of action (MoA) consists of
the binding of the ribosomal A-site, inducing a conformational change, causing the codon misreading
at a PTC, and allowing the translation and the production of a full-length protein. Among
aminoglycoside antibiotics, gentamicin and geneticin (G418) have played a key role as the first
compounds showing readthrough activity, as well as tobramycin and paromycin. However, despite
their great translational readthrough activity, chronic treatment with aminoglycosides induces
cytotoxic effects, particularly ototoxicity and nephrotoxicity (Martins-Dias P. and Romao L., 2021;
Dabrowski M. et al., 2018). In 2007, PTC Therapeutics discovered a new non-aminoglycoside
compound with high readthrough activity, showing very low toxicity effects, named PTC124
(commercially known as Ataluren). PTC124 is an achiral compound showing an oxadiazole core
characterized by fluorobenzene and benzoic acid rings (Figure 16), which does not show structural
resemblance to aminoglycosides or any other clinically developed drugs, and whose possible
mechanism of action is based on competitive inhibition of release factor-dependent termination

binding several ribosome active sites (Welch E. et al., 2007; Huang S. et al., 2022).
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Figure 16. Structure of Ataluren (PTC124) (Welch E. et al., 2007).

This molecule showed promising results in both in vitro and in vivo applications in several diseases
such as CF and DMD. However, the endpoints in Phase III clinical trials for CF failed, and although
it was initially approved for the treatment of DMD, its use was permitted only until January 2025,
when the European Commission (EC) adopted the opinion of the Committee for Medicinal Products
for Human Use (CHMP) of the EMA, deciding not to renew the conditional marketing authorization
for PTC124. Nevertheless, the EC indicated that individual EU Member States may allow the use of
PTC124 if they consider it appropriate for patients with nonsense variants who have no therapeutic
alternatives (Kerem E. et al., 2014; Michorowska S. et al., 2021; Aslam A.A. et al., 2023; Ricci D. et
al., 2025, PTC therapeutics report, 28 March 2025).

To identify novel molecules as true alternatives to previously used compounds, with effective
readthrough activity and potential clinical applicability, research has advanced and led to the
development of a new compound, NB124, a synthetic aminoglycoside also known as ELX-02, which
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has shown absence of toxic effects under various conditions (Ricci D. et al., 2025). Its MoA is similar
to the one of aminoglycosides, mainly binding the decoding site of the ribosome’s small subunit,
causing the reduction of the ribosome’s ability to distinguish between cognate and near-cognate
aminoacyl-tRNAs, and thus increasing the production of a full-length protein. In addition, it has been
demonstrated that this ability to mediate its function attenuates nonsense-mediated mRNA decay
(NMD), leading to a higher steady-state level of transcripts available for protein synthesis (Kerem E.,
2020). ELX-02 has overcome, in 2023, the Phase II clinical trial for CF and Alport syndrome, and,
most importantly, Eloxx Pharmaceuticals announced essential advancements in patient conditions for
both diseases, and NCT04135495 regarding CF patients has shown an improvement of lung function
(Eloxx Pharmaceuticals report, 14 September 2022, NCT04135495).

In this scenario, in 2020 the Lentini-Pibiri group, through in silico optimization of PTC124 and by
using several compound libraries, designed and synthesized three new small molecules containing a
1,2,4-oxadiazole as the heterocyclic core. These compounds have shown promising results not only
in terms of high readthrough activity and consequent protein rescue, as demonstrated by the
restoration of CFTR protein in Fisher rat thyroid (FRT) cells carrying G542X and W1282X CFTR
mutations, but also in terms of protein functionality in F-luc assay (Pibiri I. et al., 2020).

In particular, as shown in Figure 17, although NV848, NV914, and NV930 share the common
oxadiazole core, their structures display notable differences compared to Ataluren: NV848 lacks aryl
substituents, both NV848 and NV930 lack fluorine atoms and acidic moieties, whereas NV914 is
characterized by a high fluorine content (Pibiri I. et al., 2020).
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Figure 17. NV molecule structures: scheme showing the chemical structures of the three oxadiazole
molecules NV848, NV914, and NV930 (Pibiri I. et al., 2020; Italian Patent No 102017000134511,
European Patent No. 3713934, US Patent No 11,203,578).

In vitro experiments explored the specificity of these molecules against PTCs and demonstrated no
off-target effects on NTCs of TP53 and housekeeping gene expression (Perriera R. et al., 2023). To
evaluate the therapeutic potential of these molecules, in vivo analyses were performed, confirming

their readthrough activity not only in CF nonsense variants but also in Shwachman-Diamond

17



Syndrome, as well as the absence of toxicity in zebrafish models (Bezzerri V. et al., 2022). Moreover,
in vivo acute toxicity studies in mice confirmed good tolerability for all compounds, classifying
NV848 and NV930 as Category 4 and NV914 as Category 5 under the Globally Harmonized System
(GHS), thereby confirming these molecules as low-risk health candidates (Corrao F. et al., 2022).
More recently, it has been demonstrated that NV848 reaches the main target organs of CF and, most
importantly, acts as a readthrough agent capable of rescuing the CFTR protein in a CF G542X
nonsense variant homozygous mouse model (Fiduccia I. et al., 2024). Further studies are needed to

evaluate the mechanism of action of these molecules and to clarify the possible biological target.

2.7 The PURE-LITE system: an in vitro tool for the evaluation of new compounds with
readthrough activity

Recently, personalized medicine has emerged as a strategy to treat patients; indeed, by
studying the patient's genomic, biochemical, and behavioral profile, it may be possible to identify
drugs tailored to specific conditions (Goetz L.H. et al., 2018). Therefore, it is essential to investigate
as many new molecules as possible, including TRIDs, to increase the chances of finding treatments
for nonsense variants underlying these diseases. At the same time, identifying the biological targets
of existing compounds with readthrough activity can reveal the active sites involved in the process.
Such knowledge can then be exploited to design new, more potent compounds capable of interacting
with the same sites and inducing readthrough. Several assays and tools are applied to screen new
molecules for the evaluation of readthrough activity, such as the reported luciferase assay
(Campofelice A. et al., 2019), or the PURE-LITE system (Ng M.Y. et al., 2021). This reconstituted
in vitro model system not only allows for the screening of different molecules but also other analyses,
for instance, the separate determination of TRIDs' effects on both readthrough and termination
activities (Huang S. et al., 2022).

This system 1s composed by different purified components: eukaryotic 80S ribosomes constructed
with the cricket paralysis virus (CrPV) internal ribosome entry site (IRES) mRNA, that allows the
production of polypeptides without the need of protein initiation factors, different aminoacylated
tRNA isoacceptors, the release factors eRF1 and eRF3 and, finally, the elongation factors eEF1A and
eEF2 (Ng M.Y. et al., 2021). As shown in Figure 18, the IRES mRNA sequence codifies for an
octapeptide.

In particular, to study standard peptide elongation, a WT Trp-IRES mRNA sequence is used; instead,
to investigate readthrough activity of compounds or translation termination, a Stop-IRES mRNA

sequence is used. The use of this in vitro model system allowed the Cooperman group to determine
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PTC124’s mechanism of action, demonstrating that this molecule binds to multiple sites on the
ribosome, competitively inhibiting the release factor-dependent termination (Huang S. et al., 2022).

The PURE-LITE system is highly versatile and, thanks to its features, allows us to perform different
measurements. At each step, a tRNA can be added to monitor, amino acid by amino acid, the growth
of the octapeptide. This enables the evaluation of the incorporation of a nc-tRNA and the readthrough
activity of specific molecules using a specific mRNA containing a stop codon. All of this is achieved
through the use of specific tRNAs that can be charged with tritium-labeled amino acids, or, assays
employing specialized instruments capable of detecting fluorescence, with tRNAs conjugated to

specific fluorophores (Ng M.Y. et al., 2021).
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Figure 18. PURE-LITE system structure and functioning: A) Trp-IRES construct encoding for
FKVROWLM polypeptide; B) Translation elongation of Trp-POST5 complex; C) Stop-IRES

construct encoding for FKVRQX truncated peptide; D) Readthrough (down) and Termination (up)
reactions of Stop-POSTS complex (Ng MY. et al., 2021).

2.8 The CFTR G542X mouse as model to study cystic fibrosis and new treatments

Different models have been employed to study drug activity, from 2D and 3D cell systems to
non-mammalian organisms, primarily to generate preliminary data (Freires I.A. et al., 2023). Among
animal models, the mouse model has been extensively used as a translational tool to investigate
human diseases, elucidate molecular mechanisms, and explore potential therapeutic strategies. Its
widespread adoption is due to its genetic manipulability, physiological similarities to humans, and
the availability of well-characterized disease models. However, to ensure scientific validity and

ethical responsibility, it is essential that such studies incorporate appropriate controls, robust
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statistical analysis, and adhere strictly to the 3Rs principle (Reduction, Replacement, Refinement)
(Justice M.J. et al., 2016; MacArthur C.J. et al., 2018).

Preclinical research in CF caused by nonsense variants has also involved mouse models. For instance,
the Hodges group has produced two different mouse models, each reporting a different nonsense
variant: G542X and W1282X. For the production of both murine models, CRISPR/Cas9 based gene
editing was applied. Based on this technique, different guide RNA (gRNAs) targeting exon 12 or 23
depending of nonsense variant, have been designed and tested in vitro for Cas9. The most effective
gRNA for each variant, a 120 bp single stranded oligonucleotide containing the G542X or W1282X
mutation, and Cas9 protein were injected in the pronucleus of C57BL/6 one-cell embryos, that has
been implanted into pseudo-pregnant females (Michicich M. et al., 2025; McHugh D.R. et al., 2018).
The G542X CF mouse model generated through gene editing represents a valuable tool to investigate
in vivo potential therapies for cystic fibrosis, including suppression therapy, ACE-tRNAs, and
mRNA-based approaches, as it shows CF manifestations such as impaired growth and low survival
due to intestinal obstruction (McHugh D.R. et al., 2018).

Direct observation in our animal facility of the murine model homozygous for the G542X nonsense
mutation revealed a distinct and severe phenotype. These mice exhibited delayed growth,
significantly reduced weight gain compared to age-matched wild-type controls, and markedly
shortened survival, primarily due to fatal intestinal obstructions. Strikingly, nearly 50% of the
homozygous animals died before the onset of experimental procedures, limiting their availability for
in vivo studies. Furthermore, colony maintenance through successive crossings of heterozygous
carriers proved challenging, as these matings consistently produced fewer viable offspring than wild-
type pairings, underscoring the reproductive and survival limitations associated with the G542X
genotype (Fiduccia 1. et al., 2024).Hodges and collaborators produced organoids from these mouse
model tissues to investigate not only the effect of the readthrough compound G418 alone, but also its
activity in combination with SMG1 inhibitor (a kinase involved in inhibiting the NMD pathway to
increase CFTR mRNA levels) as well as with the CFTR correctors VX-445 (Elexacaftor, which
promotes proper CFTR protein folding) and VX-661 (Tezacaftor, which stabilizes CFTR). Hodges
group demonstrated that G542X mouse-derived organs had greater CFTR restoration than W1282X
when treated with G418 alone, G418+SMGl1i, and G418+SMG1i+VX-445+VX-661. Interestingly,
both the models have demonstrated to be useful tools not only for the evaluation of possible therapies
against nonsense variant in CF but also for their in vivo efficiency; in addition although the models
share different features, both the models responded differently to the same pharmacological
treatment, highlighting the need to evaluate a different therapeutic option based on genotype

(Michicich M. et al., 2025).
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In light of the aforementioned studies and the clinical manifestations observed in mice, this murine
model represents a valuable system for the study of cystic fibrosis, and in particular for investigating

CFTR protein rescue strategies within a genetic background defined by the G542X nonsense variant.
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3. AIM OF THE PROJECT

Choroideremia and cystic fibrosis are two paradigmatic examples of monogenic diseases caused,
in a significant fraction of cases, by nonsense mutations. In choroideremia, pathogenic variants in the
CHM gene prevent the production of Rab Escort Protein-1 (REP1), a key component of the
prenylation pathway required for the proper functioning and survival of retinal cells. The loss of REP1
leads to progressive degeneration of the retinal pigment epithelium and photoreceptors, ultimately
resulting in blindness. In cystic fibrosis, stop mutations in the CFTR gene, such as G542X, result in
the production of truncated chloride channel proteins that fail to mediate ion transport across
epithelial membranes, leading to the accumulation of thick mucus and chronic inflammation in
multiple organs, particularly the lungs.

Given that both conditions stem from a single-gene defect resulting in truncated, non-functional
proteins, therapeutic strategies aimed at restoring full-length protein expression have gained
significant attention. Among these, translational readthrough has emerged as a particularly promising
approach. This method employs small molecules known as translational readthrough-inducing drugs
(TRIDs), which facilitate the insertion of near-cognate aminoacyl-tRNAs at premature termination
codons (PTCs). By allowing the ribosome to bypass the PTC, TRIDs enable the synthesis of a full-
length protein that may retain partial or complete biological activity, offering potential therapeutic
benefit in disorders caused by nonsense mutations. Several potential TRIDs have been identified and
characterized over the past two decades, including aminoglycosides, such as gentamicin, and non-
aminoglycoside compounds, such as PTC124 (Ataluren). However, the clinical translation of these
molecules has been limited by their variable efficacy, cytotoxicity, and inconsistent readthrough
efficiency. Therefore, the development of new TRIDs with improved pharmacological profiles and
broader applicability remains a critical goal in the field of genetic disease therapeutics.

In this context, the present work investigates three novel experimental compounds: NV848, NV914,
and NV930, as potential TRIDs. Preliminary studies have shown that these molecules can promote
readthrough of premature stop codons and partially restore the expression of full-length proteins in
vitro and in vivo (Pibiri L. et al., 2020; Perriera R. et al., 2023; Bezzerri V. et al., 2022; Corrao F. et
al., 2022; Fiduccia I. et al., 2024). NV848, in particular, has demonstrated promising activity in
preclinical models of Duchenne muscular dystrophy and cystic fibrosis carrying nonsense mutations
(Fiduccia L. et al., 2024).

Building on these findings, this study aims to explore the capacity of NV848, NV914, and NV930 to
rescue the expression and function of two disease-relevant proteins: REP1, which is deficient in
choroideremia, and CFTR, which is defective in cystic fibrosis. By employing engineered cell lines,

patient-derived fibroblasts, and in vivo mouse models carrying nonsense mutations, the work seeks
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to evaluate the efficacy of TRID-mediated readthrough, define the molecular mechanisms underlying
compound activity, and assess their potential as mutation-specific therapeutic agents.

Therefore, the rationale of this work is rooted in the concept that restoring even a modest amount of
correctly translated protein can lead to meaningful improvements in disease phenotypes. As a final
component of my thesis, I conducted an experimental study at the University of Pennsylvania
(UPENN). During this period, the project was focused on the study of the biological target of the
three NV compounds, on a new in vitro model known as the PURE-LITE system (Ng M.Y. et al.,
2021).

Understanding the capacity of NV compounds to promote readthrough and to stabilize mutant

mRNAs could therefore provide a proof of concept for their therapeutic potential.
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4. MATERIALS AND METHODS

4.1 Cell culture conditions

H1299 cells (human non-small cell lung carcinoma cell line), RPE (retinal pigment
epithelium) and HCT116 (human colon rectal tumor 116) were grown in DMEM (Dulbecco’s
Modified Eagle Medium, GIBCO, Waltham, MA, USA) implemented with 10% FBS (fetal bovine
serum, GIBCO) and 1% Penicillin and Streptomycin (Corning, USA), while patient-derived
fibroblasts, purchased by Coriell Institute (New Jersey, USA), characterized separately by S190X,
R253X and R270X nonsense variants were grown in MEM (Minimum Essential Medium Eagle,
Thermo Fisher Scientific, Waltham, MA, USA) implemented with 2% Ultroser G (Thermo Fisher
Scientific, Waltham, MA, USA), 1% non-essential amino acids (Thermo Fisher Scientific, Waltham,
MA, USA), 1% L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) and 1% Penicillin and
Streptomycin (Corning, USA). Cells were cultured at 5% CO; and 37 °C, and media were changed
every 48 hours.

4.2 TRIDs preparation

4.2.1 Cell and Animal procedures

Ataluren was synthesized as previously described by Lentini and colleagues (Lentini L. et al.,
2014), whereas NV848, NV914, and NV930 were synthesized according to the protocol reported by
Pibiri and colleagues (Pibiri I. et al., 2020). For the efficacy studies in mice, a dosage of 60 mg/Kg
body weight was selected based on Du M. et al., 2008. Stock solutions of PTC124, NV914, and
NV930 in DMSO (Merck, Darmstadt, Germany) were first prepared according to the solubility
properties of each compound (i.e. PTC124 at 100 mg/ml, NV914 at 500 mg/ml, and NV930 at 161
mg/ml) and subsequently resuspended in extra-virgin olive oil as delivery vehicle. Mouse daily
dosages were calculated individually based on body weight, with a maximum administration volume
of 100 ul per animal. For in vitro cell studies, compounds were prepared as 100 mM stock solutions

in DMSO and diluted in 1X PBS to the ImM final concentration.

4.2.2 PURE-LITE procedures

Ataluren sodium salt was received from PTC Therapeutics and dissolved in DEPC water.
G418 was purchased from Gibco (Thermo Fisher Scientific, Waltham, MA, USA). NV848, NV914,
and NV930 were synthesized by the Pibiri-Lentini group at the University of Palermo and dissolved
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respectively in DEPC water for NV848 and in DMSO for NV914 and NV930 to the ImM final

concentration.

4.3 Homozygous CFTRG342X/G542X moyse colony production

CFTRWVG2X mice were gently donated by the Hodges group in Cleveland (McHugh D.R. et
al., 2018) and housed in the ATeN Center animal facility of the University of Palermo. Breeding was
carried out among 30 pairs of heterozygous G542X mice. Twenty-one days after birth, all pups
underwent genotyping. The Genomic DNA was extracted from ear punch biopsies using DNeasy
Blood and Tissue Kits for DNA Isolation (Qiagen, USA) according to the manufacturer’s instructions,
followed by endpoint PCR analysis. Specifically, primers P1 (forward primer recognizing the CFTR
(542X allele), P2 (reverse primer recognizing the CFTR wild type allele), P3 (forward primer
recognizing the CFTR wild type allele) were used (Table 1).

Primer Sequence 5°- 3’

P1 5-ACAAGACAACACAGTTCTCT-3’

P2 5-TCCATGCACCATAACAACAAGT -3’
P3 5-ACAAGACAACACAGTTCTTG-3’

Table 1. Primer sequences for mice genotyping analyses.

All the 159 newborn mice were genotyped by endpoint PCR, using the DreamTAQ DNA Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. Each
DNA sample was separately amplified by using two reaction mixes (Table 2) containing the P1/P2
primers pair targeting the CFTR G542X allele, or the P3/P2 primers pair targeting the CF7TR wild

type allele. The thermal profile in Scheme 1 was used.

Reagent GCi Ct Volume 20pl
DreamTaq Buffer 10X 1X 2ul

dNTPs Mix 2mM | 0,2 mM 2ul

Primer forward (P1/P3) 10uM | 0,1 uM 0,2 ul

Primer reverse (P2) 10uM | 0,2 uM 0,2 ul
DreamTaq 5U/ul 10/l 0,2 ul

DNA sample / 50-100ng | X

H>0O DNAse/RNAse free / / to final volume

Table 2. PCR mix for mice genotyping analyses.
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Scheme 1. Thermal profile adopted for genotyping analysis: the genotyping was performed by
endpoint PCR with 2720 Thermal Cycler, in particular 38 cycles of amplification were performed
(Applied Biosystems, Waltham, MA, USA).

PCR products were separated by electrophoresis on a 1% agarose gel in 1X TBE buffer and stained
with GelRed Nucleic Acid Gel Stain (Biotium, USA).

4.4 Chronic treatment for a drug efficacy study

All the animals were housed in a temperature-controlled animal facility with 21-23 °C, 50-
60% humidity, and a 12 h light/dark cycle. C57BL/6 CFTRVTWT and C57BL/6 CFTRWT6542X mice
were fed with standard pellet chow and water, ad libitum, while C57BL/6 CFTR4X/6542X mjce in
order to avoid intestinal obstruction caused by solid food in this mouse model, were fed with a specific
liquid diet characterized by fresh milk (Peptamem, Nestle¢).
The experimental protocol was conducted in conformity with the Italian D.Lgs 26/2014, and all
procedures and care were approved by the authorization of the Italian Ministry of Health
(Authorization n.1235/2020; Authorization n° 2/2022-PR) and by the University of Palermo Animal
Care and Use Ethics Committee, following the national and EU Directive 2010/63/EU for the
handling and use of experimental animals.
A daily administration of PTC124, NV914 and NV930 at 60 mg/kg for 15 days was performed,
starting 23 days after birth and genotyping. A total of 13 C57BL/6 CFTR®*XG342X mjce were
administered with the molecules. Moreover, five C57BL/6 CFTRYT mice (as positive control) and 5
C57BL/6 CFTRO*2X/G342X mice (as negative control), received an oral dose of vehicle (H,0), only

one C57BL/6 CFTRO*2X6342X mjce (as negative control), received an oral dose of vehicle (Olive oil
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and DMSO). The use of water as a vehicle was motivated by the parallel experimentation performed
with a water-soluble molecule, for which the negative controls were carried out using water.
Moreover, the limited survival of the mouse model and the low number of animals obtained did not
allow for a sufficient number of homozygous G542X mice to be available for the administration of a
second vehicle (oil and DMSO), except in the case of a single mouse. At the end of the treatment,
mice were euthanized through cervical dislocation, blood and organs were collected, weighed, and

stored at -80 °C for Western blot and Real-Time qPCR, and in formaldehyde 4% for IHC analyses.

4.5 H&E and IHC

Formalin-fixed, paraffin-embedded (FFPE) samples of the lung and intestine of mice were
collected at the end of the treatments, while has been processed by the Belmonte group at the Tumor
Immunology Unit, Department of Health Sciences, University of Palermo. The study involved cases
of vehicle-treated CFTRYTWYT mice, vehicle-treated CFTRE#XG42X mice, NV914-treated
CFTRO*XG342X mjce, and PTC124-treated CETRG>42X/6542X mjce as positive control.

Lung and intestine samples were fixed in 10% neutral-buffered formalin, processed, and embedded
in paraffin. Three-micrometers-thick tissue sections were cut and routinely stained with hematoxylin
and eosin (H&E) for histopathological analysis. For the histopathological evaluation of tissue
damage, a semiquantitative scoring system was applied. All the variables were morphologically
evaluated and scored according to the degree of severity (0, absent; 1, normal; 2, mild; 3, moderate;
4, discrete; 5, severe) and extension (0, absent; 1, focal; 2, multifocal; 3, diffuse).

Three-micrometer-thick sections of lung tissue were deparaffined, rehydrated and subjected to
antigen retrieval using Novocastra Epitope Retrieval Solution (pH 6; Leica Biosystems) in a
thermostatic bath at 98.5 °C for 30 minutes. Sections were then cooled to room temperature and rinsed
in phosphate-buffered saline (PBS). Endogenous peroxidase activity was quenched with 3% H>O,,
followed by Fc blocking with 0.4% casein in PBS (Leica Biosystems). Tissue sections were incubated
with rabbit polyclonal anti-CFTR (1:500 pH 6; ACL-006 Alomone labs). IHC staining was developed
using IgG (H&L)-specific secondary antibodies (Life Technologies, 1:500) and DAB (3,3'-
Diaminobenzidine, Novocastra) as substrate chromogen. Nuclei were counterstained with Mayer’s
hematoxylin. Slides were analyzed under a Zeiss Axioscope Al microscope and microphotographs

were collected using a Zeiss Axiocam 503 Color digital camera with the Zen 2.0 Software (Zeiss).

4.6 RNA extraction

RNA extraction from tissues and cells was performed using the RNeasy Mini Kit (Qiagen,

Germany) following manufacturer’s instructions. The main difference between the two procedures
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lies in the first step: up to 24 mg of tissue were disrupted by mechanical homogenization, whereas
less than 10° cells were lysed by brief vortexing. Instead, for both the procedure an in-column DNase
treatment was performed and finally RNA was eluted in 40 uLL of DNase- and RNase-free water. This
protocol was used to extract RNA from mice lung tissues, and from different cell cultures including
H1299, H1299 CHMYT-tGFP, H1299 CHMR®*3X_tGFP and H1299 CHM®***_tGFP, Fibro CHMS!?X
and Fibro CHMR®?>3X_ After the extraction for each sample, RNA was quantified using a NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA), and its integrity was checked by
electrophoresis on a 1% agarose gel with SYBR™-SAFE DNA Gel Stain (10,000X, Thermo Fisher
Scientific, Waltham, MA, USA) staining and UV exposition.

4.7 Reverse transcription and Real Time PCR

RNAs extracted from mouse lungs, from H1299 cells (untransfected or transfected with
pRG213610 CHMYT-tGFP, pCHMR?**tGFP, or pCHMR***tGFP), and from CHMS""X¥
fibroblasts and CHMR?>3*¥ fibroblasts were reverse-transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the

manufacturer’s instructions and following the thermal profile presented in Scheme 2.

Hold Stage Hold Stage Infinite Stage
85.0°C
05:00
o}
1.6 °C/s
37.0°C 37.0°C 1.6°C/s
2501 60:00 1.6°C/s  go:00
= 1.6 °C/s O &
1.6°C/s  10:00
4.0°C
-
Step1 Step1 Step2 Step3 Step1

Scheme 2. Thermal profile used for retro-transcription process.

Real-time PCR was then performed using the synthesized cDNA. To assess CFTR expression, the
primers pair CFTR For. and CFTR Rev. was used, with ACTIN For. and ACTIN Rev., recognizing
ACTIN as housekeeping control. To evaluate TurboGFP expression, GFPturbo For. and GFPturbo
Rev. primers pair were employed, with GAPDH For. and GAPDH Rev., recognizing GAPDH as
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housekeeping control. Lastly, to evaluate CHM expression in the primary cell cultures the primers

pair CHM For. and CHM Rev. was used, GAPDH as housekeeping control, as detailed in Table 3.

Primer Sequence 5’ - 3’
CHM For. 5’-GATCCAGAGAATGCGCTAG-3’
CHM Rev. 5-AATGACCCGAACAGCAAAAGTTC-3’
GAPDH For. 5’-CTCATGACCACAGTCCATGCC-3’
GAPDH Rev. 5’-GCCATCCACAGTCTTCTGGGT-3
GFPturbo For. 5’-AGGACAGCGTGATCTTCACC-3’
GFPturbo Reyv. 5’-CTTGAAGTGCATGTGGCTGT-3’
CFTR For. 5’-CTACATGGAACACATACCTTCG-3
CFTR Rev. 5’-GGTGATAATCACTGCATAGC-3’
ACTIN For. 5’-ACCGTCAAAAGATGACCCAGA-3’
ACTIN Rev. 5’-GAGGCATACAGGGACAGCACA-3

Table 3. Primer sequences involved in Real-time qPCR.

For each couple of primers, the reaction mix was assembled as follows:

e PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific, Waltham, USA): 5 ul;

e Primers (Forward 1 uM + Reverse 1 uM): 2 ul;

e H>0 DNase/RNase-free: 1 pl;

e cDNA:2pul
The samples were loaded in triplicate with a final volume of 10 pl each. Lastly, the 96-plate was
centrifuged at 2500 rpm for 5 minutes. The amplification was performed using the QuantStudio 3

machine, and the results were analyzed with QuantStudio Design & Analysis Software.
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4.8 Protein extraction and western blot analyses

Protein extraction from tissues and cells was performed using RIPA lysis solution (Thermo
Fisher Scientific, Waltham, MA, USA) and 1% protease inhibitors (Thermo Fisher Scientific,
Waltham, MA, USA). The main difference between the two procedures concerns the first step: up to
50 mg of tissue were disrupted by mechanical homogenization with a homogenizer, whereas cells
were lysed by brief up and down with a pipette. Thus, the mixtures were incubated for 1.5 h on ice at
4 °C. Then, the samples were centrifuged at 12,000 rpm for 20 min at 4 °C, and the supernatants were
collected and stored at -80 °C. For each sample, a quantification was performed using the Bradford
colorimetric assay.
For the protein analysis, 50 ug of proteins from each sample were loaded onto a 3%-8% SDS-PAGE
gel and electrophoresed at 150 V and 100 mA for 45 minutes. After that, proteins were transferred to
a PVDF membrane (Thermo Fisher Scientific, Waltham, MA, USA) overnight at 4 °C, 12 V, and 50
mA. A 5% non-fat milk in TBS-TWEEN 1X solution (Thermo Fisher Scientific, Waltham, MA,
USA) was used to block for 1 h at room temperature to prevent non-specific binding. The primary
antibodies used were anti-CFTR (ACL-006, 1:10,000, Alomone lab), anti-f-actin antibody (A5441,
1:10,000, Sigma-Aldrich), anti-TurboGFP (TA150041, 1:1,000, Thermo Fisher Scientific), and anti-
REP1 (sc-23905, 1:1,000, Santa Cruz Biotechnology), incubating overnight at 4 °C. After three 15-
minute washing with 1X PBS-Tween, the membranes were then incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies: anti-rabbit (W4011, 1:3,000, Promega) or anti-
mouse (1:5,000, Thermo Fisher Scientific). Lastly, after three 15-minute washes with 1X PBS-
Tween. Protein detection was conducted by SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Waltham, MA, USA). To analyze membranes Chemidoc XRS (BioRad)
and Quantity One software (BioRad) were used. Protein bands were quantified using ImagelJ software

(NIH).

4.9 Plasmid pRG213610 preparation

The pRG213610 CHMYT-tGFP (Figure 19) plasmid was bought from Origene Technologies,
Inc. (Rockville, US). It was dissolved in 100 pL of D-R-free water, briefly vortexed, and incubated

for 10 minutes at room temperature. The solution was stored at -20 °C.
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Figure 19. pRG213610 plasmid map: The vector contains the CHM sequence with an in-frame
sequence for turbo GFP, an Amp cassette for the selection in bacterial cells, and a Neo cassette for
selection in eukaryotic cells.

4.10 Site-directed mutagenesis and Colony PCR

The site-directed mutagenesis of the pRG213610 CHMYT-tGFP vector consists of introducing
nonsense mutation ¢.757C>T (R253X) or ¢.877C>T (R293X) in the CHM coding sequence with the
QuickChange II kit (Statagene, CA, USA). The assay required the Pfu-Turbo DNA polymerase,
plasmid template, and the following specifically designed couples of oligonucleotides, CHM-R253X
For and CHM-R253X Rev, or the introduction on R253X nonsense mutation, and CHM-R293X For
and CHM-R293X Reyv, for the introduction on R293X nonsense mutation, (Table 4).

Primer Sequence 5’ - 3’

CHM-R253X For. | 5'-ATTGATCTTCTAATCAAATCTAATGTTAGTTGATATGCAGAG
TTTAAAAATATTACCA-3’

CHM-R253X Rev. | 5'-TGGTAATATTTTTAAACTCTGCATATCAACTAACATTAGATT
TGATTAGAAGATCAAT-3

CHM-R293X For. | 5'-GCAAACAACTTACTATGGTAGAAAAGTGAATGCTAATGAAA
TTTCTTACATTT-3'

CHM-R293X Rev. | 5'-AAATGTAAGAAATTTCATTAGCATTCACTTTTCTACCATAGT
AAGTTGTTTGC-3'

Table 4. Primer sequences for site-directed mutagenesis: primer sequences used for the
introduction of the nonsense variants in the pRG213610 CHM""-tGFP.

Reactions were performed as follows: 25 ng of template were incubated with 62.5 ng of each primer
and with 1X reaction buffer, 0.5 pl ANTP mix, and 0.5 pl of Pfu Ultra from the kit, following the

thermal cycles shown in Scheme 3.
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Scheme 3. Thermal profile: this profile was applied to introduce nonsense variants into the
pRG213610 CHM"T-tGFP.

At the end of the PCR, 0.5 pul of Dpnl enzyme was added, and the reactions were incubated at 37 °C
for 1 h. The plasmids obtained after the mutagenesis reaction were transformed into Topl10 E. coli
competent cells, which were plated on LB agar containing ampicillin.

To select plasmid-positive colonies, colony PCR was performed with two pairs of primers, reported
in Tables 3 and 4, CHM For. and CHM Reyv. for the R253X variant, and CHM For. and CHM-R293X
Rev. for the R293X variant. The expected ~400 bp (for R293X mutation) and 1 kb (for R253X
mutation) amplicons were visualized on 1% agarose gel, with SYBR Green [ staining and UV
exposition, and then sequenced by BMR genomics. Only one clone per mutation was used to purify
mutagenized plasmid DNA by Hi-Pure Plasmid Midi-prep Kit (Thermo Fisher Scientific, Waltham,
MA, USA), according to manufacturer instructions. After extraction and purification, 1 pg of each
DNA preparation, pCHM®***tGFP and pCHMR?***_.tGFP, was sent to BMR genomics for

sequencing.

4.11 Cell Transfections

3x10° H1299 cells were seeded into each well of a 6-well plate (Corning, ME, USA). After
24 h, a transfection was performed. Specifically, 1 pg of pRG213610 CHMWV!-tGFP, 1 ug of
pCHMR?3XGFP, or 1 pg of pPCHMR?***tGFP was diluted separately in 200 pl of DMEM (without
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supplements). The transfection reagent Turbofectamine (Thermo Fisher Scientific, Waltham, MA,
USA) was vortexed, and 3 ul was added to each tube containing the different plasmids. The mixtures
were incubated at room temperature for 20 minutes and then dispensed into wells containing H1299
cells. After 5 h, the medium was replaced. Seventy-two hours later, selection with G418 (Geneticin)

at 600 ug/mL was carried out each 72 hours for 15 days.

4.12 Cell DNA extraction

2 x 10° H1299, H1299 CHMYVT-tGFP, H1299 CHM®***-tGFP, and H1299 CHM®****{GFP
cells were seeded and, after 48 h, were detached with trypsin 0.05% (Thermo Fisher Scientific,
Waltham, MA, USA), collected, and pelleted. Lastly, extraction was performed using PureLink™
Genomic DNA Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA), following the kit
instructions. For each sample, DNA was quantified using a NanoDrop 2000 (Thermo Fisher
Scientific, Waltham, MA, USA), and its integrity was checked by electrophoresis in a 1% agarose
gel.

4.13 PCR analysis

Genomic DNA extracted from each cell line was amplified using a DreamTaq DNA
Polymerase, 5 U/uL (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's
instructions and following the thermal profile in Scheme 1. The primers CHM For. and GFPturbo
Rev., which target the plasmid region of interest, were used for the amplification (see Table 3) of an
expected amplicon of 2049 base pairs. The PCR amplicons were visualized in a 1% agarose TAE 1X

gel.
4.14 PURE-LITE system procedures
4.14.1 tRNAs

The single tRNA isoacceptors were isolated from bulk tRNA from cake yeast via
hybridization to complementary oligopDNAs immobilized in beads (as described in Ng MY. et al.,
2018 and in Zhang H. et al., 2016). This last complex is prepared by overnight incubation of DNA
oligo's with beads. Initially, the bulk tRNAs were quantified by spectrometry. Contemporary, 250
mL of 10 mM Tris-HCI (pH 7.6) and a 2X TMA buffer (20 mM Tris pH 7.6, 1.8 M
Tetramethylammonium chloride, 0.2 mM EDTA) solutions were prepared. Thus, the beads were
washed twice with 10 mL 10 mM Tris pH 7.6 through vacuum suction. The tRNA bulk solution was
then incubated at 80 °C for 10 min, after that, the 2X TMA was added and incubated at 65 °C for 10
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min. Thus, the mixture was added to beads and incubated at 65 °C for 10 min. Subsequently, the
temperature was decreased to 37 °C, mixing the beads every 15 minutes. Different washes with 10
mL of 10 mM Tris-HCl (pH 7.6) were performed, continuing until the absorbance at 260 nm was
minimal to remove all the unbound tRNA in the mixture and get pure desired tRNA which is bound
to beads. The optical density (OD) absorbance at 260 nm was measured to evaluate the nmol of tRNA
on the beads. Lastly, 5-9 mL 10 mM Tris-HCI1 (pH 7.6) was added and incubated at the target
temperature, then the supernatant, which contains eluted tRNA, was decanted and saved. Next, the
same yeast tRNAs isoacceptor was deaminoacylated and charged with the desired cognate radioactive
amino acids (as described in Pan D. et al., 2006 and in Pan D. et al., 2009). Yeast tRNATrp and
tRNALeu were charged with [3H]-Trp or [3H]-Leu for the hexa/heptapeptide assay.

4.14.2 POST5 complexes preparation

The preparation of POSTS complexes was adapted from Ng M.Y. et al., 2018. The protocol
was conducted in Buffer 4 (40 mM Tris HCL, pH 7.5, 80 mM NH4Cl, 5 mM Mg(Ac)2,100 mM KOAc,
and 3 mM B-mercaptoethanol). The first step requires an 80S-IRES complex, which was produced
by incubating 2 uM of 80S ribosome and 4 pM IRES mRNA at 37 °C for 30 min. POST5 complex
was formed by incubating 1 uM 80S-IRES with 1 uM each of Phe-tRNAPhe, Lys-tRNALys, Val-
tRNAVal, Arg-tRNAArg, and GIn-tRNAGIn, 2 uM eEF1A, 2 uM eEF2, and 2 mM GTP at 37 °C for
45 min. POSTS5 was then purified by layering into a 1.1-M sucrose solution in Buffer 4 (250 uL) and
performing ultracentrifugation at 110,000 x rpm for 90 min at 4 °C. The POSTS5 pellet was
resuspended in Buffer 4. POSTS5 complexes used in peptide formation assays were prepared using
[3H]-Trp-tRNATrp for radioactive count studies, while for fluorescence studies, [ATTO647]-Trp-
tRNATrp was used. S-POSTS5 production follows the same protocol using an 80S-Stop-IRES.

4.14.3 Trpl*"I-PREG6 and Trp*"1-POST6 complexes preparation

The procedure was adapted from Zhang H. et al., 2016. Trp-PRE6 was formed by incubating
100 puL of 0.05 uM Trp-POSTS5, 0.5 uM [3H]Trp-tRNATrp, 1 uM eEF1A, and 1 mM GTP for 30 s
at 37 °C. Trp-POST6 was formed similarly but with 1 uM eEF2 added. Trp-PRE6 and Trp-POST6

were purified by ultracentrifugation as described for POSTS complexes.

4.14.4 Leu®™_-POST7 complexes preparation

Leu-POST7 was formed by incubating Stop-POSTS5 (0.05 uM), 0.5 uM [3H]Trp-tRNATrp,
0.5 uM [3H]Leu-tRNALeu, 1 uM eEF1A, 1 uM eEF2, 0.1 uM eRF1, 0.2 uM eRF3 and 1 mM GTP
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for 5 minutes at 37 °C. Leu-POST7 was purified by ultracentrifugation as described for POST5

complexes.

4.14.5 Assays

All assays were performed in Buffer 4 at 37 °C. In assays involving ribosome pelleting, E.
coli 708 carrier ribosome (100 pmol 70S) was added. Pellets were layered by a 1.1-M sucrose solution
in Buffer 4 (350 pL), and the mixture was subject to ultracentrifugation at 110,000 rpm for 90 min at
4 °C.

4.14.6 Elongation assay

The assay was performed by mixing POST5 mix (POSTS5 0.05 uM, GTP 1 mM, Buffer 4 10X,
MQ water) and TC mix (Trp-tRNAPH eEF1A, eEF2, GTP Buffer 4 10X, MQ water) and incubating
at 37 °C for 5 minutes. Subsequently, the reaction was quenched with 100 pL MES buffer and placed
on ice, 70S carrier was added for ribosome pelleting. POST6 was then purified by layering into a 1.1-
M sucrose solution in Buffer 4 (250 uL) and performing ultracentrifugation at 110,000 X rpm for 90
min at 4 °C. The POST6 pellet was resuspended in Buffer 4 and quantified by radioactive count and

spectrometer.

4.14.7 Readthrough assay

The assay was performed by mixing Stop-POSTS mix (Stop-POSTS 0.05 uM, GTP 1 mM,
Buffer 4 10X, test molecule, MQ water) and TC mix (Leu-tRNAPH eEF1A, eEF2, eRF1, eRF3,
GTP, Buffer 4 10X, MQ water) and incubating at 37 °C for 5 minutes. Subsequently, the reaction
was quenched with MES buffer 100 pL and placed on ice, and 70S carrier was added for ribosome
pelleting. POST7 was then purified by layering into a 1.1-M sucrose solution in Buffer 4 (250 pL)
and performing ultracentrifugation at 110000 x rpm for 90 min at 4 °C. The POST7 pellet was

resuspended in Buffer 4 and quantified by radioactive count and spectrometer.

4.14.8 Termination assay

The assay was performed by mixing Stop-POST5 mix (Stop-POSTS 0.05 uM, GTP 1 mM,
Buffer 4 10X, test molecule, MQ water) and RFC mix (eRF1, eRF3, GTP, Buffer 4 10X, MQ water)
and incubating at 25 °C for 10 minutes. Subsequently, the reaction was quenched with MES buffer
100 pL and placed on ice, and 70S carrier was added for ribosome pelleting. Stop-POSTS was then
purified by layering into a 1.1-M sucrose solution in Buffer 4 (250 pL) and performing
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ultracentrifugation at 110,000 x rpm for 90 min at 4 °C. The supernatant was analyzed, in particular,

the released peptide was quantified by radioactive count and a spectrometer.

4.14.9 Peptide release assay

The assay was performed by preparing separately Stop-POSTS mix (Stop-POSTS 0.05 uM
labelled with ATTO647, GTP 1 mM, Buffer 4 10X, MQ water) and RFC mix (eRF1 0.12 uM, eRF3
1.6 uM, GTP 1 mM, Buffer 4 10X, test molecule, MQ water). Stop-POSTS5 mix was splatted in a 96-
well plate and the reaction began only after the addition of RFC mix. Immediately, the plate was
placed inside the Tecan Spark plate reader at 25 °C and data were acquired. The fluorescence emitted

by the fluorophore was analyzed.

4.14.10 PREG6 formation assay

The assay was performed by preparing separately Stop-POSTS mix (Stop-POSTS 0.05 uM
labelled with ATTO647, GTP 1 mM, Buffer 4 1X, MQ water) and TC mix (eEF1A 100 uM, eRF1 2
uM, eRF3 10 uM, GTP 1 mM, Buffer 4 1X, Ataluren 1 mM, NV848 12uM, MQ water). Stop-POSTS5
mix was splatted in a 96-well and the reaction began only after the addition of TC mix. Immediately,
the plate was inserted in the Tecan Spark plate reader at 25 °C and data were acquired. The

fluorescence emitted by the fluorophore was analyzed.
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5. RESULTS

Objective 1

5.1 Rescue of the CFTR protein expression by readthrough experimental molecules in a Cystic
Fibrosis mouse model characterized by the CFTR®**?X nonsense variant

The first objective of this work was to study the recovery of CFTR protein expression in a
murine model of cystic fibrosis carrying the G542X nonsense mutation. This mutation, located in
exon 12 of the CFTR gene, introduces a premature stop codon that prevents the synthesis of the full-
length chloride channel, leading to a complete loss of function. To address this defect, the study aimed
to evaluate the ability of experimental readthrough-inducing compounds to restore CFTR expression
in vivo. Using the C57BL/6 CFTR®*2X6542Xmoyse model, the effects of selected compounds were

analyzed at both molecular and protein levels.

5.1.1 Production of a Cystic Fibrosis mouse model characterized by the CFTR G542X nonsense
mutation

To obtain a consistent number of mice (N=5 per condition) for the experimental treatment
with the NV914 and NV930 compounds, heterozygous mice carrying the G542X mutation were used
for breeding. According to Mendelian inheritance, the mating of heterozygous animals yields

approximately 25% homozygous offspring carrying the G542X mutation, as illustrated in Figure 20.
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Figure 20. Punnett’s scheme: the scheme illustrates the breeding strategy employed to generate
G542X mutant CFTR mice (Fiduccia I. et al, 2024).

During this project, a total of 30 couples between heterozygous C57BL/6 CFTRWVT32X mice have
been made, and a total of 159 mice have been produced.
As shown in the timeline in Figure 21, after the birth of the mice, which usually occurs between the

eighteenth and twenty-first day after setting up the mating pairs, the newborns remain with the mother
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for the following 20 days. At the end of this period, an ear biopsy is performed, and the mice are
separated into groups of three, divided by sex, and fed for the following days with a specially
formulated milk designed for children with cystic fibrosis to avoid intestinal obstructions. The biopsy
samples are used to genotype mice to identify homozygous mice for the CFTR G542X mutation,

which are then included in the experimental study.
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Figure 21. Experimental timeline: the figure illustrates the workflow for genotyping newborn mice.

Genomic was DNA extracted from ear biopsies, and all the experimental protocols involving the mice
were performed in accordance with the Italian D.Lgs 26/2014. In addition, all the procedures were
approved by the University of Palermo Animal Care and Use Ethics Committee and by the
authorization of the Italian Ministry of Health (Authorization n.1235/2020; Authorization n°® 2/2022-
PR) and following the national and EU Directive 2010/63/EU for the handling and use of
experimental animals. A PCR analysis using appropriate kits and specific primers designed to identify
both the WT and G542X alleles (as detailed in Materials and Methods, Table 1) was performed.
Specifically, primers P1 (primer forward recognizing CFTRY*X allele), P2 (primer reverse
recognizing CFTR"T allele), and P3 (primer forward recognizing CFTR YT allele) map on a defined
CFTR gene region comprising nucleotides ¢.84714 85032, generating an amplicon of 319 bp. All
159 mice were genotyped.

In detail, for each sample shown in Figure 22, the presence of a single band in the lane corresponding
to the mix containing the WT-specific primers indicated a wild-type genotype. Conversely, a single
band in the lane with the G542X-specific reaction identified homozygous G542X mice. The
simultaneous presence of both amplification products revealed heterozygous animals carry the

G542X nonsense variant.
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G542X (P1-P2) - + . +

100bp
ladder
500bp —
300bp —
WT (P3-P2) + = + : + . + - + ”
G542X (P1-P2) : + 3 + 3 + . + . +
1275 1276 1277 T240 cu- ctrl-

100bp
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WT (P3-P2) + - + - + . + . + .
G542X (P1-P2) - + - + - + - + . +

100bp
ladder
600bp —
300bp =

WT (P3-P2) . . - . * - . . . - . . . -
G542X (P1-P2) . + . + - + . + - + - + . *

Figure 22. PCR-based genotyping: the CFTR WT or CFTR G542X genotype is indicated by the
single band in the respective line, while the presence of two bands indicates the heterozygous ones.

The complete results of this analysis are reported in Table 4, and the sequencing analyses that

confirmed this result are reported in supplementary Figure S1-2.

GENOTYPE N. MICE
CFTRWTWT 39
CFTRVTG5#2X 92
CFTRO*XGHX | g

Table 4. Identified genotypes.

The Figure 23 shows a homozygous mutant mouse carrying the G542X mutation (left), compared
with a wild-type mouse (right); both are male and of the same age. In particular, the homozygous
mouse carrying the mutation appears smaller, which is also reflected in the typically lower body

weight observed in these animals.
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Figure 23. Homozygous CFTR*YG42X qnd CFTRY""T mice phenotype.

5.1.2 CF1R protein rescue after 15 days of NV914 and NV930 chronic administration in G542X
nonsense mouse model

To evaluate whether chronic daily administration could promote in vivo the rescue of CFTR
protein expression, CFTR®*X6342X mice received a daily dose of 60 mg/kg of NV914 or NV930 for

15 consecutive days as shown in the experimental timeline in Figure 24.
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Molecular analyss

Figure 24. Study design for CFTR rescue in homozygous CFTRC#XC542X pjce,

Each compound (NV914, NV930) was administered once per day to assess its long-term efficacy and
tolerability in 4 mice per condition. While 3 mice were treated with PTC124 as positive control, and

olive oil with DMSO or water were used as negative control (Table 5).
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ID number Genotype Administration
T40 CFTR"""T Vehicle

7246 CFTR"""T Vehicle

7247 CFTR"""T Vehicle

7248 CFTR"""" Vehicle

7250 CFTR"""" Vehicle

7254 CFTR"""" Vehicle

T16 CFTR® VG2 Vehicle

T287 CFTR®#V/GH42X Vehicle

T41 CFTR®#V/GH42X Vehicle

T58 CFTRO#GH42X Vehicle

T194 CFTRC#%/G342X Vehicle

T238 CFTRC#X/G42X Vehicle

T169 CFTRC#%/G42X PTC124 60 mg/Kg
Ti71 CFTRC#%/G42X PTC124 60 mg/Kg
7200 CFTRO#VGH42X PTC124 60 mg/Kg
799 CFTRO#GH42X NV914 60 mg/Kg
T103 CFTRO#/GH42X NV914 60 mg/Kg
T107 CFTROX/G42X NV914 60 mg/Kg
7219 CFTRC#X/G42X NV914 60 mg/Kg
7256 CFTRO#X/G42X NV930 60 mg/Kg
1257 CFTRO#X/G42X NV930 60 mg/Kg
7258 CFTR#Y/G42X NV930 60 mg/Kg
7262 CFTR#Y/G42X NV930 60 mg/Kg

Table 5. Experimental mice included in molecular studies: the table shows all the mice involved in
experimental procedures that were used for the molecular analyses.

During the period of treatment, the body weight was measured daily. The body weight variation is
reported in Figure 25, presented as the mean of absolute values (grams). The graph shows that, across
all 21 mice treated with different molecules and vehicle, there is no toxicity or statistically significant

change in body weight.
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Figure 25. Body weight graph: each line represents the mean value for each day of treatment of the
5 WT and G542X mice, 4 mice for NV914 and NV930 treated-mice, and 3 mice for PTC124 treated
mice; the positive control is represented by the group of WT mice treated with the vehicle (H>0),

while the negative control is represented by the group of homozygous G542X nonsense mutation
treated with the vehicle (H>O).

To evaluate CFTR mRNA and protein expression in the lung tissue after NV914 and NV930 molecule
administration, four CFTRO*X6%2X mjce treated with each molecule were analysed. Two
homozygous mice for the G542X nonsense variant have been used as negative controls, and one WT
mouse as positive control. Lastly, 3 homozygous CFTRE*XG42X mjce treated with PTC124
(Ataluren) were used as a positive control for the treatment. Real-time RT-PCR and Western-blots
were performed to assess mRNA and protein expression. As shown in Figure 26, Real-time RT-PCR
analysis highlighted a low quantity of CFTR mRNA in G542X homozygous mice and about two and
threefold increase of the CFTR mRNA when mice were treated with PTC124 and NV914
respectively. While in the presence of the treatment with NV930, there was no significant increase of

transcript.
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Figure 26. Gene expression analyses resulting from NVs treatment: Real-Time RT PCR on RNAs
extracted from mice lungs, mean values for each category are shown, homozygous G542X mice
untreated and treated with PTC124, NV914, and NV930; mice were treated for 15 days with 60
mg/Kg of each compound. All the data were analyzed with GraphPad Prism 6, and a probability
value (p) was calculated using a one-way ANOVA test; four symbols (****) indicate p < 0.0001.

Western blot analysis was performed on lung protein extracts from G542X homozygous mice. The
study showed a rescue of the CFTR protein in PTC124, NV914 and NV930 treated mice (Figure 27
A-B-C). Figure 27 shows a mature band of CFTR in all G542X homozygous treated mice. This
increase is particularly significant for the NV914 treatment (Figure 27-D).
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Figure 27. CFTR protein rescue results following NVs treatment: (A-B-C) Western blot analyses
were presented as gels for each treatment: PTC124 (A), NV914(B), and NV930 (C. T40 is a positive
control represented by a WT mouse, while T16 is represented by an untreated homozygous G542X
mouse; D) Quantification of band mean value, using ImageJ.
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For the NV914-treated mice, immunohistochemical analyses were also performed. Specifically, all
lung samples were collected in 4% formaldehyde and subsequently processed in collaboration with
the Belmonte group at the Tumor Immunology Unit, Department of Health Sciences, University of
Palermo. The analyses suggested a recovery of CFTR protein expression in lung tissue, as indicated
by the positive CFTR staining observed in the NV914 treated CFTR%**2%6542X(T107) mouse, shown
in Figure 28 (representative example). Moreover, it was observed that the epithelium in the
pulmonary ducts of the NV914 treated CFTR%3#*%X/6542X mjce appears compact and uniform similarly
to the positive control samples CFTRY"WT and CFTRWTS542X and respect to the CFTRG342X/G542X
negative control.

This finding provides further confirmation of the functional restoration of CFTR in vivo following

NV914 treatment, supporting the molecular data.
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Figure 28. Immunohistochemical analysis on NV914-treated mice: The rabbit polyclonal anti-
CFTR antibody (ACL-006, Alomone Labs) was used for CFTR IHC staining. IgG (H&L)-specific
secondary antibodies and DAB (3,3'-diaminobenzidine) as the substrate chromogen were used.
Nuclei were counterstained with Mayer’s hematoxylin. Slides were analyzed under a Zeiss Axioscope.
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Objective 2

5.2 Assessment of REP1 protein rescue following NV848, NV914 and NV930 treatment on
different in vitro nonsense Choroideremia cell model systems

5.2.1 Generation of a stable Choroideremia cell model system to evaluate the rescue of the
expression of the REP1-tGFP protein following NVs molecule treatment.

The first goal of this second objective was to evaluate the rescue of the REP1-tGFP protein in
an engineered Choroideremia nonsense model following treatment with NV compounds promoting
translational readthrough. To this end, the initial step was the development of an in vitro model system
carrying, separately, two of the most common nonsense variants in the CHM gene (cDNA), R253X
and R293X. To generate these variants, the pPRG213610 CHMYT-tGFP vector was used as a template
for site-directed mutagenesis. In the pRG213610 CHMYT-tGFP plasmid, the CHM c¢DNA, under the
CMYV promoter control, is fused in-frame with the coding sequence of turbo Green Fluorescent
Protein (tGFP), enabling visualization of the CHM-tGFP fusion protein through fluorescence
microscopy. Specifically, the ¢.757C>T (R253X) and ¢.877C>T (R293X) nonsense mutations were
inserted into the CHM coding region via site-directed mutagenesis (Figure 29), as detailed in the
Materials and Methods section. In both instances, the wild-type CGA codon for arginine (R253 or
R293) was converted into a premature termination codon, specifically the TGA (opal) codon.

=) c.75T7C=>T ¥

---------- ow |

5 c.877C=T ¥

o | -,

Figure 29. R253X and R293 nonsense variants insertion: schematic representation of the nonsense
mutations introduced into the CHM cDNA sequence in the pRG213610 CHM""-tGFP plasmid.

After mutagenesis, the newly mutagenized plasmids were transformed into two separate batches of
E. coli competent cells, which were then seeded onto agar petri dishes and selected with ampicillin.
The presence of the mutagenized plasmids was assessed by colony PCR, performed on bacterial
clones selected from the plates, and the expected 400 bp or 1,000 bp bands confirmed the presence
of the CHM-tGFP vector in almost all clones from both batches (Figure 30-A and 30-B).
Furthermore, to evaluate the correct introduction of the nonsense mutations in the plasmid CHM
sequence, the amplicons, derived by colony PCR, were purified and sequenced (Sanger) by BMR

Genomics. In all the evaluated amplicons, the nonsense mutations R293X or R253X were confirmed.
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Finally, a single clone for each introduced mutation was selected, and the plasmid DNA was purified.

The identity was confirmed by Sanger sequencing by BMR Genomics (Figure 30-C and 30-D).

A B
M 1 2 3 45 6 7 8 9 10 11 C+ C- M 1
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Figure 30. Validation of CHM Nonsense Mutations (R293X and R253X) by Colony PCR and
Sanger Sequencing: (A-B) Colony PCR assay to evaluate the presence of the pRG213610 CHM®**3X.
tGFP (A) or pRG213610 CHM"*3*_-tGFP (B) in bacterial cells. Each lane represents a clone; M: 2-
log ladder; C+: positive control (pRG213610 CHM""-tGFP); C-: No Template control. (C-D) The
substitutions ¢.877C>T (R293X) (C) or ¢.757C>T (R253X) (D) in CHM cDNA were evaluated by
Sanger sequencing and are presented as chromatograms.

5.2.2 Engineering stable cell populations harboring the R253X (c.757C>T) and R293X (c.877C>T)
nonsense variants within the pRG213610 CHM""-tGFP.

The H1299 pCHMR?>3*_tGFP or pPCHM®*** tGFP were generated by the transfection of the
mutagenized vectors to produce two stable cell lines (as described in Materials and Methods). To
evaluate the expression of REP1-tGFP protein in the cells, 24 hours post-transfection, tGFP
fluorescence was assessed by the Zeiss Axios fluorescence microscope (Figure 31). As expected, a

bright fluorescence was observed in CHMYT-tGFP transfected cells, while CHM®*>**tGFP or
CHMR*3X_tGFP did not show any fluorescence.
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BRIGHTFIELD REP1-tGFP MERGE

-- *

Figure 31. tGFP fluorescence emission after 24 hours post-transfection: the panel shows tGFP
fluorescence 24 hours post-transfection in H1299 cells transfected with pCHM" -tGFP, while the
H1299 cells transfected with mutagenized plasmids do not show tGFP expression.

CHMRZAGFP CHMRZXAGFP  CHMWT4GFP

Cells were selected with G418 (600 pg/mL) for 15 days, and genomic DNA and total mRNA were
subsequently extracted to evaluate integration and expression of the constructs, respectively.

In detail, a PCR analysis on genomic DNA was performed by specific primers (detailed in material
and methods, table 2) these primers recognize two specific plasmid region, the forward one anneals
on CHM sequence, while the reverse one on the tGFP region, both amplifying a region of 2049 bp.
As expected, the results confirmed the integration of the three vectors into the genomic DNA of
H1299 transfected cells, as indicated by the presence of a 2049 bp band (Figure 32-A). To further
evaluate the expression of the specific cDNAs the CHM-tGFP mRNA expression was evaluated by
Real-time qPCR. As shown in Figure 32-B all the three cell lines express at almost the same level
the CHM-tGFP mRNA.

Subsequently, the evaluation of REP1-tGFP protein expression was performed by a western blot
analysis. As expected, H1299 CHMW'-tGFP expressed REP1-tGFP protein in addition to the
endogenous REP1, in contrast H1299 CHMR®?****_tGFP and CHM®****_tGFP cells revealed only the
endogenous REP1 form (Figure 32-C). The result was confirmed by the tGFP fluorescence emission
revealed in H1299 CHMYT-tGFP cells, that is not present in cells transfected with mutagenized
vectors (Figure 32-D). Taken together, these results demonstrated that these cells can be used as a

stable cell model system of CHM R253X or R293X nonsense variants.
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Figure 32. Production of stable H1299 CHM®?*X.tGFP and CHM®*3*.tGFP cell lines: A) PCR
analysis showing the integration of the mutagenized vector in the genomic DNA of H1299 cells. The
pPCHMWT-tGFP vector was used as a positive control; DNA from untransfected cells and a no-
template control (NTC) were used as negative controls. B) tGFP mRNA expression assessed by Real
Time RT-PCR; C) Western blot analysis on HI1299 cells transfected with pCHMWT-tGFP,
pCHMR253X-tGFP, or pCHMR293X-tGFP. The REP1 antibody (Santa Cruz) has been used to detect
the REPI1-tGFP protein (121 kDa) and the endogenous REPI (95 kDa). D) Stable HI1299 CHMWT-
tGFP cells showing tGFP fluorescence.

5.2.3 Immunofluorescence analyses reveal REP1-tGFP protein rescue in H1299 pCHM"*>*_tGFP
and pCHM®™*3X_tGFPcells after treatment with NV compounds.

The production of those cell model systems hosting, separately, those two nonsense variants,
represent a useful tool to evaluate the rescue of REP1-tGFP protein expression and its proper
subcellular localization. In particular, the H1299 CHMR?>**_tGFP and H1299 CHM®***_tGFP cells
were used to evaluate the ability of rescue of REP1-tGFP protein by NV compounds. To investigate
a potential dose-dependent readthrough activity of NV compounds and PTC124,
immunofluorescence analyses were performed at concentrations of 12uM, 24 uM and 48 uM, while
G418 was included as a positive control at 430 uM. As shown in Figure 33-A a dose-dependent

increase in PTC124 concentration was associated with enhanced readthrough activity in H1299
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CHMR?3X cell line, as well as NV914 used at 48uM (Figure 33-C). While a dose-dependent increase
in readthrough activity was observed with increasing concentrations of NV930 in the H1299
CHMR?%3X cell line (Figure 34-D), no comparable dose-dependent effect was detected for the NV

compounds or for PTC124 in the other experimental conditions.
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Figure 33. Immunofluorescence analysis: Treatment were performed with PTC124 (A), NV848 (B),
NV914 (C), and NV930 (D) at concentrations of 12, 24, and 48 uM in stable H1299 CHM®*3*.tGFP
cell line. Not-transfected H1299 cells and untreated stable cell lines were used as negative controls,
while G418 at 430 uM served as the positive control.
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Figure 34. Immunofluorescence analysis: Treatments were performed with PTC124 (A), NV848
(B), NV914 (C), and NV930 (D) at concentrations of 12, 24, and 48 uM in stable H1299 CHM?*%3X.
tGFP cell line. Not-transfected H1299 cells and untreated stable cell lines were used as negative
controls, while G418 at 430 uM served as the positive control.

Taken together, these results allow us to continue the experimental procedures using for all the
molecules at the same concentration of 12 M, as also conducted in previous studies. Thus, the same
selected cell populations, designated H1299 CHMR*3XtGFP and H1299 CHMR?***_tGFP, were
chronically treated for 72 hours with G418 (430 uM, concentration required for the readthrough) and
PTC124 (12 uM), contemporary NV compounds were tested at 12 uM to evaluate REP1-tGFP protein
rescue. Cells were fixed and incubated with a primary antibody against the tGFP protein. As shown
in the panel NV848, NV914, and NV930 molecules can induce the readthrough of the two PTCs in
the R253X (Figure 35) and R293X (Figure 36) stable cell lines, allowing the rescue of REP1-tGFP
protein and its presence inside the cells (Figure 35 A-B and 36 A-B). Conversely, western blot
analyses did not detect any detectable REP1-tGFP rescue signal (Figure S3).
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Figure 35. Panel showing immunofluorescence and quantification analyses: A) Panels
representative of immunofluorescence analyses performed on H1299 CHM™3X.tGFP. H1299 not
transfected untreated (NT-Untr.) and HI1299 CHM®?>**.tGFP untreated represent the negative
control, while HI1299 CHM""-tGFP represents the positive control;, B) Quantification of
immunofluorescent analyses performed on H1299 CHM®?>*_tGFP. All the images were collected by
Zeiss AxioSkope microscope at 63X. All the data were analyzed using GraphPrism6, and a
probability value (p) was calculated by one-way ANOVA test statistical analysis; four asterisks
(****) were used to denote p < 0.0001.
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Figure 36. Panel showing immunofluorescence and quantification analyses: A) Panels
representative of immunofluorescence analyses performed on H1299 CHM®***.GFP. H1299 (NT-
Untr.) and H1299 CHM®****.tGFP untreated represent the negative control, while H1299 CHM""-
tGFP represents the positive control;, B) Quantification of immunofluorescent analyses performed on
H1299 CHM™%X_tGFP. All the images were collected by Zeiss AxioSkope microscope at 63X. All
the data were analyzed using GraphPad Prism 6, and a probability value (p) was calculated using a
one-way ANOVA; four asterisks (****) were used to denote p < 0.0001.

Subsequently, in order to detect the REP1-tGFP protein by Western blot analysis after the previous
treatment, total proteins were extracted and analyzed. However, despite several attempts, the protein
could not be detected. Nevertheless, the same experiments were then carried out using a cell line
derived from choroideremia patients. I proceeded to evaluate the activity of the three compounds
directly on cells derived from patients affected by Choroideremia caused by nonsense mutations. This

is to obtain a preclinical model closely resembling the patient’s condition.
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5.2.4 Evaluation of the readthrough activity of NV molecules in vitro after 72 hours of chronic
treatment in primary male patient-derived fibroblast cultures carrying the R253X, S190X and
R270X nonsense variants.

Patient-derived fibroblasts harbouring R253X, S190X and R270X nonsense variants on the
CHM gene were used to investigate the rescue of REP1 protein expression after treatment with NV
molecules. To evaluate the CHM gene expression 300,000 CHMR?3XY or CHMS!?9% fibroblasts for
each condition were seeded in t25 flasks and chronically treated for 72 hours with the NV compounds
at 12 uM (NV848,NV914, and NV930) and PTC124 treatment at 12 uM was used as positive control.
A Real-Time qPCR was performed following the treatment to evaluate the amount of the CHM
mRNA in treated and untreated cells. As shown in Figure 37-A, all samples showed comparable
levels of CHM mRNA, with a slight increase observed upon treatment with NV914 in CHMR?33%
fibroblasts (Figure 37-B).
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Figure 37. CHM mRNA expression in CHMR?3XY and CHMBSY"XY fibroblasts following 72 hours
of chronic treatment: A) an increase in CHM®?3Y transcripts patient patient-derived fibroblast is
revealed after NV914 treatment; B) no increase in CHMS'*"*¥ transcripts patient patient-derived
fibroblast is shown. (*) A p value <0.05 was calculated by one-way ANOV A test statistical analysis.

5.2.5 REPI rescue in CHM®?3%Y CHMSY%Y and CHM®?"*"Y patient-derived fibroblasts after NV
molecule treatment.

To evaluate the rescue of the REP1 protein, an immunofluorescence analysis was performed.
Thus, 50,000 CHMR?3XY CHMR?79XY or CHMS!?%¥ fibroblasts for each condition were seeded and
treated for 72 hours of chronic treatment with NV molecules and PTC124 at 12 uM. Cells were fixed
on coverslips and incubated with a specific primary antibody for REP1 and revealed by 488-Alexa-
fluor conjugated secondary antibody. The RPE cells and HCT116 were used as positive control of
the REP1 expression. As shown, the NV848, NV914, and NV930 molecules induced the readthrough
of the CHMR?>XY (Figure 38-A), CHMSXY (Figure 39-A) and CHMR?°XY (Figure 40-A)

55



nonsense codons in patient-derived fibroblasts similarly to the positive control PTC124 (Figure 38-
B, 39-B, 40-B), as also highlighted by the REP1 image magnification (Figure 38-C, 39-C, 40-C).
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Figure 38. Immunofluorescence analyses on R253X patient-derived fibroblasts, showing the
rescue of REPI protein after 72hours at 12 uM NV molecules treatment: A) REPI protein (green)
was revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody
(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124
was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and
the quantifications were analyzed using GraphPad Prism 6 software. A probability value (p), four
symbols (***%) for p < 0.0001; C) REPI magnification image of NV848 treated CHM®?>**¥ the
experiment was performed in duplicate.
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Figure 39. Inmunofluorescence analyses on S190X patient-derived fibroblasts, showing the rescue
of REPI protein after 72hours of 12 uM NV molecules treatment: A) REPI protein (green) was
revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody
(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124
was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and
the quantifications were analyzed using GraphPad Prism 6 software. A probability value (p), four
symbols (***%) for p < 0.0001; C) REPI magnification image of NV914 treated CHMS*" the
experiment was performed in duplicate.
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Figure 40. Immunofluorescence analyses on R270X patient-derived fibroblasts, showing the
rescue of REPI protein after 72 hours of 12 uMNV molecules treatment: A) REPI protein (green)
was revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody
(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124
was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and
the quantifications were analyzed using GraphPad Prism 6 software. A probability value (p), four
symbols (***%) for p < 0.0001; C) REPI magnification image of NV930 treated CHM®?""X% the

experiment was performed in duplicate.

Moreover, immunofluorescence revealed a high percentage of micronucleated cells, reaching 23% in
untreated CHMR?3¥% cells (Figure 41-A). Interestingly, treatment of the same cell line with PTC124,
NV848, NV914, and NV930 at 12 uM reduced the frequency of micronucleated cells to 12%, 10%,
15%, and 13.5%, respectively, indicating a marked decrease in micronucleation (Figure 41-C), as

also highlighted by the picture in Figure 41-B.
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Figure 41. Micronucleated cells and their percentage in the cells: examples of micronucleated cells
present in high percentage in untreated CHM™*>3%7 (4) and NV84S8-treated CHM®*3*Y (B) patient-
derived fibroblasts; C) percentage of micronucleated cells for each condition. Data were collected
using ImageJ and analyzed with GraphPad Prism 6 software, which provided a probability value (p)
and four symbols (****) for p < 0.0001.

Western blot analysis on CHM®*33XY and CHMS!*"X¥ patient-derived fibroblasts revealed faint bands,
suggesting a partial restoration of REP1 protein (Figure 42).
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Figure 42. Protein expression analysis on R253X and S190X patient-derived fibroblasts: western
blot analyses show REPI rescue after TRIDs treatment in CHM®*3* (4) and CHMS"*"** (B)
patient-derived fibroblasts.
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Objective 3

5.3 Investigation of the biological target of NV compounds using the PURE-LITE in vitro
translation system

The final objective was to evaluate the biological targets of the NV848, NV914, and NV930
molecules by exploring their potential interactors. This aim was pursued using the PURE-LITE
system in collaboration with the Cooperman lab. The PURE-LITE system is a reconstituted in vitro
assay, performed outside of cells, that serves as a valuable tool to assess possible inhibitory effects
of molecules on the ribosome. More importantly, it enables the investigation of their biological
targets, shedding light on potential mechanisms of action involving either the release factor

termination process or tRNA ribosome mispairing.

5.3.1 Ribosomal peptide elongation in the Trp-IRES PURE-LITE system is not affected by NV
compounds

To study the possible biological target of the NV molecules, the PURE-LITE system has been
used (Huang S. et al., 2022). In particular, the NV compounds are derivatives of PTC124, sharing its
oxadiazole core. Recently, the Cooperman group demonstrated a potential mechanism of action for
PTC124, whereby the compound acts by competitively inhibiting translation termination mediated
by release factors. Given the structural origin of these compounds, it was therefore investigated
whether they might act in a similar manner. Therefore, the three NV compounds were used to perform
the same study performed by Cooperman on PTC124. This in vitro model system, enabling the
assessment of peptide translation outside the cell, eliminating the need for initiation factors as
illustrated in the Introduction section (page 20, figure 18).

The main components of the PURE-LITE system, and its functioning showed in Figure 43, are:

1. Eukaryotic 80S ribosomes constructed with variants of the cricket paralysis virus (CrPV)
internal ribosome entry site (IRES) mRNA;

2. aminoacylated tRNA iso-acceptors;

3. elongation factors eEF1A and eEF2;

4. release factors eRF1 and eRF3
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Figure 43. Pure-LITE system: the figure shows the formation process of POSTS complex.

One of the limitations of this system is related to the possible inhibitory effect on peptide elongation
that some molecules may exert on it. Therefore, one of the first steps was to evaluate the potential
inhibitory effect of NVs molecule on the system. Briefly, the PURE-LITE system allows the study of
the translational process underlying protein synthesis. In order to perform the different analyses with
the PURE-LITE system, it is always necessary to produce either POSTS5 or Stop-POSTS5 complexes,
depending on the assay to be performed.

The main difference between the two lies in the use of either a wild-type Trp-IRES mRNA or a Stop-
IRES mRNA, the latter containing a UGA stop codon instead of the sixth natural codon encoding
tryptophan. One of these mRNAs is inserted into the eukaryotic 80S ribosome by incubation, and step
by step, the first five aminoacids are incorporated by the aminoacylate tRNA isoacceptors, to produce
either the POSTS or the Stop-POST5 complex. A molecule exerting an inhibitory effect on this
system leads to the inhibition of the regular peptide elongation, so for this purpose, a POSTS complex,
characterized by a wild-type reference sequence Trp-IRES, was chosen and used as a basis to perform
a co-sedimentation assay to study normal elongation peptide. A Trp*"-tRNATrp was used to check
the insertion of the tRNA inside the ribosome, and so the effective and correct progression of peptide
translation.

To assess the NV molecules possible inhibitory effect on peptide elongation on PURE-LITE system
two different concentration points (100 and 500 pM) were used in a co-sedimentation assay. To
induce the formation of the POST6 hexapeptide from the Trp-POSTS pentapeptide, eukaryotic
Elongation Factor 1 alpha (eEF 1a), eukaryotic Elongation Factor 2 (eEF2), and Trp*"-tRNAtrp were
added to the initial mixture. After incubation at 37 °C for five minutes, the samples under different
conditions were centrifuged through a sucrose solution. The supernatants were discarded, and the
pellets were resuspended. Radioactivity was then measured for each condition as radioactive count.
A statistically lower radioactive count in the test pellet compared to the negative control (mixture

without the test molecules) indicates a possible inhibitory effect on peptide elongation induced by the
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molecule. As shown in Figure 44, no statistically significant difference in the radioactive counts, and
consequently in the ratio of Hexapeptide/POSTS formation, after treatment with the three molecules
can be seen in comparison with the negative control, represented by only POST5 and the elongation
factors. These results indicate that NV848, NV914, and NV930 did not inhibit regular protein
elongation in the sample and so did not show an inhibitory effect on peptide elongation on this in
vitro ribosome model system.
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Figure 44. In the PURE-LITE system, ribosomal activity is not affected by the NV compounds: the
figure shows the evaluation of the activity of NV molecules on normal elongation peptide. Trp-POSTS5
mix was mixed with TC-mix containing Trpl>*I-tRNATrp and elongation factors in the presence of
NV848, NV914, and NV930 to study their activity in two different concentrations, 500 and 100 uM.

A co-sedimentation assay was performed, and no inhibitory effect on peptide elongation was shown

after the treatment on normal elongation.

5.3.2 Readthrough is induced in the Stop-IRES PURE-LITE system by NV848, NV914, and NV930.

After the elongation assay, the following step was necessary to study the effective readthrough
activity of the three compounds in this system. Specifically, the same experimental model has been
used but constructed with a Stop-IRES mRNA characterized by a UGA stop codon. Therefore, a
Stop-POSTS5 complex was produced and a Leu*™-tRNA Leu was used to check if peptide translation
can proceed correctly with the insertion of Leu-tRNA in the growing peptide, only if the molecules
induce the readthrough of the stop codon with the occurrence of near-cognate Trp-tRNA previously.
To evaluate this possibility, a co-sedimentation assay was performed in which it is possible to directly
monitor the formation of a POST7 from a Stop-POSTS complex after treatments with different
molecules, thanks to the evaluation of the radioactive count. A positive control with PTC124 was
used. In Figure 45, NV848, NV914, and NV930 exhibit a three-fold change in readthrough activity

at low concentrations compared to the negative control, and this is also observed with PTC124, which
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confirms its readthrough activity. These results suggest that NV molecules are able not only to induce

readthrough but especially to do that at low concentrations.
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Figure 45. Evaluation of NV molecules readthrough activity on Stop-POSTS5: Stop-POSTS5 mix
was mixed with TC-mix containing T rp[3H] -tRNATrp, Leu*"_tRNALeu, elongation factors, and
release factors in the presence of NV848 (12 uM), NV914 (100 uM), and NV930 (100 uM) to study
their activity. A co-sedimentation assay was performed, and readthrough activity was tested in
comparison with PTC124 1 mM as a positive control. Each experiment was analyzed by GraphPad
Prism 6 software. A probability value (p), two symbols (**) for p < 0.0084.

5.3.3 The release factor dependent termination is not affected by NV molecules, unlike PTC124

Recently, the Cooperman group has demonstrated the mechanism of action of PTC124 to
induce readthrough, showing that this drug competitively inhibits release factor-dependent
termination, allowing the insertion of a near-cognate tRNA in the correspondence of the A site inside
the ribosome when a PTC occurs (Huang S., et al 2022). Otherwise, the NVs molecule's biological
target is still unknown. The hypothesis was that derivatives of PTC124 may show the same
mechanism of action or acting on release factors. Thus, to understand in which way these molecules
can act, the NV molecules activity on release factors was assessed. In particular, we investigated
whether NV molecules could inhibit or influence the components of the release factor complex
(RFC), as well as the release factors eRF1 and eRF3. To test this hypothesis, a co-sedimentation assay
was performed, assessing not as in previous experiments the radioactive count in the previously
resuspended pellets, but directly in the supernatant after centrifugation in sucrose solution. This
approach allowed us to determine whether peptide release mediated by the RFC was affected
following treatment with the NV molecules. A decrease in the radioactive count in the supernatant
would indicate a reduced rate of peptide release, thus suggesting that the molecules might exert an

inhibitory or modulatory effect on RFC activity.
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The first step was to evaluate the activity of these molecules on the Release Factors Complex (RFC)
in the Stop-POSTS PURE-LITE system. In particular, the standard radioactive count of the peptide
was used to check the normal termination activity after a co-sedimentation assay in standard
conditions and in the presence of NV molecules. As shown in Figure 46 no statistically significant
difference change in peptide radioactive count is appreciable, suggesting that peptide release and so

release factors are not affected by NV compounds.
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Figure 46. Evaluation of NV molecules on the Release Factor Complex: Stop-POSTS5 mix was
mixed with REC-mix containing Trpl™-tRNATrp, and release factors in the presence of NV848,
NV914, and NV930 at 250 uM to study their activity on termination. A co-sedimentation assay was
performed, and no change in peptide release was shown.

To validate this data, the rate of peptide release over time was studied. If NV molecules act similarly
to PTC124, the inhibition of release factor-dependent termination will occur. The use of the Stop-
POST5 PURE-LITE system allows the evaluation of this parameter, in particular, PTC124 which
binds multiple binding sites on the ribosome competitively inhibiting RFC catalysis of termination,
in this way the machinery can stay more time on the ribosome and especially on PTC when it occurs,
allowing the insertion of a near-cognate tRNA, and so a complete peptide translation.

To study the peptide release rate during termination a fluorescence assay based on ATTO647 was
performed, this last one is a red fluorescent dye with high photostability, commonly used to label
specific molecules, for instance the Trp-tRNATrp, which shows excitation and emission spectra
around 646 nm and 664 nm, respectively. For this purpose, a plate reader assay was performed, using
a STOP-POSTS and a TrpATTOS47l{RNATrp, which is useful and essential for the evaluation of
fluorescence emission. With this approach, peptide release can be measured, in particular as already
shown in Cooperman's paper when PTC124 is used on this system a statistically significant decrease

in the rate of peptide release occurs (Huang S., et al 2022), instead as shown in these new results
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(Figure 47) no statistically significant difference is detectable when on the same system are used
NV848, NV914, and NV930.

This suggests that NV molecules work differently from their precursor PTC124, not by inhibiting
release factor-dependent termination, but similarly to aminoglycosides, affecting directly the tRNA
mispairing, having no effect on termination activity, and stimulating readthrough in both the absence

and presence of RFC, with the effect being greater in the absence of RFC.
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Figure 47. Release Assay: The graph showing the rate of peptide release after the addition of NV
molecules using a Stop-POSTS5 ATTO647 labelled. NV molecules were tested at 500 uM with a
constant concentration of RFC at 0.06uM. PTC124 at 500uM was used as positive control. No

statistically significant difference in the rate of peptide release is shown after treatment with NVs
molecules.

5.3.4 The UGA codon readthrough in the PURE-LITE system is induced synergistically by the
combination of NV848 and PTC124

Given the distinct mechanisms of action by which PTC124 and NV compounds exert their
effects, a potential cooperative activity in promoting PTCs readthrough was evaluated in the PURE-
LITE system through the combined treatment with PTC124 and NV848. By employing this in vitro
reconstituted system, characterized by the Stop-POSTS complex and a proflavine-labeled nc-tRNA,
it was possible to evaluate PRE6 complex (as shown in Figure 18 page 20, a complex in which the
near-cognate tRNA is inserted at the ribosomal A site corresponding to stop codons, but does not
form a peptide bond with the previous aminoacyl yet) formation and the correct accommodation of
the nc-tRNA at the PTC, as assessed by fluorescence emission measured with a plate reader.
Consistent with the results obtained from the radioactive readthrough assay, this fluorescence one

further confirmed the readthrough activity of PTC124 and NV848. Interestingly, as illustrated in
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Figure 48, the combined treatment with both compounds caused an additive effect, markedly

enhancing PTC readthrough relative to the effects observed with each compound alone.
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Figure 48. Plate reader assay evaluating PREG6 formation: The graph shows the formation of the
PREG6 complex from POSTS. NV84 was used at 12 uM, while PTC124 1 mM. The figure illustrates
the changes in fluorescence emission, indicative of PRE6 complex formation. The stop-POSTS
complex was used as a negative control, while treatment with PTC124 served as a positive control.
Each experiment was analyzed by GraphPad Prism 6 sofiware. A probability value (p), three symbols
(****) for p < 0.0003.

To further investigate the NV 848 activity in this proflavine-labelled system, an NV848 titration assay
was performed at different concentrations, as shown in Figure 49. This analysis confirmed an
increase in readthrough activity as the tested concentrations increased, and also the activity of NV848

directly on mispairing of the tRNA as a possible biological target.
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Figure 49. NV848 titration assay: figure presents the NV848 titration assay with 0.025 uM Stop-
POST5 and 0.05uM proflavin-labeled Trp-TC" in absence of RFC, demonstrating a clear dose-
dependent relationship between the concentration of NV848 and the observed fluorescence intensity.
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As the amount of NV848 increases, a proportional enhancement in fluorescence signal is detected,
confirming the concentration-dependent behaviour of the compound. Thus, NV848 was also tested at
100 uM on the Stop-POSTS5 complex containing the proflavine-labelled Trp-tRNA, in the presence
of the release factor complex, both alone and in combination with PTC124. This experiment aimed
to evaluate the formation of the PRE6 complex at higher compound concentrations, as shown in
Figure 50, confirming the potential readthrough activity of each molecule individually and their
synergistic effect when used together.
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Figure 50. Plate reader assay evaluating PRE6 formation: the graph shows the formation of the
PREG6 complex from POSTS. The figure illustrates the changes in fluorescence emission, indicative
of PRE6 complex formation. The stop-POSTS5 complex was used as a negative control, while
treatment with PTC124 served as a positive control. Each experiment was analyzed by GraphPad
Prism 6 software. One-way ANOVA followed by Tukey’s Multiple comparison test was performed (p
value < 0.05).

Together, these results indicate that NV compounds promote UGA readthrough independently of

release factor inhibition.
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6. DISCUSSION

Nonsense-related diseases (NRDs) arise from nonsense variants, which account for approximately
11% of rare inherited disorders. These last ones cause premature termination codons in gene
sequences, leading to the production of truncated, non-functional proteins. To date, no treatments are
available for these diseases, such as Cystic Fibrosis (CF), Choroideremia (CHM), and Duchenne
Muscular Dystrophy (DMD). Although different approaches are now under investigation, among
these, the suppression therapy approach, based on translational readthrough-inducing drugs (TRIDs),

is gaining promising results.

Those compounds permit the insertion of a near-cognate tRNA at the PTCs, allowing the translation
of a full-length protein. Our research group has developed three compounds with readthrough activity,
NV848, NV914, and NV930, that show very promising results in vitro and in vivo (Pibiri L. et al.,
2020; Perriera R. et al., 2023; Corrao F. et al., 2022; Fiduccia I. et al., 2024).

In particular, all three compounds have shown good readthrough activity across different cell lines

carrying distinct nonsense variants (Pibiri L. et al., 2020; Bezzerri V. et al., 2022).

Previous studies in our laboratory using CFTR G542X mice provided compelling evidence for the
potential rescue of CFTR protein function. Specifically, daily treatment for 14 days with NV848 (60
mg/kg body weight), another readthrough compound synthesized by our group, restored CFTR
protein expression and correct localization in these mouse models. Moreover, biodistribution studies
confirmed that the molecule successfully reached the primary organ targets typically affected by CF
in humans (Fiduccia L. et al., 2024).

Building on these findings, the study carried out during my Ph.D. project focused on evaluating
additional potential readthrough compounds, namely NV914 and NV930. This study was conducted
both on the aforementioned mouse model and on models of another genetic disease caused by
nonsense mutations, namely Choroideremia. This choice is justified by the fact that, in the first case,
the Cystic Fibrosis model, it is essential to have compounds that can act on multiple cellular targets.
Our previous studies have shown that, although the precise molecular targets of the three NV
compounds are not yet fully understood, they may act on distinct targets (Carollo P.S. et al., 2023).
Therefore, their combined use, if all three prove effective, could represent a strategy to achieve a
synergistic effect. Moreover, at present, there is no specific therapy for cystic fibrosis caused by stop
variants, unlike for patients carrying other mutations, most notably F508del. Therefore, identifying a

compound capable of restoring CFTR function in this genetic context is of considerable importance.
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The choice of the other model, on the other hand, is justified by the fact that more than 30% of patients

with Choroideremia carry nonsense variants in the CHM gene.

The study conducted in C57BL/6 CFTR G542X mice over a two-week period, during which the
animals were administered a dose of 60mg/Kg, showed a positive trend in CFTR protein expression.

This result is particularly significant for the NV914 compound.

However, this study proved to be particularly challenging due to the fragility of mice homozygous
for the G542X CFTR mutation.

For this reason, during this period, the mice were fed a special liquid diet. Throughout the two-week
treatment period, the body weight of mice treated with the two compounds was also monitored,
showing a steady increase similar to that of the negative controls. This indicates that the compounds

did not induce adverse or toxic effects and were generally well tolerated.

The most important aspect of the study regarding CFTR protein rescue is the analysis of its
expression. Through molecular analyses, including assessments of gene transcript and protein
expression, it was observed that treatment with NV914 and NV930 induces CFTR protein expression.
Moreover, NV914 appears to affect the potential stabilization of the mRNA. These findings are
supported by histological analyses, which revealed the protein in the pulmonary epithelium and a

potential effect on overall tissue structure.

Lastly, the restoration of CFTR protein expression after NV914 and NV930 treatments showed by
molecular analyses, have demonstrated the potential in vivo activity of those compounds not showing
toxicity during the administration period but also promoting the correct apical localization of CFTR
within the epithelial cells of the pulmonary ducts, thereby reinforcing their relevance as promising

therapeutic candidates.

Regarding the second objective of my work, it focused on investigating whether readthrough
compounds could also be applied to another disease caused by stop mutations: choroideremia. In
addition to the two previously mentioned compounds (NV914 and NV930), NV848 was included for

this objective because it had not been tested in this genetic background.

For this purpose, a specific plasmid, pRG213610, produced by Origene, has been purchased,
containing the CHM gene sequence cloned in frame with a tGFP sequence, which is fundamental for
the next readthrough experiment to evaluate directly the readthrough activity of TRIDs molecules,
thanks to the production of the REPI1-tGFP chimeric protein. Site-directed mutagenesis was

performed on this plasmid to introduce two of the most common nonsense variants, R253X and
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R293X, separately, while colony PCR following a midi-prep was performed to obtain the
mutagenized DNA.

These vectors were therefore used to engineer H1299 cells, creating a versatile stable model for the
preliminary evaluation of the compound concentrations required to induce readthrough. Treatments
were thus carried out at different concentrations (12, 24, and 48 uM), and it was ultimately decided
to start with 12 uM, a concentration that has previously yielded significant results in our laboratory.
Immunofluorescence analyses of the generated models revealed an increase in REP1 protein
expression after 72 hours of chronic treatment with NV848, NV914, and NV930, although this was
not detected by Western blot analysis.

It was therefore decided to assess the treatment’s efficacy in primary human fibroblast lines derived

from patients with Choroideremia carrying nonsense variants in the CHM gene.

Three types of primary CHM-mutated fibroblast cell lines, each characterized by a different nonsense
variant (R253X, R270X, or S190X), were employed. Similarly to the previous experiments, a chronic
treatment every 24 hours was performed using the three NV compounds. The results of these new
experiments indicated that the NV treatments do not appear to affect mRNA stabilization, except for

a slight effect observed in cells carrying the R253X mutation treated with NV914.

Regarding CHM expression, it was observed across all three fibroblast types, showing a very similar
response to all three compounds relative to the mutation considered, with potentially greater

responsiveness in cells carrying the R253X mutation, as evidenced by immunofluorescence analysis.

Furthermore, in these cells, fragmented nuclei and micronuclei were clearly observed, and their

frequency (23%) decreased significantly following the treatments.

Despite the encouraging data, Western blot analysis did not reveal a substantial recovery of the
protein after treatment with the three compounds. It is possible that the protein restored by
readthrough is not readily detectable by this technique, and further experimental validation will be

required.

Taken together these data suggest that NV molecules can restore REP1 protein expression in the two
different model through compounds induced translational readthrough of PTCs. In addition the
reduced micronucleated phenotype observed in the patient-derived fibroblasts treated with NVs
molecule may suggest a possible functional rescue of REP1 and not only the restoration of protein

expression. However, further analyses are required to assess a possible functional recovery.
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The final part of my work, on the other hand, focused on investigating the potential biological targets
of the three NV compounds and, in addition, on possible interactions with components of the

translation machinery, using a system developed at the University of Pennsylvania (UPENN).
For this purpose, an in vitro reconstituted model system, the PURE-LITE system, was employed.
This system enables both readthrough and termination assays to determine how the molecules act.

As a starting point, the potential inhibitory effect of the molecules on normal peptide elongation was
assessed. For this purpose, a reference POSTS Trp-IRES sequence was used, and the normal
translation elongation peptide was evaluated. As observed, none of the three molecules showed an

inhibitory effect on the ribosome, thus allowing correct peptide elongation.

The next step was to evaluate the readthrough activity of the NV compounds directly in the PURE-
LITE system, using a reference sequence different from the Trp-IRES one but containing a nonsense
codon in the sixth position instead of the tryptophan one. In this case as well, NV848, NV914, and
NV930 exhibited strong readthrough activity at very low concentrations when compared with the

positive control PTC124.

Taken together, these results confirm not only the safety but also the potential readthrough activity

of these compounds for NRDs.

Given the chemical structure of these molecules and their ancestor, PTC124, from which they are
derived, it was hypothesized that they might share the same biological target. For PTC124, this has
recently been demonstrated by the Cooperman group (Huang S. ef al., 2022), who showed that
PTCI124 binds to several ribosomal sites and competitively inhibits release factor-dependent
termination. Specifically, PTC124 can bind to the ribosome's active site, where the release factor
usually associates, thereby slowing the binding of the release factor complex (RFC). This allows the
ribosome to remain longer at the PTC, favoring the incorporation of an nc-tRNA and thus enabling

protein translation.

So to assess this possibility, as the first thing, we evaluated the activity of NVs molecules on release
factors eRF1 and eRF3, and in particular, all three TRIDs molecules did not affect those factors,
showing in the co-sedimentation assay no variation in the peptide release when the molecules were

used in the Stop-POSTS5 complex.

Lastly, the rate of peptide release was evaluated. As already demonstrated by Cooperman and
collaborators, treatment with PTC124 in the PURE-LITE system using a plate reader assay causes a

marked decrease in the rate of peptide release, due to the mechanism described above. Conversely,

71



treatment with the NV molecules did not result in the same reduction in peptide release rate, indicating
that our compounds do not act like PTC124 by competitively inhibiting release factor-dependent

termination, but rather are more likely to act through tRNA mispairing.
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7. CONCLUSIONS

In conclusion, the results of this work support the potential of NV compounds as effective agents for
promoting readthrough of nonsense mutations across different genetic contexts. Although further
validation is required, the observed re-expression of CFTR and CHM proteins, together with the
absence of toxic effects, highlights the therapeutic relevance of these molecules. Future studies aimed
at elucidating their precise molecular targets will be essential to fully understand their mechanism of
action and the specific biological target, to optimize their potential application in personalized

treatments for genetic diseases caused by premature stop codons.
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8. SUPPLEMENTARY MATERIAL

8.1 Genotyping of all the mice produced during experimental project and Sanger sequences of
mice involved in experimental procedures

All the mice that were genotyped are showed in Figure S1, while the genotype of mice involved in

experimental procedures were confirmed by sanger sequencing by BMR Genomics and showed in

Figure S2.
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Figure S1. Electrophoresis gels showing mice genotyping: the pictures show all the genotyping
performed during the project to obtain the CFTRE*X X ice for the experimental procedures.
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Figure S2. Sanger sequencing chromatograms: All the sequencing have confirmed the genotypes
obtained by the genotyping performed on mice involved in experimental procedures.
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8.2 Western blot analyses do not detect REP1-tGFP protein rescue in H1299 CHMR?S3X_tGFP
and CHMR?3X_tGFP

To assess NVs readthrough activity, a 72-hour chronic treatment was performed in the stable
cell lines produced by H1299 CHMR?>3X4GFP or CHMR?>*XtGFP, separately, while the cell line
H1299 CHMWY'-tGFP was used as a positive control. In particular, 500,000 cells were seeded in a
petri dish for each condition, and after treatments with G418 (430 uM), PTC124, NV848, NV914,
and NV930 (12 uM), protein extraction was performed and proteins quantified by Bradford assay.
50 g of protein for each condition was used for western analyses, but as presented in Figure S3, in
H1299 CHMR?3**_tGFP (S3-A) or CHMR?***tGFP (S3-B), no REP1-tGFP rescue has been shown

for none condition.

A B
H1299 CHMR2RX.GFP H1299 CHM®%X.GFP
c- Cc+ NT G418 PTC NVB48 NV914 NVO3O0 C- C+ NT G418 PTC NV848 NV914 NV
REP1-GFP REP1-GFP.. :
-GFP _ (121 kDa) .
(121 kDa) ‘ h
REP REP1 - HHHH-
(95 kDa) ’ (95 kDa) .
— - —
BACt et it S s
B-Act _ — ——— —
(42 kDa) S— —_— (42 kDa)

Figure S3. Western blot analyses show no REPI-GFP rescue after TRIDs treatment in H1299
CHMP®?*3X4GFP (A) and H1299 CHM®*3X_.tGFP (B). Negative controls are represented by H1299
(C-), by HI299 CHM"3*.tGFP and CHM"**.-tGFP untreated, while positive control (C+) is
represented by H1299 CHM""-tGFP.
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