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Nonsense mutations, often resulting from single-nucleotide
substitutions, produce mRNA harboring a premature termina-
tion codon (PTC), which causes the premature termination of
protein synthesis. This produces truncated and non-functional
proteins, which cause different genetic diseases, including cystic
fibrosis (CF). This work aims to investigate the ability of NV848
(N-(5-methyl-1,2,4-oxadiazol-3-yl)acetamide), a translational
readthrough-inducing drug (TRID), to rescue CF transmem-
brane conductance regulator (CFTR) protein expression in a
murine model characterized by the G542X nonsense mutation
in theCFTRgene. In vitro experiments assessed thedrug’s stabil-
ity in human hepatic metabolism, and in vivo investigations on
wild-type mice allowed us to clarify the distribution of the drug
to the target organs. Moreover, its efficacy in recovering the
CFTR protein after chronic treatment was assessed in G542X
homozygous mice. Our results provide valuable insights into
the biodistribution and therapeutic attributes of NV848, repre-
senting a promising therapeutic tool for enhanced clinical out-
comes in individuals affected by CF with nonsense mutations.
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INTRODUCTION
Cystic fibrosis (CF) is an autosomal recessive multiorgan disorder
caused by loss-of-function mutations in the CF transmembrane
conductance regulator (CFTR) gene. Approximately 10% of the CF
population worldwide have at least one CFTR allele with a nonsense
mutation that generates a premature termination codon (PTC) in the
mRNA. This causes protein synthesis to end prematurely, forming
shortened, non-functional polypeptides.1,2 In this investigation, we
focused our attention on a small molecule that has recently been
demonstrated in vitro to show potential in rescuing the effects of
nonsense mutations causing CF.3

Physiologically, a cell surveillance mechanism known as nonsense-
mediated mRNA decay (NMD) is activated, attempting to mitigate
the presence of aberrant mRNAs. Nevertheless, a notable fraction
of mRNAs, ranging from 5% to 25%, evade this regulatory mecha-
nism and are subjected to a process known as translational read-
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through.4,5 This process involves the incorporation of a near-cognate
tRNA (nc-tRNA) misreading the stop signal. As a result, translation
continues until reaching the natural termination codon (NTC), pro-
ducing a full-length protein.6,7 Consequently, scientists started
exploring molecules to enhance the rescue of protein expression,
and among these compounds, aminoglycosides were studied, mainly
due to their readthrough-inducing activity of nonsense mutations.8,9

However, these compounds have not found clinical application for
chronic treatments due to their severe side effects, such as renal, audi-
tory, and vestibular toxicities.10,11

To overcome these issues, the synthetic aminoglycoside ELX-02 has
been designed. It lacks the characteristic aminoglycosides’ toxicity
in chronic treatment, and it went through a phase 1 clinical trial to
verify the drug’s tolerability and safety12,13 but failed the phase 2 trial
due to inconsistent results.14

However, the translational readthrough-inducing drug (TRID) family
is not only limited to aminoglycosides and their derivatives. Indeed,
several non-aminoglycoside compounds have drawn attention as
readthrough-inducing drugs. For example, a medication known for
anti-allergic and anti-inflammatory properties that has been used
for more than 30 years to treat asthma and aphthous ulcers15,16

has, in the last decade, been studied for its ability to inhibit NMD
and boost the readthrough of PTCs. However, to date, results have
shown that it is not effective enough in restoring a full-length protein
either alone or in combination with other compounds.17

Another molecule worthy of being mentioned for its ability to pro-
mote the readthrough mechanism is a purine derivative, 2,6-diamino
thor(s).
ne and Cell Therapy.
tp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Percentage of tested compounds after 0, 5, 30, and 60 min

incubated with human liver microsomes

Samples concerning enzymatic activity (CYP or CYP/UGT) and phosphate buffers

(DPBS and TRIS) have been distinguished. Data are expressed as mean values ±

SEM. *p < 0.05 and **p < 0.01 (one-way ANOVA test) compared to the percentage

of remaining analyte evaluated at time 0 (black bars) for every sample condition.
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purine (DAP), that holds a prominent place because it can selectively
promote the readthrough for the UGA stop codon in the TP53 gene in
cancer cells. It works by inhibiting the activity of the RNA 20-O-meth-
yltransferase 1 (FTSJ1), and it has been tested, showing very low
toxicity and high efficacy also in vivo.18,19

Despite exhaustive efforts, scientists have not yet discovered a cure for
treating nonsense mutations. Notably, the only medication that has
been granted conditional marketing authorization for Duchenne
muscular dystrophy (DMD) caused by nonsense mutations was
PTC124 in July 2014, also known as ataluren and commercially avail-
able as Translarna.20,21

However, the development of this drug has encountered numerous
challenges. Upon its initial authorization, the Committee for Medic-
inal Products for Human Use (CHMP) acknowledged uncertainties
about Translarna’s beneficial effects. Consequently, further tests
have been requested for PTC Therapeutics to assess the drug’s effec-
tiveness. The subsequent outcomes prompted the CHMP to conclude
in January 2024 that Translarna’s benefit-risk balance is negative.
Consequently, the committee questioned the medicine’s marketing
authorization in the European Union.22

Despite facing setbacks and the intricate challenges of conducting
proper clinical trials, ataluren has captured the attention of numerous
research groups throughout the years. This intrigue arises from its
promising results as a readthrough promoter, its proven low toxicity
in both in vitro and in vivo tests, and the desire to learn about its
mechanism of action.23–26

Based on ataluren’s structure, many analogs have been synthesized
and tested over the years,27–29 and among them, N-(5-methyl-
1,2,4-oxadiazol-3-yl)acetamide, designated as NV848, stood out.3

Identified through a virtual high-throughput screening (VHTS)
process, NV848 displayed promising preliminary results, prompt-
ing an in-depth exploration of its molecular activity. Experimental
phases involved Fisher rat thyroid (FRT) cells transfected with a
vector expressing nonsense-mutated CFTR mRNA, with validation
through immunofluorescence, western blot analyses, and func-
tional assessments.3

Furthermore, NV848 demonstrated good tolerability in vivo and
exhibited specificity for PTCs without interfering with NTCs.30,31

The potential of NV848 as a candidate for treating nonsense-
related diseases (NRDs) has led us to conduct further investigations
across various genetic contexts.32 In this study, to further evaluate
the potential of this compound, we characterized NV848 in vitro
metabolism on human liver microsomes (HLMs), performed an
in vivo study to explore biodistribution in wild-type (WT) mice,
and ultimately, investigated its ability to restore CFTR expression
in the lungs of a CF mouse model carrying the G542X nonsense
mutation.

RESULTS
Evaluation of NV848 metabolic stability in human liver

microsomes

Human liver microsomes (HLMs) were used to investigate cyto-
chrome-P450 (CYP) and UDP-glucuronyl-transferase (UGT) activ-
ity to evaluate the consumption of the NV848 molecule, mimicking
the liver biotransformation ability in vitro. The human liver vesicles
used in this study were derived from 50 different donors to collect
more enzyme isoforms in a single microsome mix. In this system, all
donors were equally represented for a valid population sample (25
female and 25 male donors; mixed gender). HLMs were incubated
with PTC124 or NV848 in two conditions (DPBS and Tris). The
phosphate buffer (DPBS) and the other one without phosphate
components (Tris) were used to understand possible differences in
HLM enzyme efficiency.

The HML mix contained the necessary cofactors (NADPH) and sub-
strates to evaluate the metabolic activity of either cytochrome P450
(CYP) alone or a combination of both UGT (UDP-glucuronyltrans-
ferase) and CYP activities (CYP/UGT).

We used PTC124 (ataluren) as a control to verify the compound con-
sumption observed by Kong et al.33 PTC124 incubation with HLMs
confirmed the compound’s metabolic consumption, which reached
46.25% after 60 min. The glucuronate derivative was the primary
metabolite detected after HLM incubation, proving the correct
biotransformation in the experimental system (Figure 1).

On the other hand, NV848 showed higher metabolic stability
compared to PTC124, with its significant consumption reaching
14.62% and 13.04% after 60 min, respectively, in CYP-DPBS and
CYP/UGT-Tris conditions. In the other buffer conditions (CYP/
UGT-DPBS and CYP-Tris), the NV848 consumption percentages
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Figure 2. Plasma concentration of NV848 at established time points

Data are expressed as mean values ± SEM. N = 5. *p < 0.05 (one-way ANOVA test)

compared to NV848 levels at 45 min.

Figure 3. Concentration of NV848 in all organs for each interval (N = 5)

****p < 0.0001 (two-way ANOVA test) compared to NV848 levels at 45 min.
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were very low (5.65% and 5.27%, respectively), confirming the HLM
metabolic stability of this compound.

In general, NV848 is more stable against biotransformation mediated
by CYP, UGT, and other liver microsome enzymes than PTC124.
Interestingly, no glucuronate metabolites were detected after incuba-
tion of NV848 in the presence of the cofactors needed for evaluating
UGT activity (also in two different buffers; Figure 1).

Biodistribution evaluation of NV848

After establishing NV848’s stability in hepatic metabolism, in vivo
studies were performed to assess its biodistribution and efficacy in an-
imal models.

WT mice received a single oral dose of NV848 at a concentration of
60 mg/kg. Distribution was followed up to 24 h after administration
in plasma and organs (lungs, pancreas, kidney, intestines, and brain).

The quantification of NV848 revealed organ-specific variations in
measured concentrations. Notably, in specific organs, the analyte
was found within the initial 45 min, while in others, NV848 was still
present up to 120 min post-administration. We observed that the
NV848 plasma concentration ranged from 0.05 to 26 g/mL, with an
average plasma concentration of 11.21 g/mL, 45 min after the oral
administration, which dropped to an average of 0.06 g/mL by the
24 h (Figure 2).

In the lungs, NV848 concentrations ranged from 421 to 1,184 ng/g at
45 min, dropping down after 2 h, marking its last detection. The
pancreas exhibited stable concentrations from 45 min to 2 h, then
lowered in the following hours. In the intestine, concentrations
ranged from 1018 to 8,465 ng/g after 45 min, decreasing after 2 h.
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Within the brain, concentrations spanned from 4,003 to 9,969 ng/g at
45 min and lingered between 883 and 1,587 ng/g 2 h later. In the kid-
neys, NV848 appeared in two mice at 145 and 794 ng/g after 45 min
(Figure 3). It is important to note that some measurements fell below
the limit of quantification (LoQ); thus, these lower concentrations are
not represented in the graph.

Intriguingly, the recovery test, uniformly applied across all samples,
posed challenges in aligning with specific organs, ranging from 0%
to 55%.

Characterization of the CFTRG542X mutant colony and evaluation

of the NV848 activity in CFTRG542X/G542X mice

To study the rescue of the CFTR protein expression in the nonsense
animal model for CF, we performed a 15-day chronic treatment
of NV848 in homozygous CFTRG542X/G542X mice obtained by
breeding heterozygous CFTRWT/G542X mice (Figure 4A). As expected,
CFTRG542X/G542X homozygous mice displayed, as reported in
the literature,34 reduced weight and significantly reduced length
compared to sex-matched WT littermates (Table S1).

Specific primers for the two CFTR variant alleles were used to geno-
type offspring and identify CFTRG542X/G542X mice (Figure 4B).

After daily oral administration of 60 mg/kg NV848 for 15 days, mice
were sacrificed. CFTR protein rescue evaluation in lung tissues was
performed comparing tissues from CFTRG542X/G542X to tissues from
CFTRWT and CFTRG542X/G542X mice treated with vehicle (positive
and negative controls, respectively). Then, CFTR mRNA and protein
expression after the chronic treatment were analyzed.

As shown in Figure 4C, an increase in CFTR mRNA expression
was observed in the treated mice’s lungs, and protein CFTR
expression was observed in the lungs of 4 out of 5 treated
mutant mice. There was a striking increase in CFTR protein



Figure 4. CFTRG542X/G542X mice express CFTR protein after 15 days of treatment with NV848 molecule. (A) Punnet’s mutant CFTRmouse colony production

scheme shows animal matings to obtain G542X mice. (B) Example of genotyping and expected results: for each mouse in the gel, the first lane shows DNA

amplifiedwith primers recognizing theWT allele and the second lane with primers recognizing the G542X allele. (C) Real-time RT-PCR evaluated lung CFTR

mRNA level expression in mutant mice treated for 15 days with H2O and NV848; data are means ± SEM (in triplicate for each mouse), p < 0.05 (two-way

ANOVA test) compared to the untreated (untr) mutant mouse. (D) CFTR protein expression was evaluated by western blot assay of lung protein extracted

frommutantmice treated for 15 dayswith H2O and NV848 and a histogram showing CFTR protein quantification normalized by tubulin and negative control;

data are means ± SEM (in triplicate for each mouse), p < 0.05 (two-way ANOVA test) compared to the untr mutant mouse.
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expression in treated mice compared to the negative control
(Figure 4D).

IHC assessed the safety of the chronic treatment and the

recovery of CFTR expression

Lung sections of CFTRWT and CFTRG542X/G542X mice were analyzed
by immunohistochemistry (IHC) to visualize the correct localization
of the CFTR protein in the apical surface of the pulmonary ducts. To
this aim, sections of the lungs of one of the CFTR-positive mutant
mice (M2) and the control mice (WT and CFTRG542X/G542X H2O
treated) were analyzed. Firstly, the possible occurrence of tissue dam-
age after chronic administration was assayed by hematoxylin and
eosin (H&E) staining performed on isolated tissues of mice from
each group. The analyses of all samples revealed no signs of tissue
damage, confirming the safety of the chronic administration (Figures
5A and 5B).

The thyroid transcription factor 1 (TTF1) protein signal in the nuclei
was used as a positive control for the staining reaction.

CFTR protein expression was detected in the WT lung sections,
particularly on the apical membranes of the pulmonary ducts, which
displayed an intense and rich brown coloration (Figure 6A).
Conversely, no detection of CFTR was observed in the lung of the
negative control, where the staining was not uniform (Figure 6B).
Lastly, in homozygous CFTRG542X/G542X NV848 sections, a solid
and uniform CFTR detection, compared to the negative control,
was observed, mainly in the apical membranes of the pulmonary
ducts, with a well-defined staining pattern exhibiting an inten-
sity similar to CFTRWT (Figure 6C). Some brown spots were also
observed in the intracellular areas, though fewer than in the negative
control.

These findings suggest that NV848 treatment can rescue CFTR
expression and localization in the CFTRG542X/G542X treated mice.

DISCUSSION
Our exploration delved into the metabolic stability, biodistribution,
and efficacy of NV848 in a murine model carrying the UGA-
G542Xmutation in theCFTR gene, providing comprehensive insights
into its therapeutic perspective.

So far, among the approved therapies for modulating the CFTR gene
in patients, a conspicuous void exists regarding treatments that
address nonsense mutations. Nonsense mutations typically result in
the synthesis of truncated protein and, depending on the severity of
the truncation, lead to a significant reduction or total absence of pro-
tein function. Current evidence suggests that increasing mRNA levels
by inhibiting the NMD pathway could boost the readthrough effect
achieved by TRIDs.
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Figure 5. CFTRG542X/G542X mice express CFTR

protein( in lung sections after 15 days of treatment

with NV848 molecule. (A) H&E staining and TTF1

expression in CFTRWT and untreated (H2O)

CFTRG542X/G542� lung sections (magnifications: 10�,

20�, 40�). (B) H&E staining and TTF1 expression in

NV848-treated CFTRG542X/G542� mouse lung

sections (magnifications: 10�, 20�, 40�).
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We focused on a new patented molecule, NV848, to perform a bio-
distribution and efficacy study. This study demonstrated, for the first
time, NV848’s ability to reach different target organs in vivo and
restore the expression of CFTR in an animal model of CF.

In the first step, we performed a metabolic investigation to study the
stability of NV848 during hepatic metabolism. Our findings high-
lighted the higher stability of NV848 compared to PTC124, a bench-
mark compound in the field.33

Moving forward, the biodistribution study was conducted on
C57BL/6 male mice by administering NV848 once, in alignment
with the dosage regimen utilized in the Du study35 for Translarna
at 60 mg/kg, and the evaluation was carried out, covering 24 h
with four main time points (45, 120, 240, and 1,440 min). Inter-
estingly, the results uncovered organ-specific variations with a
distinct preference for brain, intestine, lungs, and pancreas locali-
zation. Interestingly, our compound seems to be resistant to fac-
tors that can affect the designing of an orally viable formulation
of the drug, such as pH stability in the stomach and the likely
ability of the compound to be absorbed from the intestinal epithe-
lium, as suggested by the recovery of NV848 in blood and the
organs.
4518 Molecular Therapy Vol. 32 No 12 December 2024
A consistent recovery test protocol ensured
methodological uniformity, highlighting the
experimental rigor. However, the variation in
suitability across specific organs prompted us
to interpret the obtained data with a qualitative
lens, enriching our insights into the diverse dy-
namics of NV848 distribution.

Moreover, the natural inter-individual variation
could be an essential factor to consider. None-
theless, seeing the high concentration achieved
in the brain, we could speculate that it could
be worth exploring the effective ability of
NV848 to cross the blood-brain barrier and ima-
gine a possible use in pathologies involving the
brain or the central nervous system.

The presence of NV848 in possible organ targets
for disease as CF encouraged us to evaluate the
rescue of a nonsensemutation in vivo. G542Xho-
mozygousmice exhibited reduced growth or fail-
ure to thrive, as reported in the literature.34 Oral treatment for 2 weeks
in CFTRG542X/G542X, a CF nonsense mouse model, at the same dosage
as that utilized in the biodistribution study, was well tolerated in mice
and did not cause toxicity, as observed even after repeated administra-
tions.30 In addition, chronic administration enhanced CFTR protein
expression in the lungs, as displayed by western blot assays, where
the protein expression level was significantly higher in treatedmutants
compared to the negative control. These results were also confirmed by
immunohistochemical analyses on lung tissues of treated mutant
CFTRG542X/G542X mice and control subjects (both CFTRWT and
CFTRG542X/G542X). The positive and specific staining on plasmamem-
branes of epithelial cells in thepulmonary ducts in theCFTRWT sample
was also found in the mutant CFTRG542X/G542X mouse treated with
NV848 at the daily dosage of 60 mg/kg, confirming the recovery of
CFTR expression. On the contrary, we observed a lack of specificity
in the untreatedmutantmouse in the staining.Altogether, these results
suggest the rescue of CFTR expression afterNV848 treatment, propos-
ing this compound as a potential therapeutic avenue for individuals
withCF carrying nonsensemutations. Interestingly,H&E staining dis-
played that the tissue integrity, after 15 days of chronic treatment with
60 mg/kg NV848, was maintained, confirming once more that the
chronic treatment is also well tolerated and does not influence tissue
integrity or morphology, as no alterations were evidenced.



Figure 6. Expression of CFTR protein in different

lung regions of CFTRG542X/G542X mice. (A) Different

regions of the CFTR staining (brown) in the CFTRWT

lung sections and (B) CFTRG542X/G542X untreated

(H2O) control. (C) NV848-treated CFTRG542X/G542X

mouse lung sections show CFTR expression of the

apical surface of the lung ducts (brown). All the

images are shown with a 40� magnification.
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Limitations of the study

Our study highlights NV848 as a promising candidate identified
through VHTS. However, further investigations could be useful, aim-
ing to clarify NV848’s action mechanism and evaluate the possible
introduction of TRIDs into clinics.

MATERIALS AND METHODS
Synthesis of NV848

NV848 was prepared as reported in the literature3 (patents:
WO2019101709A1 [IT], US20210002238A1 [US], and EP3713
934B1 [EU]).

In vitro metabolism on HLMs

To evaluate NV848 metabolism, an assay on HLMs was performed.
Specifically, NV848 at a concentration of 1 mM underwent incuba-
tion with pooled HLMs of 50 different donors of both genders (Gibco,
Thermo Fisher Scientific, USA) (20 mg protein/mL) at 37�C ± 1�C in
0.2 mL incubation mixtures (final volume) in two different condi-
tions, one containing potassium phosphate buffer (100 mM, pH
7.4) and NADPH (20 mM) and the other one containing Tris- HCl
buffer (100 mM, pH 7.4) and NADPH (20 mM). Then, for the mea-
surement of UGT activity, MgCl2 (1 mM), alamethicin (50 mg alame-
thicin/50 mg microsomal protein), and uridine diphosphate glucur-
onic acid (UDPGA; 5 mM) were added to the mixtures (adjustment
of volume buffer to maintain the same final volume). Reactions
were initiated by the addition of cofactors and terminated at the desig-
Molecula
nated intervals: (1) T0, (2) T 5min, (3) T 30min,
and (4) T 60 min (1 h) using a stop reagent
(0.2 mL acetonitrile [ACN]). Centrifugation at
3,000 rpm for 5 min allowed removal of the
precipitated proteins. High-performance liquid
chromatography mass spectrometry (HPLC-
MS) analyses of the supernatant fractions
enabled the determination of the percentage
loss of substrate in the incubations. Ataluren
(PTC124) was used as a benchmark.

The concentration of NV848 at specific time
points post-incubation was compared with the
initial amount at 0 min to calculate the percent-
age of NV848 remaining.

Animals

All experiments were performed on adult con-

trol C57BL/6 mice purchased from ENVIGO Srl (San Pietro al
Natisone UD, Italy) and CFTRG542X/G542X homozygous mice ob-
tained by mating heterozygous CFTRWT/G542X mice, kindly gifted
by Professor C. Hodges (Case Western Reserve University, Cleve-
land, USA).34 Animals were maintained in temperature-controlled
rooms (22�C–25�C, 50%–60% humidity) in a 12-h light/darkness
cycle. All experimental procedures were carried on in conformity
with the Italian D.Lgs 26/2014, under the University of Palermo
Animal Care and Use Ethics Committee approval and the
authorization of the Italian Ministry of Health (authorization no.
1235/2020; authorization no. 2/2022-PR) and following the na-
tional and EU Directive 2010/63/EU for animal handling and
experimentation.

Biodistribution study

Experiments were conducted on 25 C57BL/6 male mice (4 weeks old,
weight: 18.0 ± 4.0 g). Animals received a single dose of NV848 at a
concentration of 60 mg/kg by oral gavage, and they were sacrificed
to collect blood and tissues at different time points after gavage
(n = 5/each point): 45 min, 2 h, 4 h, and 24 h. Blood samples were
placed into tubes containing EDTA as an anticoagulant and centri-
fuged at 3,000 rpm for 10 min. Following blood collection, all internal
tissues were harvested. Tissues were washed three times with 0.9%
NaCl, wiped with filter paper, weighed, and stored at�80�C until an-
alyses. A further group of 5 mice receiving vehicles constituted the
control group (T0).
r Therapy Vol. 32 No 12 December 2024 4519
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Preparation of the organs’ samples for HPLC-MS analyses

Samples were prepared for molecule extraction following Kayali’s pro-
tocol36 with slight changes. Specifically, organs were homogenized with
Omni TH Tissue Homogenizer (Kennesaw GA, USA) in a 10 mL tube,
adding 200 mL of 0.9% NaCl solution followed by protein precipitation
using 600 mL of ice-cold ACN CHROMASOLV LC-MS (Honeywell,
USA). After vortexing for 2min, the samples were centrifuged (Thermo
Scientific, Sorvall RC6PlusCentrifuge) at 14,000 rpmat 4�C for 10min,
and the organic phases were preserved at �20�C. Then, samples were
dried with a freeze dryer (CoolSafe, SCANVAC, Labogene, Allerød,
Denmark) at�100�C under vacuum conditions. Residues were recon-
stituted with a 100 mL 3:1 solution of ACN CHROMASOLV LC-MS
(Honeywell, USA) and high-purity water CHROMASOLV LC-MS
(Honeywell, USA), respectively. Then, the samples were vortexed for
5 min and centrifuged at 14,000 rpm at 4�C for 10 min (Thermo
Scientific, Sorvall RC 6 Plus Centrifuge). Finally, the supernatant was
used for HPLC-MS analysis by HPLC Agilent 1250 Infinity (Agilent
Technologies 6540 UHD accurate mass Q-TOF LC/MS).

HPLC-MS analyses

Thematrix-matching technique was employed to detect and assess ma-
trix effects. Calibration curve standard solutions were prepared by com-
bining 50 mL of NV848 at concentrations of 0.1, 0.5, 10, 20, and 50
mg/mL with 50 mL of blank matrix, resulting in a final volume of 100
mL. The standard concentrations of NV848 were 0.05, 0.25, 5, 10, and
25 mg/mL. The calibration curve was calculated by performing a linear
regression using the least squares method on the calibration standards.

Generation and management of a CFTRG542X/G542X mouse

colony

The generation of CFTRG542X/G542X homozygousmice was performed
in the animal facility of the ATeNCenter University of Palermo.

At postnatal day 21 (P21), all mice were genotyped by DNA extrac-
tion (PureLink Genomic DNA Mini Kit, Invitrogen, Thermo Fisher
Scientific, USA, following the manufacturer’s instruction) from ear
biopsies, followed by PCR analysis.

The primer sequences used for genotyping each of the mice by PCR
are reported in Table S2.34

PCR was performed following the manufacturer’s instructions using
the REDTaq DNA Polymerase (Sigma-Aldrich, USA). Two different
reaction mixes, one for each allele, were prepared.

The PCR cycling parameters were an initial denaturation of 3 min at
94�C; 40 cycles of 30 s at 94�C, 30 s at 58�C, and 30 s at 72�C; and a
final extension of 7 min at 72�C (2720 Thermal Cycler, Applied Bio-
systems, Waltham, MA, USA). PCR products were visualized on a 1%
agarose gel in 1� TBE buffer.

Chronic treatment for a drug efficacy study in vivo

Daily oral administration of NV848 at 60mg/kg for 15 days starting at
P21 was performed in 5 CFTRG542X/G542X mice. Moreover, 6 animals,
4520 Molecular Therapy Vol. 32 No 12 December 2024
3 CFTRWT and 3 CFTRG542X/G542X mice, received an oral dose of
vehicle (negative control, water). At the end of the treatment, blood
and organs were collected, weighed, and stored at �80�C for western
blot and IHC. All the experimental mice were maintained with a
liquid diet (Peptamen, Nestlè) to avoid the development of intestinal
obstructions, displayed in CFTRG542X/G542X homozygous mice.
RNA extraction and real-time RT-PCR

Protocol for RNA extraction

20–25 mg of tissues were weighted for RNA extraction.

The procedure was performed using the RNeasy Mini Kit (Qiagen,
Germany) following the manufacturer’s instructions.

Briefly, a mix of RLT (RNeasy Lysis Buffer) buffer and b-mercaptoe-
thanol was added to each sample for mechanical homogenization.
Then, 1 vol of 70% DNase-RNase-free ethanol was mixed into sam-
ples, which were transferred to the RNaeasy spin column and centri-
fuged. A first washing step was followed by in-column DNase treat-
ment, and then previously reconstituted buffer RPE (washing
membrane-bound RNA) was added twice. Centrifuged samples
were washed twice and centrifuged. A further centrifuge was per-
formed to eliminate any residual reagent. Lastly, after centrifuging
samples, RNA was collected from spin columns with 30 mL of
DNase-RNase-free water elution.

RNA was quantified by a spectrophotometric assay using NanoDrop
2000 (Thermo Scientific, Invitrogen, USA).

RT

Using the manufacturer’s instructions, 1 mg of total RNA extracted
was retrotranscribed in cDNA using the High-Capacity Reverse
Transcription Kit (Thermo Fisher Scientific, USA).

For each sample, a reaction mix was prepared as follows:

� 2 mL buffer RT
� 2 mL random primers
� 1 mL dNTP
� 1 mL reverse transcriptase
� RNase-free water to reach 20 mL of the final volume

cDNA was then used to perform qPCR using the following steps.

Real-time RT-PCR

Specific primer sequences were used to detect CFTR gene expression,
as reported in Table S3.

A reaction mix was prepared for each couple of primers, specific for
the gene of interest and the related housekeeping, here in detail indi-
cated for each sample:

(1) SYBRMIX (Life Technologies, Thermo Fisher Scientific, USA)
12.5 mL
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(2) Primers (forward + reverse 2 mM) 5 mL

(3) H2O DNase/RNase-free 5.5 mL

(4) cDNA 2 mL

Each sample was loaded in triplicate with a final volume of 25 mL
each. The plate was centrifuged at 2,500 rpm for 5 min before the
experiment started. The real-time RT-PCR machine (7300 Real-
Time PCR System, Applied Biosystems) and the 7300 System Soft-
ware were used to perform the analysis. Data were analyzed using
triplicate values of Ct (cycle threshold). RNA levels were determined
using the SDS software version (Applied Biosystems) according to the
2�DDCt method, and Ct values were normalized to the internal control
actin.

IHC analyses

Immunohistochemical examination was conducted on the lungs of
CFTRG542X/G542X mice treated with NV848 in comparison to the
lungs of CFTRG542X/G542X mice treated with water (negative control)
and the lungs of CFTRWT mice treated with water (positive control).
Tissues fixed in buffered formalin (10% [v/v]) were embedded in
paraffin, and sections of 3 mm were prepared. These sections were
incubated with the antibody anti-TTF1 (SP141, Roche Ventana
749-4756, ready to use) since TTF1 was chosen as an epithelial control
marker to check tissue reactivity. CFTR was detected by incubating
tissue slides with the antibody anti-CFTR (1:200, SAB4501942,
Sigma-Aldrich, Merck, Darmstadt, Germany). Briefly, to unmask
the antigen, the buffer ULTRA Cell Conditioning solution (ULTRA
CC1, Roche Ventana 950-224) was used for 64 min at 95�C. The ul-
traView Universal HRP Multimer Detection Kit (Roche Ventana,
760-500) and UltraBenchmark (Roche Ventana) instruments were
used as detection systems, according to the manufacturer’s
instructions.

Protein extraction and western blot analyses

Total proteins were extracted from 40 mg of samples mechanically
homogenized using RIPA (radioimmunoprecipitation assay buffer)
lysis solution (Pierce RIPA Buffer, Thermo Fisher Scientific) and
1% protease inhibitors (Halt Protease and Phosphatase Inhibitor
Cocktail, Thermo Fisher Scientific). The homogenates were then
incubated for 1.5 h on ice at 4�C. Afterward, the samples were centri-
fuged at 12,000 rpm for 20 min at 4�C, and the supernatants were
collected and preserved at �80�C. Finally, the Bradford colorimetric
assay used 2 mL of each sample for quantification.

Western blot setup

For the analysis, 30 mg of proteins were loaded onto a 3%–8% SDS-
PAGE gel and electrophoresed at 150 V and 100 mA for 1 h. Subse-
quently, proteins were transferred onto a PVDF (polyvinylidene fluo-
ride or polyvinylidene difluoride) membrane (Invitrogen, Thermo
Fisher Scientific, USA) overnight at 4�C at 12 V and 50 mA. Blocking
was performed for 1 h at room temperature using 5% non-fat milk in
TBS-TWEEN 1� (Pierce TBS-Tween 20�, Invitrogen, Thermo
Fisher Scientific, USA).
The primary antibodies used were anti-CFTR (#PA1-935, Invitrogen,
Thermo Fisher Scientific, USA) and anti-b-tubulin (Sigma-Aldrich,
USA) 1:5,000, and they were incubated overnight. Membranes were
then incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies, anti-rabbit (Promega, USA, 1:3,000), or anti-
mouse (Invitrogen, Thermo Fisher Scientific, USA, 1:5,000). Protein
detection was carried out by adding West Femto (SuperSignal West
Femto Maximum Sensitivity Substrate, Thermo Fisher Scientific),
while Chemidoc XRS (BioRad) and Quantity One software
(BioRad) were used for analysis. Protein bands were quantified using
ImageJ software (NIH).

Statistics

All data are given as means ± SEM. n in the results section refers to the
number of animals on which observations were made. The sample
size was calculate using G*Power 3.1 software. Statistically significant
differences were calculated by analysis of variance, followed by a post
hoc test when appropriate. A probability value of 0.05 was regarded as
significant (GraphPad Software Prism v.6.0, La Jolla, CA, USA).
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Table S1. Mice body weight at T0 and T15 days. 

 CFTRWT CFTRG542X/G542X 

 g ± SEM g ± SEM 

Weight t0 

treatment 

11.8 0.8 8.2 1.0 

Weight t15 

treatment  

17.4 0.9 14.0 0.8 

 

Table S2. Sequence of primers used for DNA amplification to detect CFTR WT (primers P3 and P2) and CFTR G542X 

(primers P1 and P2) alleles. 

Name Nucleotide Sequence Type of primer Allele identified 

P 1 5’ – ACA AGA CAA CAC AGT TCT CT – 3’ Forward CFTR G542X  

P 2 5’ – TCC ATG CAC CAT AAC AAC AAG T – 3’ Reverse CFTR (Common) 

P 3 5’ – ACA AGA CAA CAC AGT TCT TG – 3’ Forward CFTR WT 

 
 

Table S3. Primer sequences for real-time RT PCR to calculate relative gene expression for the CFTR gene. 

Gene  Nucleotide Sequence  

CFTR mouse FORWARD 5’ – CTACATGGAACACATACCTTCG - 3’ Divangahi M., et al., 2009 

CFTR mouse REVERSE 5’ – GGTGATAATCACTGCATAGC – 3’ Divangahi M., et al., 2009 

ACTIN mouse FORWARD 5’ –ACCGTCAAAAGATGACCCAGA- 3’ Designed with Primer Express 

software (Applied Biosystems) 

ACTIN mouse REVERSE 5’ – GAGGCATACAGGGACAGCACA – 3’ Designed with Primer Express 

software (Applied Biosystems) 
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