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Abstract: Rett syndrome (RTT), a severe X-linked neurodevelopmental disorder, is primarily caused
by mutations in the methyl CpG binding protein 2 gene (MECP2). Over 35% RTT patients carry
nonsense mutation in MECP2, making it a suitable candidate disease for nonsense suppression
therapy. In our previous study, gentamicin was found to induce readthrough of MECP2 nonsense
mutations with modest efficiency. Given the recent discovery of readthrough enhancers, CDX
compounds, we herein evaluated the potentiation effect of CDX5-1, CDX5-288, and CDX6-180 on
gentamicin-mediated readthrough efficiency in transfected HeLa cell lines bearing the four most
common MECP2 nonsense mutations. We showed that all three CDX compounds potentiated
gentamicin-mediated readthrough and increased full-length MeCP2 protein levels in cells expressing
the R168X, R255X, R270X, and R294X nonsense mutations. Among all three CDX compounds,
CDX5-288 was the most potent enhancer and enabled the use of reduced doses of gentamicin, thus
mitigating the toxicity. Furthermore, we successfully demonstrated the upregulation of full-length
Mecp2 protein expression in fibroblasts derived from Mecp2R255X/Y mice through combinatorial
treatment. Taken together, findings demonstrate the feasibility of this combinatorial approach to
nonsense suppression therapy for a subset of RTT patients.

Keywords: Rett syndrome; readthrough; aminoglycosides; nonsense suppression therapy; methyl-
CpG-binding protein

1. Introduction

Rett syndrome (RTT) is a complex neurodevelopmental disorder and is the second
most prevalent genetic cause of intellectual disability in females [1,2]. Individuals with RTT
typically appear asymptomatic during the early postnatal period and undergo develop-
mental regression beginning at 6–18 months, resulting in autonomic dysfunction and loss
of acquired motor and speech abilities [3,4]. Approximately 95% of RTT cases are caused
by mutations in the X chromosome-linked gene MECP2, encoding Methyl-CpG-Binding
Protein 2 (MeCP2) [5,6]. A subset of eight common mutations, namely p.R106W, p.R133C,
p.T158M, p.R168X, p.R255X, p.R270X, p.R294X, and p.R306C, are responsible for approxi-
mately 70% of RTT mutations [7,8]. Notably, approximately 35–40% of RTT-patients carry
nonsense mutations, in which a premature termination codon (PTC) arises in the MECP2
mRNA, leading to the generation of a truncated and nonfunctional MeCP2 protein [7,8].
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The transcripts carrying these nonsense mutations activate a process known as nonsense-
mediated decay (NMD). NMD is a highly conserved surveillance mechanism that identifies
faulty transcripts and marks them for rapid degradation before they can have potentially
harmful effects during translation [9]. Due to the high prevalence of nonsense mutations
in RTT, inducing ribosomal readthrough of PTCs has emerged as a promising therapeutic
approach to restore the production of the full-length protein.

The initial pharmacological chemicals identified to have PTC readthrough activ-
ity were the antibiotic aminoglycosides, including G418 and gentamicin [10,11]. These
readthrough agents hinder the translation termination at in-frame PTCs by binding to the
ribosomal decoding A site, impairing codon/anticodon recognition and enabling pairing
of a near-cognate aminoacyl-tRNA (nc-tRNA). The incorporation of an amino acid into the
nascent polypeptide chain at the site of PTC allows translation elongation and continua-
tion of full-length protein synthesis [11–14]. Aminoglycoside-mediated PTC readthrough
therapy has been extensively investigated in various rare genetic disorders such as cystic
fibrosis (CF) [15], Duchenne muscular dystrophy (DMD) [16,17], Alport syndrome [18], and
Epidermolysis Bullosa [19] as well as cancers [20–22]. In line with our previous findings, we
have demonstrated that aminoglycosides G418 and gentamicin can induce readthrough of
PTCs in the RTT-nonsense mutations [23,24]. However, traditional aminoglycosides exhibit
only modest readthrough efficacy, and at their effective dose, often lead to ototoxicity and
nephrotoxicity [25,26]. Thus, it is important to develop PTC readthrough agents that are
both safe and effective for clinical usage.

Many studies have focused on the discovery of more potent readthrough aminogly-
cosides and optimized their structural properties to minimize associated toxicity [27–32].
Among the emerging readthrough agents, the aminoglycoside derivative ELX-02 (also
known as NB124) [30] has undergone evaluation in two phase 2 trials in CF patients
(NCT04126473 and NCT04135495). While preliminary results indicate limited treatment
efficacy, subsequent data assessment has revealed clinically relevant improvement. Nev-
ertheless, a phase 2 trial is underway to investigate the use of ELX-02 in patients with
Alport syndrome (NCT05448755). Although many PTC readthrough agents exhibit im-
proved readthrough potency in cellular assay, their activity levels still fall short of the
desired range for potential drug candidates. Consequently, researchers have explored
alternative strategies to enhance PTC readthrough activity. It has been observed that the
aminoglycosides-mediated PTC readthrough can be further enhanced through interactions
with other compounds, such as co-treatment with NMD inhibitors [33,34], antimalarial drug
mefloquine [18,35], as well as small molecules that target eRF1 or eRF3 [36,37], and TRPC
cation channels [38]. Through high-throughput screening, a novel class of phthalimide
derivatives (referred to as CDX series compounds) has been identified, which significantly
potentiates the readthrough activity of aminoglycosides in human cells [39]. Compound
CDX5-1 has been shown to enhance PTC readthrough by G418 in HDQ-P1 cancer cells
carrying TP53 nonsense mutations [39]. Recent in vitro studies have also demonstrated
the beneficial effect of CDX5-288 in combination with G418 on FTLD-GRN nonsense mu-
tations [40], and the combination of CDX5-288 and CDX6-180 with aminoglycosides on
COL4A5 nonsense mutations [18], thereby demonstrating promising evidence of func-
tionality of the yielded protein. Consequently, combination therapies may enable PTC
readthrough at lower doses of aminoglycosides, thereby reducing the associated toxicity.

In our previous investigation, we demonstrated that the aminoglycosides G418 and
gentamicin induced readthrough of PTCs in the RTT-nonsense mutations, with a relatively
low efficiency of only 10–22% [23]. Therefore, the objective of our current study was to
assess whether CDX compounds could enhance the readthrough efficacy, thereby enabling
the use of reduced doses of gentamicin in RTT-nonsense mutations. Specifically, we
evaluated the effects of CDX5-1, CDX5-288, and CDX6-180 in the HeLa cell lines that
harbor the four prevailing MECP2 nonsense mutations, namely R168X, R255X, R270X, and
R294X. We showed that all CDX compounds enhanced the readthrough activity mediated
by gentamicin in a dose-dependent manner, with CDX5-288 showing the most remarkable
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potentiation effect. Notably, we successfully demonstrated the upregulation of full-length
Mecp2 protein expression in ex vivo-treated fibroblasts derived from Mecp2R255X/Y mice
through combinatorial treatment. As a result, the CDX compounds offer hope for achieving
effective readthrough with lower doses of gentamicin. Our findings contribute proof-of-
concept evidence regarding the combinatorial approach for the treatment of RTT patients
bearing MECP2 nonsense mutations.

2. Results
2.1. CDX Compounds Potentiate Gentamicin-Mediated Readthrough in MECP2
Nonsense Mutations

To determine whether CDX compounds could potentiate gentamicin-mediated readthrough,
we accessed the readthrough efficacy in the four most common nonsense mutations associated
with RTT. In all cases, the mutations introduced an in-frame ochre (UGA) stop codon in place of
arginine residues 168, 255, 270, and 294 of MeCP2. Transiently transfected HeLa cells expressing a
human MECP2 cDNA, carrying the R168X (UGAG), R255X (UGAA), R270X (UGAA), and R294X
(UGAU) mutations, were subjected to treatment with either gentamicin alone or a combination of
CDX compounds and gentamicin for a duration of 24 h. The expression of a full-length MeCP2
was detected using an anti-FLAG and an anti-MeCP2 antibody targeting C-terminal epitope of
the protein. The relative fold change in translational readthrough was determined by comparing
the expression levels of full-length MeCP2 between the co-treatment groups and the group
treated with gentamicin alone. Western blot analysis confirmed the absence of the full-length
FLAG-MeCP2 in all untreated cells expressing mutated MeCP2 fusion protein (Figure 1 and
Figure S1).Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  4  of  19 
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Figure 1. Enhancer CDX5-1 increases the efficiency of gentamicin-mediated readthrough.
(A) Schematic representation of the FLAG-tagged MeCP2 highlighting the position of the mutants
used in this study (NTD, N-terminal domain; MBD, methyl binding domain; ID, internal domain;
TRD-NLS, transcription repression domain-nuclear localization signals; CTD, C-terminal domain).
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Western blot analysis of (B) R168X, (C) R255X, (D) R270X, and (E) R290X transfected HeLa cells
treated with 800 µg/mL gentamicin and the indicated concentrations of CDX5-1 for 24 h, and
probed with the indicated antibodies. The relative fold change of translational readthrough was
calculated by comparing the expression of full-length MeCP2 in co-treatment to the expression of
full-length MeCP2 in gentamicin treatment alone. Data are given as means ± SD, n ≥ 3 independent
experiments. Statistical evaluation was performed using one-way ANOVA with Dunnett’s multiple
comparison test.

Combining CDX5-1 with gentamicin resulted in a significant increase in the amount of
full-length MeCP2 protein when compared to gentamicin treatment alone (Figure 1). CDX5-
1 did not exhibit an obvious dose-dependent potentiation effect on gentamicin-mediated
readthrough (Figure 1B–E). Quantitative analysis of the full-length MeCP2 protein within
the tested range of concentration (up to 10 µM of CDX5-1) indicated that co-treatment
with CDX5-1 and gentamicin led to a modest increase in readthrough efficiency in R168X
(1.23-fold) (Figure 1B), R255X (1.12-fold) (Figure 1C), R270X (1.40-fold) (Figure 1D) and
R294X (1.56-fold) (Figure 1E) compared to cells treated with gentamicin alone. Furthermore,
the co-treatment did not result in any noticeable alteration in the expression of truncated
FLAG-MeCP2 isoforms across all cell lines carrying one of the four MECP2-nonsense
mutations (Figure S1).

Using the same experimental conditions, we assayed the synthesis of the full-length
MeCP2 resulting from the combined treatment of CDX5-288 and gentamicin. In contrast
to CDX5-1, the co-treatment of CDX5-288 and gentamicin resulted in a dose-dependent
increase in readthrough efficiency, as shown in Figure 2. At a concentration of 5 µM of
CDX5-288, we observed a significant 1.47-fold increase in R168X (Figure 2A), 2-fold increase
in R255X (Figure 2B), 3.23-fold increase in R270X (Figure 2C), and 1.31-fold increase in
R294X (Figure 2D). No noticeable alteration in the expression of truncated FLAG-MeCP2
isoforms was observed in any cell line harboring one of the four MECP2-nonsense muta-
tions following the combined treatment (Figure S2).

Next, we assayed the production of the full-length MeCP2 following the co-treatment
of CDX6-180 and gentamicin. Within the tested concentration range, we observed a peak
in readthrough efficiency at 2.5 µM, followed by a tendency of decreased readthrough
efficiency at 5 µM (Figure 3). At a concentration of 2.5 µM of CDX6-180, the readthrough effi-
ciency exhibited an approximately 1.3-fold increase in both R168X and R255X (Figure 3A,B),
1.38-fold increase in R270X (Figure 3C), and 1.24-fold increase in R294X (Figure 3D). Overall,
compared to CDX5-1 and CDX5-288, CDX6-180 showed a narrower therapeutic window in
all four mutations. Similarly, the co-treatment did not result in any noticeable alteration in
the expression of truncated FLAG-MeCP2 isoforms in any of the cell lines harboring one of
the four MECP2-nonsense mutations (Figure S3).

2.2. Co-Treatment of CDX Compounds with Gentamicin Did Not Lead to Cytotoxicity

To rule out the potential toxicity of the combination treatment of CDX compounds
and gentamicin, we assessed the cell viability using a Cell Counting Kit 8 (WST-8) assay.
Our data showed that the co-treatment is not toxic to the cells at the tested condition
(Figure 4A,B). Additionally, the wild-type MECP2 cDNA transfected HeLa cells were
treated with various CDX compounds with or without gentamicin for a duration of 24 h,
and the expression of wild-type MeCP2 protein was analyzed through Western blot. Our
results showed that the co-treatment of CDX compounds and gentamicin did not in-
duce any significant changes in protein expression as compared to the untreated samples
(Figure 4C,D). Taken together, these results indicate that the CDX compounds potenti-
ate gentamicin-mediated readthrough to varying degrees in MECP2 nonsense mutations,
without exhibiting noticeable toxicity.
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Figure 2. Enhancer CDX5-288 increases the efficiency of gentamicin-mediated readthrough. Western
blot analysis of (A) R168X, (B) R255X, (C) R270X, and (D) R290X transfected HeLa cells treated with
800 µg/mL gentamicin and the indicated concentrations of CDX5-288 for 24 h, and probed with the
indicated antibodies. The relative fold change of translational readthrough was calculated by com-
paring the expression of full-length MeCP2 in co-treatment to the expression of full-length MeCP2 in
gentamicin treatment alone. Data are given as means± SD, n≥ 3 independent experiments. Statistical
evaluation was performed using one-way ANOVA with Dunnett’s multiple comparison test.
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Figure 3. Enhancer CDX6-180 increases the efficiency of gentamicin-mediated readthrough. Western
blot analysis of (A) R168X, (B) R255X, (C) R270X, and (D) R290X transfected HeLa cells treated with
800 µg/mL gentamicin and the indicated concentrations of CDX6-180 for 24 h, and probed with the
indicated antibodies. The relative fold change in translational readthrough was calculated by com-
paring the expression of full-length MeCP2 in co-treatment to the expression of full-length MeCP2 in
gentamicin treatment alone. Data are given as means± SD, n≥ 3 independent experiments. Statistical
evaluation was performed using one-way ANOVA with Dunnett’s multiple comparison test.
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Figure 4. Co-treatment of CDX compounds with gentamicin did not lead to cytotoxicity. Cell viability
data for (A) HeLa cells and (B) FLAG-MeCP2-WT transfected HeLa cells treated with DMSO (control)
or indicated concentration of gentamicin and CDX compounds for 24 h. Cell viability was calculated
as % of control, and the effect of drug treatment was compared to control. (C) Western blot analysis
of FLAG-MeCP2-WT transfected HeLa cells treated with indicated concentrations of gentamicin and
CDX compounds for 24 h, and probed with the indicated antibodies. (D) Quantitative analysis of
MeCP2 protein expression after 24 h of treatment. The relative abundance ratio was calculated by
comparing the expression of MeCP2 protein in treated cells to the expression of MeCP2 protein in
untreated cells, using FLAG densitometric readings. Data are given as means± SD, n = 3 independent
experiments. Statistical evaluation was performed using one-way ANOVA with Dunnett’s multiple
comparison test. Note that not significant (ns) changes in all samples.

2.3. Readthrough Product Colocalized to Nucleus after Co-Treatment Therapy

To investigate the subcellular localization of the full-length MeCP2 proteins result-
ing from readthrough, we conducted immunofluorescent cell staining using an antibody
that specifically recognized the MeCP2 C-terminus and an anti-FLAG M2 antibody. The
HeLa cells were transfected with eukaryotic expression vectors carrying both the wild-type
MECP2 cDNA and mutated MECP2 cDNAs N-terminally fused to a FLAG-tag; therefore,
the colocalization of both antibodies indicated full-length proteins generated from the
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readthrough (arrow, Figure 5A). To validate this concept, we treated the cells with the
most potent compound, CDX5-288, together with gentamicin for all four nonsense muta-
tions. No signal corresponding to C-MeCP2 was detected in untreated cells expressing
mutated MeCP2 isoforms (Figure S4). After co-treatment of CDX5-288 and gentamicin,
the full-length MeCP2 proteins are localized in the nucleus, similar to the wild-type pro-
tein (Figure 5A–E), indicating that the readthrough protein is correctly transported into
the nucleus.
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Figure 5. Nuclear localization of restored full-length MeCP2 protein. (A) Immunofluorescence studies
of wild type-MeCP2, (B) R168X, (C) R255X, (D) R270X, and (E) R290X transfected HeLa cells treated
with 800 µg/mL gentamicin and 5 µM of CDX5-288 or untreated. Staining of the Anti-FLAG (green
signal) and Anti-C-MeCP2 (red signal) correspond with the DAPI nuclei staining (blue signal), thus
indicating its nuclear localization (arrow). Scale bars: 20 µm.

2.4. CDX5-288 Allows the Use of Reduced Doses of Gentamicin

Next, we investigated whether these CDX compounds allow the use of reduced doses
of gentamicin and thereby reduced toxicity. Among all four nonsense mutations, R270X
displayed the most significant enhancement effect; hence, R270X was chosen for further
investigations. For the quantitative analysis, the relative readthrough translation (%) was
calculated by comparing the expression of full-length MeCP2 in the treated samples to
the expression of wild-type MeCP2. The enhancement ratio represents the expression
of full-length MeCP2 in cells co-treated with CDX compound and gentamicin relative
to the expression of full-length MeCP2 in cells only treated with 800 µg/mL gentamicin
alone. In accordance with previous findings [39], none of the CDX compounds induced
PTC readthrough activity when used as a single agent (Figure 6A–C). Untreated R270X-
transfected cells did not show any full-length MeCP2 protein, while treatment with gen-
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tamicin induced PTC readthrough activity in a dose-dependent manner (Figure 6A–C),
consistent with previous findings [23]. In tested concentrations, only the combination of
800 µg/mL of gentamicin and 10 µM of CDX5-1 exhibited a significant 1.42-fold increase in
readthrough compared to treatment with 800 µg/mL of gentamicin alone (Figure 6A). This
finding suggests that CDX5-1 is unable to facilitate the use of reduced doses of gentamicin.
Conversely, when combined with 800 µg/mL of gentamicin, 5 µM of CDX5-288 resulted
in a substantial 3.26-fold increase in readthrough (Figure 6B). It is noteworthy that this
combinatorial treatment achieved approximately 34% recovery of the full-length MeCP2
protein compared to the wild-type protein (Figure 6B). Importantly, 5 µM of CDX5-288
significantly enhanced the readthrough by 1.9-fold in combination with 400 µg/mL of gen-
tamicin and 2.26-fold in combination with 600 µg/mL of gentamicin compared to treatment
with 800 µg/mL of gentamicin alone (Figure 6B). This suggests that CDX5-288 may enable
the use of lower doses of gentamicin while maintaining effective readthrough. Similar to the
CDX5-1, co-treatment of CDX6-180 and 800 µg/mL of gentamicin was necessary to induce
a significant 1.39-fold increase in readthrough (Figure 6C), indicating that CDX6-180 is
unable to facilitate the use of reduced doses of gentamicin as well. Collectively, these results
suggest that CDX5-288 is the strongest potentiator of gentamicin-mediated readthrough.
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Figure 6. CDX5-288 allows the use of reduced doses of gentamicin. Western blot analysis of R270X
transfected HeLa cells that are treated with indicated concentration of gentamicin with or without
(A) CDX5-1, (B) CDX5-288, (C) CDX6-180 for 24 h and probed with indicated antibodies.
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Right: quantitative analysis of full-length MeCP2 protein expression after 24 h of treatment. The
relative readthrough translation (%) was calculated by comparing the expression of full-length
MeCP2 in the treated samples to the expression of wild-type MeCP2, using the FLAG densitometric
readings. The enhancement ratio represents the expression of full-length MeCP2 in cells co-treated
with CDX compound and gentamicin relative to the expression of full-length MeCP2 in cells only
treated with 800 µg/mL gentamicin alone. Data are given as means ± SD, n ≥ 3 independent
experiments. Statistical evaluation was performed using one-way ANOVA with Dunnett’s multiple
comparison test.

2.5. Co-Treatment Enhances Readthrough in Mecp2R255X/Y Mouse Fibroblasts

To further characterize the potentiation effect of CDX5-288, we investigated the
readthrough efficiency using fibroblasts derived from Mecp2R255X/Y mice. As expected,
Mecp2R255X/Y-derived fibroblasts did not exhibit any expression of full-length Mecp2 pro-
tein (Figure 7A). When exposed to a 4-day incubation with 800 µg/mL of gentamicin,
Mecp2R255X/Y -derived fibroblasts showed the expression of full-length Mecp2 protein
(Figure 7A). Remarkably, the co-treatment of gentamicin and CDX5-288 significantly en-
hanced the expression of full-length Mecp2, achieving a threefold increase compared to
gentamicin treatment alone (Figure 7B).
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Figure 7. Combinatorial treatment enhances MeCP2 protein expression in Mecp2R255X/Y mouse-
derived fibroblasts. (A) Western blot demonstrating no full-length MeCP2 protein from fibroblasts
derived from Mecp2 R255X/Y mice, but full-length MeCP2 protein after 4 d treatment with 800 µg/mL
gentamicin alone or in combination with CDX5-288. Each lane corresponds to an individual treatment
experiment. (B) Quantitative analysis of MeCP2 protein expression in Mecp2R255X/Y mouse-derived
fibroblasts. Data are given as means ± SD. Statistical evaluation was performed using unpaired
Welch’s t-test.

3. Discussion

Extensive research efforts are being dedicated to exploring the field of readthrough bi-
ology due to its significant potential in addressing the approximate 11% of genetic disorders
attributed to nonsense mutations. In particular, aminoglycoside-mediated readthrough
is a very promising treatment approach for genetic diseases and cancers caused by PTCs,
but widespread clinical application has been severely limited by the high toxicity and
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low potency of conventional aminoglycosides, prompting the search for superior com-
pounds [11–13]. Recently, a new class of compounds known as CDX compounds have been
discovered that significantly enhance the readthrough effects of aminoglycosides, leading
to increased expression of full-length proteins [18,39,40]. These CDX compounds have gen-
erated considerable interest as they offer the potential to improve the therapeutic benefits
of aminoglycosides while minimizing adverse effects through reduced dosing. Therefore,
the goal of this study was to evaluate the potentiation effect of CDX5-1, CDX5-288, and
CDX6-180 on gentamicin-mediated PTC readthrough efficiency in the four most common
RTT nonsense mutations, R168X, R255X, R270X, and R294X.

Our study provides evidence for the significant potentiation effect of CDX compounds
on gentamicin-mediated nonsense suppression in RTT, without exhibiting noticeable toxic-
ity or affecting the expression of normal MeCP2 protein. Among the three CDX compounds,
CDX5-288 emerged as the most potent enhancer of gentamicin-mediated readthrough. This
finding aligns with other studies that have also observed the superior readthrough ac-
tivity of CDX5-288 [18,40]. CDX5-288 demonstrated a dose-dependent potentiation of
gentamicin-mediated readthrough in all four nonsense mutations, with the strongest effect
observed in the R270X. In a previous study, we showed that gentamicin treatment alone led
to PTC readthrough with an efficiency ranging from 10 to 22% depending on the nucleotide
context of the nonsense mutations [23]. For instance, in the case of R270X, gentamicin in
a concentration of 1 mg/mL resulted in an approximately 12% increase in readthrough
efficiency [23]. Co-treatment of 5 µM of CDX5-288 and 800 µg/mL of gentamicin in R270X
resulted in the recovery of approximately 34% recovery of the full-length MeCP2 protein
compared to the wild-type protein. Even when the concentration of gentamicin was halved
(400 µg/mL), CDX5-288 still significantly enhanced readthrough by 1.9-fold compared to
treatment with 800 µg/mL of gentamicin alone, highlighting the potent enhancement capa-
bility of CDX5-288. Although to a lesser extent, CDX5-1 also showed a modest potentiation
effect in all four nonsense mutations. On the other hand, results were less promising for the
third compound, CDX6-180. Within the tested concentration range, a peak in readthrough
efficiency was observed at 2.5 µM, followed by a subsequent decrease in readthrough
efficiency at 5 µM in all four mutations, suggesting a narrow therapeutic window for
this particular compound. In our experimental conditions, neither CDX5-1 nor CDX6-180
showed the feasibility of reducing the doses of gentamicin.

The readthrough efficiency of stop codons is influenced by several factors including the
specific sequence of the stop codon as well as the surrounding sequence context upstream
and downstream of the stop codon [41–43], mRNA stability and availability [44,45], tRNA
abundance [46,47], post-translational modification of ribosomal proteins [48], translational
initiation factors [49] and release factors [50] as well as metabolic stress [51]. In particular,
the identity of the nucleotide at the +4 position immediately downstream of the PTC has
been shown to have a significant impact on the efficiency of translational readthrough [52,53].
The four nonsense mutations in this study replace a codon for arginine with an in-frame
UGA stop codon. Studies of the UGA stop codon have shown that aminoglycoside-mediated
readthrough is highest in the presence of cytosine in the +4 position with some reporting a
descending order of influence of C > A = G > U [54,55] and others C > U > A > G [56]. In our
previous study of nonsense mutation suppression in RTT, gentamicin-mediated readthrough
activity corresponded to the tetranucleotide sequence R294X (UGAU) > R255X (UGAA) >
R270X (UGAA) > R168X (UGAG), supporting the latter fourth base order [23]. The addition
of CDX compound appeared to interfere with the gentamicin-mediated readthrough activity,
for instance, with CDX5-288 showing enhancement in the order of R270X (UGAA) > R255X
(UGAA) > R168X (UGAG) > R294X (UGAU). The precise molecular mechanisms underlying
the potentiation effect of CDX compounds remain unknown. It is unclear whether they
directly or indirectly interact with the ribosome or ribosome-associated proteins, or alter
tRNA pairing rates. The combinatorial treatment in the MECP2-WT cell line suggests that
CDX compounds have no effect on protein synthesis. To our knowledge, CDX compounds
do not stimulate gene expression and have recently been reported to have no impact on
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ribosome biogenesis [39,57]. Further research is needed to elucidate the underlying molecular
mechanisms of enhancement.

Aminoglycosides bypass PTC by promoting the incorporation of nc-tRNAs into the
ribosomal-A site during protein translation, resulting in a full-length protein with an incor-
rect amino acid at the PTC site [11]. Therefore, it is crucial to determine the functionality of
the rescued protein. While we have demonstrated successful translocation of the full-length
MeCP2 protein into the nucleus, functional assays to assess its activity are still lacking in
this study. Apart from direct drug injection to the RTT mouse models carrying a nonsense
mutation, there is no available functional cell-based assay. To date, it has been shown
that G418 restored full-length Mecp2 in Mecp2R294X/Y mice in vivo through intracranial
ventricular injection [58], while other studies have assessed the readthrough efficiency
using ex vivo treatment of patient-derived fibroblasts [29] or Mecp2 RTT mouse-derived
cells [24,59]. Accordingly, we treated fibroblasts derived from Mecp2R255X/Y mice with a
combination of CDX5-288 and gentamicin for a duration of 4 days, resulting in a successful
upregulation of the full-length Mecp2 protein expression.

From a therapeutic standpoint, the dosage of gentamicin employed in this study
exceeds the levels typically used in clinical application, where the therapeutic concen-
trations in pediatric patients generally range from 2 to 9.5 mg/kg/dose. Nevertheless,
considering the potentiation effect of CDX5-288, it is plausible to achieve effective and
safe therapeutic doses of gentamicin by further increasing the concentration of CDX5-288.
Alternatively, significant progress has been achieved in the development of synthetic
aminoglycoside derivatives (i.e., NB124/EXL-02), surpassing the performance of tradi-
tional aminoglycosides. Importantly, in a mouse model of the lysosomal storage disease
mucopolysaccharidosis type-1 Hurler, NB84 has shown noticeable PTC suppression activity
and the potential to cross the blood–brain barrier (BBB), leading to the attenuation of central
nervous system disease progression [60]. Moreover, unlike aminoglycosides, these NB
compounds do not induce the readthrough at nature termination codons (NTCs), making
them ideal for selectively targeting PTCs while maintaining high specificity [43,61]. In
light of these findings, it would be highly valuable to assess the synergistic effect of CDX
compounds in combination with these NB compounds in both in vitro and in vivo RTT
mouse models.

Although our results are promising, many questions remain open and have to be
addressed in future studies. Firstly, the toxicity of the compounds, especially regarding
long-term use, has to be studied in animal models. These experiments will also give an idea
about the in vivo efficacy of the compounds, especially if they are performed in already
available mouse models carrying different nonsense mutations. Secondly, as it is unknown
so far how much MeCP2 is needed to see a clinically relevant effect, we are unable to predict
if the readthrough seen in our experiments is sufficient. Unfortunately, such questions will
have to wait for a clinical study in humans as the animal models of Rett syndrome have a
very limited correlation with the human phenotype.

In summary, this study adopted an experimental approach, with a primary focus on
assessing the potentiating effect of CDX compounds on gentamicin-mediated readthrough
in MECP2 nonsense mutations. Among the CDX compounds tested, CDX5-288 appears the
most promising candidate for optimizing aminoglycoside-mediated nonsense suppression.
We have provided a ‘proof of principle’ that the combinatorial approach could be beneficial
for a subset of RTT patients. Further studies will include more complex validation experi-
ments, such as using animal models with nonsense mutation to assess BBB permeability
and the recovery of RTT symptoms.

4. Materials and Methods
4.1. Cell Culture

HeLa cells and mouse fibroblasts were maintained as monolayer cultures growing
in Dulbecco’s modified Eagle’s medium (DMEM/low glucose, Gibco, Billings, Montana,
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MT, USA) supplemented with 10% fetal bovine serum (Biowest, Nuaillé, France), 2 mM
L-glutamine (Gibco). Cells were incubated at 37 ◦C in an atmosphere of 5% CO2.

4.2. Gentamicin and CDX-Compounds

The aminoglycoside gentamicin was purchased from ratiopharm®, Ulm, Germany.
All CDX compounds (CDX5-1, CDX5-288 and CDX6-180) were synthesized by the group of
Prof. Michel Roberge from the University of British Columbia. The screening assay and
structures of the CDX compounds have been described previously [39,40,57].

4.3. Transfection and Drug Treatment

HeLa cells were transfected with the eukaryotic expression vectors as described previ-
ously [23] using Effectene reagent (QIAGEN, Hilden, Germany) following the manufac-
turer’s protocol. Briefly, a total of 3 × 105 HeLa cells were plated onto six-well culture
plates and grown overnight. Transfection was performed with 600 ng of plasmid DNA
for 7 h in fresh media. After transfection, cells were incubated in fresh media or media
containing gentamicin with or without various concentrations of CDX compounds for 24 h.
The transfection efficiency of all constructs has been described previously [23].

4.4. Western Blotting

Cultured HeLa cells were washed with ice-cold PBS and lysed in RIPA buffer (50 mM
Tris-HC1, pH 7.5, 400 mM NaCl, 5 mM EDTA, 1% NP-40, 0.8% sodium deoxycholate and
0.1% SDS) supplemented with protease inhibitor (Roche, Basel, Switzerland). Homogenates
were left for 30 min on ice, centrifuged at 14,000 rpm for 15 min at 4 ◦C, and the supernatant
was prepared for Western blotting using standard procedures. The total protein concen-
tration was measured using BCA protein assay (Interchim, Montluçon, France). Western
blotting of cell protein lysates was performed using Bolt Mini gels and Mini Bolt wet transfer
modules (Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. In
brief, 25–30 µg protein samples were separated on 4–12% gradient precast polyacrylamide
gel (Invitrogen), transferred onto a nitrocellulose membrane (Amershan™ Protran®, GE
Healthcare, Chicago, IL, USA), and blocked with 5% non-fat milk solution for 1 h at room
temperature. Membranes were incubated with specific primary antibodies overnight at 4 ◦C
and subsequently incubated with Horseradish peroxidase-conjugated secondary antibodies
(Jackson ImmunoResearch, West Grove, PA, USA). Lumi-Light, Lumi-Light Plus blotting
substrate (Roche, Mannheim, Germany) and Immobilon Western Chemiluminescent HRP
(Merck, Darmstadt, Germany) were used for signal detection. Blot documentation was
performed with an imaging system (LAS-3000 Mini, GE Healthcare or G:Box Chemi XX6,
Syngene, Schwerte, Germany). The following primary antibodies were used in the study:
Anti-FLAG M2 (Sigma F1804; 1:1000, Burlington, MA, USA) and C-MeCP2 (Cell signaling
CS#3456; 1:1000, Danvers, MA, USA) and Histone H3 (Abcam1791; 1:5000, Cambridge,
UK). Integrated band intensities of protein bands were measured using Image J software.
The full-length MeCP2 expression was normalized to the loading control Histone H3.

4.5. Nuclear Protein Extraction

Mouse fibroblasts were trypsinized, washed with ice-cold PBS and pelleted by cen-
trifugation at 1000 rpm for 5 min. Cells were resuspended in cytoplasmic extract (CE)
buffer (10 mM HEPES, 60 mM KCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF and 0.075%
NP40 and supplemented with protease inhibitor; solution is adjusted to pH7.6), vortexed
for 10 s and incubated on ice for 10 min. Lysate was then spun at 1500 rpm for 4 min. The
supernatant was carefully removed and the remaining nuclear pellet was resuspended in
nuclear extraction (NE) buffer (20 mM Tris HCl, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 1 mM PMSF, 25% of glycerol, and supplemented with protease inhibitor; solution
is adjusted to pH 8) (proportional to half the amount of used CE-buffer). The salt con-
centration was adjusted by 5 M NaCl (proportional to a third of the amount of used CE
buffer). Then, lysates were sonicated and incubated on ice for 30 min. Lastly, the nuclear
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fraction was spun at maximum speed for 10 min at 4 ◦C to pellet any debris. The resultant
supernatants were prepared for Western blotting.

4.6. Immunofluorescence

A total of 1 × 105 HeLa cells were seeded and grown on coverslip. After the transfec-
tion and drug treatment, cells on coverslips were fixed in cold 4% paraformaldehyde for
20 min at RT. Immunofluorescence on transfected-HeLa cells was performed using standard
procedures. Briefly, after post-fixation, cells were washed three times with cold PBS and
permeabilized with 0.05 M TBS solution containing 0.5 M ammonium chloride and 0.25%
Triton X-100 for 10 min. Cells were then washed with 0.05 M TBS solution, blocked with
5% normal horse serum in 0.05 M TBS for 1 h at RT and incubated with primary antibodies
(Anti-FLAG M2, Sigma F1804 at 1:800 dilution; and Anti-C-MeCP2, Cell Signaling #3456 at
1:200 dilution) overnight at 4 ◦C. After washing, secondary antibodies (Invitrogen A11036
and A11029, 1:500 dilution) were applied for 1 h and the coverslips with cells were mounted
onto the SuperFrost plus slide (Thermo Fisher Scientific, Dreieich, Germany) with proLong
Gold antifade reagent with DAPI (Invitrogen Ref# P36935). The stained cells were analyzed
using fluorescent microscopy with Apotome.2 (Zeiss, Jena, Germany).

4.7. Cell Viability Assay

Cell viability assays were conducted using Cell Counting Kit 8 (WST-8) from Abcam.
HeLa cells and transfected HeLa cells were seeded in clear 96-well plates at a density of 4000
cells per well and allowed to adhere overnight. The media were the replaced with fresh
media containing 800 µg/mL of gentamicin, along with either DMSO or CDX compounds.
Control wells received vehicle treatment with DMSO only. Each treatment condition was
performed in triplicate or quadruplicate. After 24 h, the treatment media were removed,
and media containing the WST-8 reagent (10 µL reagent + 100 µL media per well) were
added and incubated for 2 h at 37 ◦C. Blank wells contained media and the WST-8 reagent
without cells. Absorbance at 460 nm was measured. The average values from triplicate
wells were obtained, and the background absorbance from the blank wells was subtracted.
The absorbance values from the compound-treated cells were then compared to those from
the vehicle-treated cells.

4.8. Statistical Analysis

All immunoblots shown were representative of at least three independent replicates.
Statistical analyses were performed using Prism 8 (GraphPad software). One-way ANOVA
was used followed by Dunnett’s multiple comparison test. Results were considered statisti-
cally significant if p < 0.05. All quantitative data were presented as means (±SD.).
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