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Abstract  10 

Nonsense variants account for approximately 11% of rare genetic diseases and represent a severe 11 

class of mutations for which effective therapies are still lacking. One promising strategy is 12 

suppression therapy using translational readthrough-inducing drugs (TRIDs). In this study, we 13 

investigated the mechanisms of action and readthrough activity of three TRIDs, NV848, NV914, and 14 

NV930, in models of Choroideremia, an X-linked retinal degenerative disease caused by nonsense 15 

mutations in the CHM gene. Using the PURE-LITE cell-free translation system, we assessed their 16 

ability to promote readthrough and interfere with release factor–mediated termination, revealing 17 

mechanisms distinct from that of PTC124. To evaluate their therapeutic potential in cellular contexts, 18 

we developed two engineered Choroideremia nonsense cell models and analyzed REP1 protein rescue 19 

in patient-derived primary fibroblasts. All three compounds effectively induced readthrough both in 20 

the cell-free system and in cellular models, supporting their potential as candidates for treating 21 

nonsense mutation-associated retinal diseases. 22 

Introduction  23 

Nonsense variants are a major cause of severe monogenic diseases and are estimated to account for 24 

approximately 10–11% of genetic disorders worldwide. These variants typically arise from single-25 

nucleotide substitutions that introduce premature termination codons (PTCs) into mRNA coding 26 

sequences [1]. PTCs interrupt normal translation, leading to truncated and nonfunctional proteins that 27 

are frequently degraded by intracellular quality-control pathways, such as nonsense-mediated mRNA 28 

decay (NMD) or proteasome-dependent degradation [2]. The absence or dysfunction of these proteins 29 

underlies a wide range of genetic diseases, including Choroideremia (CHM), Cystic Fibrosis (CF), 30 

Duchenne Muscular Dystrophy (DMD), Shwachman-Diamond syndrome, and several forms of 31 

cancer [1-2]. In the last few decades, personalised medicine has gained prominence as an approach 32 

that tailors therapies to individual genetic, physiological, environmental, and behavioural factors. 33 

Advances in DNA sequencing, proteomics, and imaging now allow precise patient stratification, 34 
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suggesting new therapeutic strategies for nonsense diseases [3]. Among the various approaches 35 

explored, such as gene and RNA editing, NMD inhibition, and anticodon-engineered tRNAs, the 36 

nonsense suppression therapy has emerged as particularly promising [4]. This strategy relies on 37 

translational readthrough-inducing drugs (TRIDs) molecules that promote the insertion of near-38 

cognate tRNAs at PTCs, thereby allowing the synthesis of full-length, functional proteins [5]. 39 

Aminoglycosides such as gentamicin, tobramycin, and paromomycin were among the first molecules 40 

identified to induce readthrough, acting by impairing ribosomal proofreading. Although these 41 

compounds showed significant readthrough activity, their clinical application has been severely 42 

limited by renal, auditory, and vestibular toxicities [6-8]. To overcome these limitations, alternative 43 

TRIDs have been developed. Among them, PTC124 (also known as Ataluren) has been shown to 44 

promote PTC readthrough, particularly at UGA codons, without the toxic effects associated with 45 

aminoglycosides. Clinical trials demonstrated therapeutic benefit in subsets of patients with 46 

nonsense-mutation DMD, leading to its conditional approval under the trade name Translarna [9-12]. 47 

However, PTC124 has not shown significant rescue of REP1 activity in CHM cellular models 48 

harbouring UAA nonsense variants, leaving CHM, a rare X-linked retinal dystrophy in which 34% 49 

of cases are linked to nonsense mutations, without treatment [5]. The need for novel, effective, and 50 

low-toxicity TRIDs remains urgent, particularly for rare or “orphan” diseases. In this context, our 51 

research group has recently developed three patented PTC124-derived compounds, TRIDs: NV848, 52 

NV914, and NV930 (Figure 1), which display high readthrough activity with no detectable toxicity 53 

in vitro or in vivo, and do not induce off-target effects [13-15]. Despite their therapeutic promise, the 54 

biological targets and precise mechanisms of action of these NV compounds remain unknown. This 55 

knowledge gap is particularly notable given recent studies showing that PTC124 binds multiple sites 56 

within the translation machinery and promotes readthrough by competing with release-factor-57 

dependent termination [16].  58 



 59 

Figure 1. NV compounds and PTC124 structures. 60 

To address this gap, the present study pursued two complementary objectives. First, we employed the 61 

highly purified eukaryotic cell-free PURE-LITE translation system to investigate the effects of NV 62 

compounds on ribosomal termination and readthrough at PTCs. This system utilises Cricket paralysis 63 

virus (CrPV) intergenic internal ribosome entry site (IRES) driven mRNAs to program 80S ribosomes 64 

and initiate translation in the absence of canonical initiation factors. PURE-LITE enables precise 65 

characterisation of the competition between eRF1/eRF3-mediated termination and readthrough 66 

mediated by near-cognate tRNAs in the presence of a PTC at the ribosomal A-site [17,18], using 67 

CrPV-IRES mRNAs containing either sense (UGG) or nonsense codon (UGA), which allow direct 68 

determination of the MoAs of the NV compounds in inducing readthrough. Second, we evaluated NV 69 

compound-induced protein rescue in two stable H1299 cell lines harbouring the most common CHM 70 

nonsense variants, R293X and R253X, as well as in patient-derived fibroblasts carrying the R253X, 71 

R270X, and S190X nonsense variants, to directly assess REP1 protein rescue. 72 

 73 

 74 

 75 

 76 

 77 



RESULTS 78 

PURE-LITE functional assays of cognate elongation, PTC readthrough, and termination.  79 

We used the PURE-LITE system to determine the effects of NV compounds on rates of cognate 80 

elongation, PTC readthrough, and termination, as shown in Figure 2, using both co-sedimentation 81 

[17,18] and plate reader [21,22] assays. 82 

  83 

Figure 2. PURE-LITE elongation, readthrough, and termination schemes. a) Trp-IRES encodes 84 

PheLysValArgGlnTrpLeu; b) Elongation reactions of Trp-POST5 complex; c)Stop-IRES encodes 85 

PheLysValArgGlnStopLeu; d) Termination and readthrough reactions of Stop-POST5 complex. Both 86 

Trp POST5 and Stop-POST5 complexes contain PheLysValArgGln-tRNAGln in the P-site; Adapted 87 

from Ng et al., 2021  88 

NV compounds had no significant effect either on cognate peptide elongation (Figure 3-A), as 89 

measured by Trp-POST5 conversion to Trp-POST6, on the addition of tryptophan ternary complex 90 

(Trp-TC, Trp-tRNATrp.eEF1A.GTP) and eEF2.GTP, or on termination, on addition of release factor 91 

complex (RFC, eRF1.eRF2.GTP) to the Stop-POST5 complex (Figure 3-B). In contrast, all three NV 92 

compounds markedly stimulate readthrough, with NV848 being the most potent (Figure 3-C), 93 

reaching its saturation value at a concentration at least a factor of ten lower than either NV914 or 94 

NV930 (Figure S1). Significantly, all three NV compounds have lower EC50 values for readthrough 95 

stimulation than we previously reported for PTC124 (~300 µM) [18]. 96 



 97 

Figure 3. Assays of NVS compound activity. a) Elongation activity: Lack of NV compound effect on 98 

elongation as measured by Trp-POST6 formation using a co-sedimentation assay in the presence of 99 

NV848, NV914, or NV930 at 100 µM and 500 µM. Reaction components were Trp-POST5 (0.05 µM), 100 

[3H-Trp]-TC (0.25 µM), and eEF2 (1 µM); b) Termination activity: Effects of TRIDs (all 500 µM) 101 

on the rate of peptide release from Stop-POST5 (0.04 µM) catalysed by RFC (0.075 µM) using the 102 

plate reader assay. No statistically significant difference in the rate of peptide release is observed 103 

after treatment with NV molecules, in contrast to the previously demonstrated marked inhibition by 104 

PTC124 [18]; c) Readthrough activity: Readthrough was measured by the heptapeptidyl-tRNALeu 105 

formation assay at different near saturation concentrations of  TRIDs (see Figure S1), NV848 (12 106 

µM), NV914 (100 µM), NV930 (100 µM) and  PTC124 (1 mM), other concentrations: Stop-POST5 107 

(0.05 µM), RFC (0.05 µM), Trp-TC (0.25 µM), [3H-Leu]-TC  (0.25 µM), eEF1α (1 µM), eEF2 (1 108 

µM);  d) Combination readthrough activity: Additive effects of NV848 (12 µM) and PTC124 (1 mM) 109 

on readthrough measured by the plate reader assay for Stop-PRE6 formation from Stop-POST5[22]. 110 

Other concentrations: Stop-POST5 (0.05 µM), RFC (0.05µM), prf-labelled Trp-TC (0.1 µM). 1 mM 111 

GTP was used in all experiments. Data for all experiments were analysed using GraphPad Prism 6, 112 

which provided a probability value (p) of one symbol (*) for p< 0.05, two symbols (**) for p < 0.01, 113 

three symbols (***) for p<0.001. 114 

 115 

 116 

 117 

These results show that although the a priori design of the NV compounds was based on mimicry of 118 

PTC124, in fact their mechanisms of action are orthogonal to that of PTC124, stimulating readthrough 119 

directly while having no effect on termination, or on ternary complex binding (Figure 3-A) whereas 120 

PTC124 inhibits termination (Figure 3-B) and only stimulates readthrough indirectly because of such 121 

inhibition. A consequence of this orthogonality is that, when combined, they can have an additive 122 

effect on readthrough, as demonstrated by the combination of NV848 and PTC124 (Figure 3-D). 123 



Generation of stable CHM nonsense cell models for REP1 rescue analysis using NV molecules 124 

To evaluate NV compound-mediated rescue of REP1 expression, we generated cellular models 125 

harbouring two of the most prevalent CHM nonsense variants, R253X (c.757C>T) and R293X 126 

(c.877C>T). These mutations were introduced into a CHM-tGFP fusion construct by site-directed 127 

mutagenesis, enabling direct visualisation of full-length REP1 expression through GFP fluorescence 128 

(Figure S2A). Both variants convert the native arginine codon (CGA) into a premature UGA stop 129 

codon. Successful introduction of the mutations was confirmed by Sanger sequencing (Figure S2B-130 

E). Sequence analysis verified precise incorporation of each nonsense mutation without additional 131 

alterations. These validated constructs were subsequently used to establish stable cell lines for 132 

downstream readthrough and protein rescue analyses. 133 

 134 

Establishment and validation of stable H1299 cell lines harbouring CHM nonsense variants 135 

To generate cellular models suitable for evaluating NV-mediated readthrough, H1299 cells were 136 

transfected with the validated CHMR253X-tGFP and CHMR293X-tGFP constructs and selected with 137 

G418 (600 µg/mL) to establish stable populations. Twenty-four hours after transfection, robust tGFP 138 

fluorescence was detected in cells expressing the wild-type CHMWT-tGFP construct. In contrast, no 139 

fluorescence was observed in cells transfected with either CHMR253X-tGFP or CHMR293X-tGFP 140 

(Figure S3), confirming that both nonsense mutations abolish full-length REP1-tGFP expression. 141 

Following selection, stable cell populations were molecularly characterised. Genomic PCR 142 

confirmed integration of the CHM–tGFP constructs in all transfected lines (Figure 4-A). Quantitative 143 

RT-PCR demonstrated comparable levels of CHM–tGFP mRNA expression across wild-type and 144 

nonsense variants (Figure 4-B), indicating that the introduced mutations do not substantially affect 145 

transcript abundance. In contrast, Western blot analysis revealed the expression of full-length REP1-146 

tGFP fusion protein only in CHMWT-tGFP cells, while CHMR253X-tGFP and CHMR293X-tGFP cells 147 

expressed only endogenous REP1 (Figure 4-C). Consistent with this finding, after the 15-day cell 148 

selection, tGFP fluorescence was detectable exclusively in the wild-type line (Figure 4-D). 149 

Collectively, these data demonstrate that the R253X and R293X variants effectively abolish REP1-150 

tGFP protein production without significantly altering mRNA levels, establishing robust and 151 

validated cellular models for assessing translational readthrough and protein rescue. 152 



 153 

Figure 4. Production of stable H1299 CHMR253X-tGFP and CHMR293X-tGFP cell lines: a) PCR 154 

analysis showing the integration of the mutagenized vector in the genomic DNA of H1299 cells. The 155 

pCHMWT-tGFP vector was used as a positive control; DNA from untransfected cells and a no-156 

template control (NTC) were used as negative controls. (b) tGFP mRNA expression assessed by Real 157 

Time RT-PCR; c) Western blot analysis on H1299 cells transfected with pCHMWT-tGFP, pCHMR253X-158 

tGFP, or pCHMR293X-tGFP. The REP1 antibody was used to detect the REP1-tGFP protein (121 159 

kDa) and the endogenous REP1 (95 kDa); d) Stable H1299 CHMWT-tGFP cells showing 160 

 161 

Immunofluorescence analysis demonstrates NV-mediated REP1–tGFP rescue in CHM 162 

nonsense cell lines. 163 

Having established stable H1299 cell lines harbouring the R253X and R293X nonsense variants, we 164 

next evaluated whether NV compounds restore REP1-tGFP expression in cells. Dose-response 165 

immunofluorescence analyses revealed that NV compounds induce robust rescue of REP1-tGFP in 166 

both CHMR253X-tGFP (Figure S4) and CHMR293X-tGFP (Figure S5) cell lines. Notably, NV848 167 

achieved near-maximal rescue at 12 µM in both variants. Similarly, NV930 reached plateau levels at 168 

12 µM in the R253X model, and NV914 did so in the R293X model. In contrast, PTC124 required 169 

higher concentrations to achieve comparable effects in both variants. NV914 in the R253X model 170 

and NV930 in the R293X model also displayed more gradual dose-response behavior. 171 

  172 

 173 



This differential potency profile is consistent with the PURE-LITE readthrough data (Figures 3 and 174 

S1), in which NV848 exhibited the strongest activity. Based on these results, 12 µM was selected for 175 

subsequent rescue experiments. Following 72-hour treatment, all three NV compounds induced 176 

detectable REP1-tGFP expression in both R253X and R293X stable cell lines (Figures 5 and 6). 177 

Restored fluorescence was absent in untreated cells and comparable in pattern to that observed in 178 

wild-type controls, indicating successful translational readthrough and production of full-length 179 

fusion protein. Collectively, these data demonstrate that NV compounds effectively promote nonsense 180 

suppression in disease-relevant cellular models, with compound-specific differences in potency that 181 

mirror their biochemical activity in the reconstituted translation system. 182 

 183 

Figure 5. Panel showing immunofluorescence and quantification analyses: a) Panels 184 

representative of immunofluorescence analyses performed on H1299 CHMR253X-tGFP. H1299 not 185 

transfected (NT-Untr.) and H1299 CHMR253X-tGFP untreated represent the negative control, while 186 

H1299 CHMWT-tGFP represents the positive control; b) Quantification of immunofluorescence 187 

analyses performed on H1299 CHMR253X-tGFP. All the images were collected by a Zeiss AxioSkope 188 

microscope at 63X. Data for all experiments were analysed using GraphPad Prism 6, which provided 189 

a probability value (p) of four symbols (****) for p < 0.0001. 190 



 191 

Figure 6. Panel showing immunofluorescence and quantification analyses: A) Panels 192 

representative of immunofluorescence analyses performed on H1299 CHMR293X-GFP. H1299 (NT-193 

Untr.) and H1299 CHMR293X-tGFP untreated represent the negative control, while H1299 CHMWT-194 

tGFP represents the positive control; B) Quantification of immunofluorescence analyses performed 195 

on H1299 CHMR293X-tGFP. All images were acquired using a Zeiss AxioSkope microscope at 63X 196 

magnification. Data for all experiments were analysed using GraphPad Prism 6, which provided a 197 

probability value (p) with four symbols (****) for p < 0.0001. 198 

 199 

NV compounds do not substantially alter CHM transcript levels in patient-derived fibroblasts. 200 

To determine whether NV-mediated REP1 rescue in primary cells results from translational 201 

readthrough rather than altered mRNA stability, we examined CHM transcript levels following 202 

chronic treatment in patient-derived fibroblasts carrying the R253X, S190X, or R270X nonsense 203 

variants. Quantitative RT-PCR analysis after 72 hours of treatment revealed that CHM mRNA levels 204 

remained largely unchanged across all conditions compared to untreated controls (Figure S6A). This 205 

was observed for all three NV compounds and for PTC124 as well. A modest but statistically 206 

significant increase in CHM transcript abundance was detected in R253X fibroblasts treated with 207 

NV914 (Figure S6B), whereas no consistent changes were observed in S190X or R270X cells. 208 

Overall, these results indicate that NV compounds do not broadly stabilize CHM transcripts or inhibit 209 

NMD in patient-derived fibroblasts. Therefore, any increase in REP1 protein levels observed upon 210 



treatment is unlikely to arise from enhanced transcript accumulation, but rather from direct 211 

stimulation of translational readthrough at premature termination codons. Collectively, these findings 212 

support a mechanism in which NV compounds primarily act at the translational level rather than 213 

through mRNA surveillance. 214 

 215 

NV compounds restore REP1 expression and reduce micronucleation in patient-derived 216 

fibroblasts. 217 

To determine whether NV-mediated readthrough translates into functional protein restoration in a 218 

disease-relevant context, REP1 expression was evaluated in primary fibroblasts derived from male 219 

patients carrying the R253X, S190X, or R270X nonsense variants in CHM.  220 

Immunofluorescence analyses revealed robust induction of REP1 protein following 72-hour 221 

treatment with NV848, NV914, or NV930 in all three patient-derived cell lines (Figures 7-9). In 222 

untreated fibroblasts, the REP1 signal was minimal or undetectable, consistent with loss of full-length 223 

protein due to premature termination. Upon NV treatment, REP1 staining became clearly detectable 224 

and comparable in distribution to that observed in positive control cells. Importantly, rescue was 225 

observed across distinct nonsense variants, indicating that NV activity is not restricted to a single 226 

sequence context. The magnitude of rescue was similar to that achieved with PTC124 under identical 227 

conditions. 228 



 229 

Figure 7. Immunofluorescence analyses on R253X patient-derived fibroblasts, showing the rescue 230 

of REP1 protein after 72hours at 12 μM NV molecules treatment: A) REP1 protein (green) was 231 

revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody 232 

(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124 233 

was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and 234 

the quantifications were analyzed using GraphPad Prism 6 software, which provided a probability 235 

value (p) of four symbols (****) for p < 0.0001; C) REP1 magnification image of NV848 treated 236 

CHMR253X/y, the arrowhead is showing the correct expression rescue of REP1 protein (green) inside 237 

the cells. 238 



 239 

Figure 8. Immunofluorescence analyses on S190X patient-derived fibroblasts, showing the rescue 240 

of REP1 protein after 72hours of 12 μM NV molecules treatment: A) REP1 protein (green) was 241 

revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody 242 

(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124 243 

was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and 244 

the quantifications were analyzed using GraphPad Prism 6 software, which provided a probability 245 

value (p) of four symbols (****) for p < 0.0001; C) REP1 magnification image of NV914 treated 246 

CHMS190X/y, the arrowhead shows the correct expression rescue of REP1 protein (green) inside the 247 

cells.  248 



 249 

Figure 9. Immunofluorescence analyses on R270X patient-derived fibroblasts, showing the rescue 250 

of REP1 protein after 72 hours of 12 μM NV compounds treatment: A) REP1 protein (green) was 251 

revealed by a specific primary antibody and a fluorochrome-conjugated secondary antibody 252 

(AlexaFluor-488). Nuclei (blue) were stained with DAPI (40,6-diamidino-2-phenylindole). PTC124 253 

was used as a positive control for PTCs readthrough. B) Images were quantified using ImageJ, and 254 

the quantifications were analyzed using GraphPad Prism 6 software, which provided a probability 255 

value (p) of four symbols (****) for p < 0.0001; C) REP1 magnification image of NV930 treated 256 

CHMR270X/y, the arrowhead shows the correct expression rescue of REP1 protein (green) inside the 257 

cells. 258 

 259 

Beyond protein restoration, we also assessed whether NV-mediated rescue correlates with correction 260 

of a cellular phenotype associated with REP1 deficiency. Untreated R253X fibroblasts displayed a 261 

high frequency of micronucleated cells (~23%), consistent with genomic instability linked to REP1 262 

loss. Treatment with PTC124 or NV compounds markedly reduced micronucleation frequency, with 263 

NV848 lowering the percentage to ~10%, NV914 to ~15%, and NV930 to ~13.5% (Figure 10). This 264 

reduction represents a substantial normalisation of nuclear morphology compared to untreated 265 

controls. Collectively, these results demonstrate that NV compounds not only restore detectable REP1 266 

protein in patient-derived fibroblasts but also ameliorate a cellular defect associated with REP1 267 

deficiency. The concordance between protein rescue and phenotypic improvement strongly supports 268 

a functionally meaningful translational readthrough in primary cells. 269 

 270 



 271 

Figure 10. Micronucleated cells and their percentage in the cells: examples of micronucleated cells 272 

present in high percentage in untreated CHMR253X/y (a) and NV848-treated CHMR253X/y (b) patient-273 

derived fibroblasts; c) percentage of micronucleated cells for each condition. Data were collected 274 

using ImageJ, and all experiments were analysed using GraphPad Prism 6, which provided a 275 

probability value (p) of three symbols (***) for p < 0.001 and four symbols (****) for p < 0.0001. 276 

 277 

 278 

DISCUSSION 279 

 280 

Nonsense-related diseases (NRDs) arise from nonsense variants, which account for approximately 281 

11% of rare inherited disorders. Such variants cause premature termination codons in gene sequences, 282 

leading to the production of truncated, non-functional proteins. To date, no treatments are available 283 

for these diseases, including Cystic Fibrosis (CF), Choroideremia (CHM), and Duchenne Muscular 284 

Dystrophy (DMD). Although different approaches are now under investigation, among these, the 285 

suppression therapy approach, based on translational readthrough-inducing drugs (TRIDs), is gaining 286 

promising results. Those compounds permit the insertion of a near-cognate tRNA at the PTCs, 287 

allowing the translation of a full-length protein. Our research group has developed three compounds 288 

with readthrough activity, NV848, NV914, and NV930, that show very promising results in vitro and 289 

in vivo. In particular, all three compounds have demonstrated good readthrough activity across cell 290 

lines harbouring distinct nonsense variants [13,19-20].  291 

To investigate the potential biological targets of the three NV compounds and, in addition, possible 292 

interactions with components of the translation machinery, we employed the in vitro reconstituted 293 

model system, PURE-LITE, which enables facile measurement of effects on both readthrough and 294 

termination. Our results (Figure 3) show that, unlike PTC124, which promotes readthrough indirectly 295 

by exclusively inhibiting eRF1/eRF3-mediated termination, NV compounds stimulate readthrough 296 

directly, at very low concentrations relative to PTC124, without affecting termination activity, 297 

suggesting a mechanism that enhances near-cognate suppressor aa-tRNA binding to the stop codon. 298 



As a consequence of these different modes of action, NVs can act additively with PTC124 in 299 

stimulating readthrough, as shown directly for NV848 (Figure 3-D). 300 

We also evaluated protein expression rescue in two Choroideremia nonsense systems to determine 301 

the NVs readthrough activity in this disease. For this purpose, we separately introduced two of the 302 

most common nonsense variants, R253X and R293X, into a plasmid, pRG213610, obtained from 303 

Origene, containing the CHM gene sequence cloned in frame with a tGFP sequence. We used vectors 304 

encoding nonsense variants to engineer H1299 cells, creating a versatile, stable model to determine 305 

the compound concentrations required to induce readthrough. Treatments were carried out at 12, 24, 306 

and 48 μM, and it was ultimately decided to proceed with 12 μM, a concentration that has previously 307 

yielded significant results in our laboratory [13,24]. Immunofluorescence analyses of the generated 308 

models revealed increased REP1 protein expression after 72 hours of chronic treatment with NV848, 309 

NV914, and NV930 (Figures 5-6). Next, we determined the efficacy of the three NV compounds, 310 

administered every 24 hours, in the treatment of primary human fibroblast lines derived from 311 

choroideremia patients carrying one of three nonsense variants (R253X, R270X, or S190X) in the 312 

CHM gene. The results of these new experiments indicated that the NV treatments do not appear to 313 

affect mRNA stabilisation, except for a slight effect observed in cells carrying the R253X mutation 314 

treated with NV914. Regarding CHM expression, all three fibroblast types showed similar responses 315 

to each of the three compounds, with potentially greater responsiveness in cells carrying the R253X 316 

mutation, as evidenced by immunofluorescence analysis (Figures 7-9). Taken together, these data 317 

suggest that NV molecules can restore REP1 protein expression in the two models by compounds 318 

that induce translational readthrough of PTCs. Furthermore, in the CHMR253X/y patient-derived 319 

fibroblasts, fragmented nuclei and micronuclei were clearly observed, and their frequency (23%) 320 

decreased significantly following the treatments with NV molecules (Figure 10), suggesting, in 321 

addition to the restoration of protein expression, a possible functional rescue of REP1 protein.  322 

Collectively, these data demonstrate the potential of NV848, NV914, and NV930 compounds as 323 

effective agents for promoting readthrough of nonsense mutations, either alone, or in combination 324 

with nonsense suppressors acting orthogonally, across different genetic contexts, with a mechanism 325 

distinct from that of PTC124, restoring protein expression in disease-relevant cellular contexts, and 326 

may partially rescue downstream cellular phenotypes associated with REP1 loss. While further 327 

studies will be required to establish long-term functional outcomes and retinal relevance, these 328 

findings highlight NV compounds as promising candidates for nonsense suppression therapy in 329 

Choroideremia and other NRDs. 330 

 331 



Materials and Methods 332 

TRIDs preparation  333 

PTC124 was either synthesised as previously described by Lentini et al. [23] (acid form) or provided 334 

as a gift from PTC Therapeutics as the sodium salt for PURE-LITE experiments. NV848, NV914, 335 

and NV930 were synthesised as described by Pibiri I. et al [13]. For all experiments, NV914 and 336 

NV930 were dissolved in DMSO and subsequently diluted in 1X PBS to 1 mM. A similar procedure 337 

was used for the cellular experiments utilising PTC124 (acid form) and NV848. PTC124 (sodium 338 

salt) and NV848 were dissolved in water for the PURE-LITE experiments.  339 

 340 

PURE-LITE system reagents 341 

The proteins eEF1A, eEF2, eRF1, and eRF3, and the complexes Stop-POST5, Trp-POST5, Trp-TC, 342 

Leu-TC, and RFC were prepared as previously described [16,18], as were the aa-tRNAs not 343 

containing a fluorescent label. Published procedures were used to prepare Atto647- Lys-tRNALys  [21] 344 

and proflavin-labelled Trp-tRNATrp [22]. 345 

 346 

PURE-LITE system assays 347 

Cosedimentation assays:  348 

Cosedimentation assays, performed as described [18], were used to measure elongation by Trp-349 

POST6 formation, using yeast tRNATrp charged with [3H]-Trp for the elongation assay measuring 350 

Trp-POST6 formation (Figure 2A) and yeast tRNALeu charged with [3H]-Leu for the readthrough 351 

assay measuring Stop-POST7 formation. Plate reader assays were used as described to measure 352 

Atto647-labelled pentapeptide release from the ribosome during termination [21] and readthrough 353 

leading to formation of ribosome-bound proflavin-labelled-stop-POST6 [22]. All assays were 354 

performed in Buffer 4 (40 mM Tris HCl, pH 7.5, 80 mM NH4Cl, 5 mM Mg(Ac)2,100 mM KOAc, 355 

and 3 mM β-mercaptoethanol) at 37 °C.   356 

 357 

Cell conditions 358 

Cell culture conditions 359 

  360 

H1299 cells (human non-small cell lung carcinoma cell line), RPE (retinal pigment epithelium) and 361 

HCT116 (human colon rectal tumor 116) were grown in DMEM (Dulbecco’s Modified Eagle 362 

Medium, GIBCO, Waltham, MA, USA) implemented with 10% FBS (fetal bovine serum, GIBCO) 363 

and 1% Penicillin and Streptomycin (Corning, USA), while patient-derived fibroblasts, purchased by 364 

Coriell Institute (New Jersey, USA), characterized separately by S190X, R253X and R270X 365 

nonsense variants were grown in MEM (Minimum Essential Medium Eagle, Thermo Fisher 366 



Scientific, Waltham, MA, USA) implemented with 2% Ultroser G  (Thermo Fisher Scientific, 367 

Waltham, MA, USA), 1% non-essential amino acids (Thermo Fisher Scientific, Waltham, MA, 368 

USA), 1% L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA) and 1% Penicillin and 369 

Streptomycin (Corning, USA). Cells were cultured at 5% CO2 and 37 °C, and media were changed 370 

every 48 hours.   371 

 372 

Plasmid pRG213610 preparation 373 

 374 

The pRG213610 CHMWT-tGFP (Figure S7) plasmid was bought from Origene Technologies, Inc. 375 

(Rockville, US). It was dissolved in 100 μL of D-R-free water, briefly vortexed, and incubated at 376 

room temperature for 10 minutes. The solution was stored at -20 °C. 377 

 378 

Site-directed mutagenesis and Colony PCR 379 

 380 

The site-directed mutagenesis of the pRG213610 CHMWT-tGFP vector with the QuickChange II kit 381 

(Stratagene, CA, USA) allowed the introduction of nonsense mutation c.757C>T (R253X) or 382 

c.877C>T (R293X) in the CHM coding sequence. The assay required the Pfu-Turbo DNA 383 

polymerase, plasmid template, and the following specifically designed couples of oligonucleotides, 384 

CHM-R253X For and CHM-R253X Rev, for the introduction on R253X nonsense mutation, and 385 

CHM-R293X For and CHM-R293X Rev, for the introduction of the R293X nonsense mutation 386 

(Table S1). Reactions were performed as follows: 25 ng of template was incubated with 62.5 ng of 387 

each primer, 1X reaction buffer, 0.5 µl dNTP mix, and 0.5 µl Pfu Ultra from the kit. At the end of the 388 

PCR, 0.5 µl of DpnI enzyme was added, and the reactions were incubated at 37 °C for 1 h. The 389 

plasmids obtained after the mutagenesis reaction were transformed into Top10 E. coli competent 390 

cells, which were plated on LB agar containing ampicillin.  391 

To select plasmid-positive colonies, colony PCR was performed with two pairs of primers, reported 392 

in Tables S1 and S2, CHM For. and CHM Rev. for the R253X variant, and CHM For. and CHM-393 

R293X Rev. for the R293X variant. The expected ~400 bp (for R293X mutation) and 1 kb (for R253X 394 

mutation) amplicons were visualised on a 1% agarose gel using SYBR Green I staining and UV 395 

exposure, and then sequenced by BMR genomics. Only one clone per mutation was used to purify 396 

mutagenized plasmid DNA using the Hi-Pure Plasmid Midi-prep Kit (Thermo Fisher Scientific, 397 

Waltham, MA, USA) according to the manufacturer's instructions. After extraction and purification, 398 

1 μg of each DNA preparation, pCHMR293X-tGFP and pCHMR293X-tGFP, was sent to BMR Genomics 399 

for sequencing. 400 



 401 

 402 

 403 

Cell Transfections 404 

 405 

3×105 H1299 cells were seeded into each well of a 6-well plate (Corning, ME, USA). After 24 h, a 406 

transfection was performed. Specifically, 1 µg of pRG213610 CHMWT-tGFP, 1 µg of pCHMR253X-407 

tGFP, or 1 µg of pCHMR293X-tGFP was diluted separately in 200 µl of DMEM (without supplements). 408 

The transfection reagent Turbofectamine (Thermo Fisher Scientific, Waltham, MA, USA) was 409 

vortexed, and 3 µl was added to each tube containing the different plasmids. The mixtures were 410 

incubated at room temperature for 20 minutes and then dispensed into wells containing H1299 cells. 411 

After 5 h, the medium was replaced. Seventy-two hours later, selection with G418 (Geneticin) at 600 412 

µg/mL was carried out every 72 hours for 15 days. 413 

 414 

Cell DNA extraction 415 

  416 

2 x 105 H1299, H1299 CHMWT-tGFP, H1299 CHMR253X-tGFP, and H1299 CHMR293X-tGFP cells 417 

were seeded and, after 48 h, were detached with trypsin 0.05% (Thermo Fisher Scientific, Waltham, 418 

MA, USA), collected, and pelleted. Lastly, DNA extraction was performed using the PureLink™ 419 

Genomic DNA Mini Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the kit 420 

instructions. For each sample, DNA was quantified using a NanoDrop 2000 (Thermo Fisher 421 

Scientific, Waltham, MA, USA), and its integrity was assessed by electrophoresis on a 1% agarose 422 

gel.  423 

 424 

PCR analysis 425 

  426 

Genomic DNA extracted from each cell line was amplified using DreamTaq DNA Polymerase (5 427 

U/μL; Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. 428 

The primers CHM For. and GFPturbo Rev., which target the plasmid region of interest, were used 429 

for the amplification (see Table S2) of an expected amplicon of 2049 base pairs. The PCR amplicons 430 

were visualised in a 1% agarose TAE 1X gel. 431 

 432 

RNA extraction 433 

RNA extraction from cells was performed using the RNeasy Mini Kit (Qiagen, Germany) following 434 

the manufacturer’s instructions. In detail, fewer than 106 cells were lysed by brief vortexing, and an 435 

in-column DNase treatment was performed. Finally, RNA was eluted in 40 μL of DNase- and RNase-436 

free water. This protocol was used to extract RNA from the different cell cultures, including H1299, 437 

H1299 CHMWT-tGFP, H1299 CHMR253X-tGFP, and H1299 CHMR293X-tGFP, Fibro CHMS190X, 438 



and Fibro CHMR253X. After the extraction for each sample, RNA was quantified using a NanoDrop 439 

2000 (Thermo Fisher Scientific, Waltham, MA, USA), and its integrity was checked by 440 

electrophoresis on a 1% agarose gel with SYBRTM-SAFE DNA Gel Stain (10,000X, Thermo Fisher 441 

Scientific, Waltham, MA, USA) staining and UV exposition.  442 

 443 

Reverse transcription and Real Time PCR 444 

 445 

RNAs extracted from H1299 cells (untransfected or transfected with pRG213610 CHMWT-tGFP, 446 

pCHMR253X-tGFP, or pCHMR293X-tGFP) and from CHMS190X/y fibroblasts and CHMR253X/y fibroblasts 447 

were reverse-transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit 448 

(Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s instructions. Real-449 

time PCR was then performed using the synthesized cDNA. To evaluate TurboGFP expression, 450 

GFPturbo For. and GFPturbo Rev. primers pair were employed, while to evaluate CHM expression 451 

in the primary cell cultures, the primers pair CHM For. and CHM Rev. was used, GAPDH as 452 

housekeeping control, for both analyses, as detailed in Table S2.  453 

For each couple of primers, the reaction mix was assembled as follows: 454 

 PowerUpTM SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, USA): 5 μl;  455 

 Primers (Forward 1 μM + Reverse 1 μM): 2 μl;  456 

 𝐻2ܱ DNase/RNase-free: 1 μl;  457 

 cDNA: 2 µl. 458 

The samples were loaded in triplicate with a final volume of 10 μl each. Lastly, the 96-plate was 459 

centrifuged at 2500 rpm for 5 minutes. The amplification was performed on the QuantStudio3 460 

machine, and the results were analysed using the QuantStudio Design & Analysis Software. 461 

 462 

Protein extraction and western blot analyses 463 

  464 

Protein extraction from H1299 cells (untransfected or transfected with pRG213610 CHMWT-tGFP, 465 

pCHMR253X-tGFP, or pCHMR293X-tGFP) was performed using RIPA lysis solution (Thermo Fisher 466 

Scientific, Waltham, MA, USA) and 1% protease inhibitors (Thermo Fisher Scientific, Waltham, 467 

MA, USA). Cells were lysed by brief up-and-down pipetting. Thus, the mixtures were incubated on 468 

ice at 4 °C for 1.5 h. Then, the samples were centrifuged at 12,000 rpm for 20 min at 4 °C, and the 469 

supernatants were collected and stored at -80 °C. For each sample, a quantification was performed 470 

using the Bradford colorimetric assay.  471 

For the protein analysis, 50 µg of proteins from each sample were loaded onto a 3%-8% SDS-PAGE 472 

gel and electrophoresed at 150 V and 100 mA for 45 minutes. After that, proteins were transferred to 473 

a PVDF membrane (Thermo Fisher Scientific, Waltham, MA, USA) overnight at 4 °C, 12 V, and 50 474 



mA. A 5% non-fat milk in TBS-TWEEN 1X solution (Thermo Fisher Scientific, Waltham, MA, 475 

USA) was used to block for 1 h at room temperature to prevent non-specific binding. The primary 476 

antibodies used were anti-REP1 (sc-23905, 1:1,000, Santa Cruz Biotechnology) and anti-β-actin 477 

antibody (A5441, 1:10,000, Sigma-Aldrich), incubating overnight at 4 °C. After three 15-minute 478 

washes with 1X PBS-Tween, the membranes were then incubated with anti-mouse horseradish 479 

peroxidase (HRP)-conjugated secondary antibody (1:5,000, Thermo Fisher Scientific). Lastly, after 480 

three 15-minute washes with 1X PBS-Tween. Protein detection was conducted by SuperSignal West 481 

Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, MA, USA). To analyse 482 

membranes, Chemidoc XRS (BioRad) and Quantity One software (BioRad) were used. Protein bands 483 

were quantified using ImageJ software (NIH).  484 

 485 

Immunofluorescence analysis 486 

 487 

To assess TurboGFP protein localisation in H1299, H1299 CHMWT-tGFP, H1299 CHMR253X-tGFP, 488 

and H1299 CHMR293X-tGFP cells, as well as REP1 protein localisation in patient-derived fibroblasts 489 

carrying the S190X, R253X, and R270X nonsense variants, 25,000 and 30,000 cells, respectively, 490 

were seeded on coverslips in 12-well plates in duplicate for each condition. Cells were subjected to 491 

chronic treatment with NV848, NV914, and NV930 for 72 h. After treatments, cells were fixed with 492 

ice-cold methanol and washed three times with 1X PBS. To visualise membranes, coverslips were 493 

incubated for 10 minutes at room temperature with anti-WGA AlexaFluor594 conjugated (1:1000). 494 

Permeabilisation was performed using 0.01% Triton X-100 for 10 min, followed by two washes with 495 

1X PBS. Blocking was carried out with 0.1% BSA for 1 h at room temperature. Cells were then 496 

incubated overnight at 4°C with primary antibodies against TurboGFP (1:200, TA150041, Invitrogen, 497 

USA) and REP1 (1:500, Santa Cruz, USA). After three washes with 1X PBS, cells were incubated 498 

for 1 h at room temperature with an Alexa Fluor 488 conjugated anti-mouse secondary antibody 499 

(1:1000; Thermo Fisher Scientific, USA). Nuclei were counterstained with DAPI, and coverslips 500 

were mounted for imaging. Fluorescence images were acquired using a Zeiss Axioskop microscope 501 

at 63X magnification and analysed using ImageJ software (NIH). All experiments were performed in 502 

duplicate. 503 

 504 

Statistics 505 

Data for all experiments were analysed using GraphPad Prism 6. ANOVAs (one or two) test was 506 

performed, which provided a probability value (p) of one symbol (*) for p<0.05, two symbols (**) 507 

for p < 0.01, three symbols (***) for p<0.001, and four symbols (****) for p < 0.0001. 508 
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Supplementary informations 644 

 645 

 646 

Figure S1. Readthrough dependence on NV compound concentrations. The readthrough activity 647 

was measured using the Stop-POST 7 heptapeptide co-sedimentation assay, for up to 100 µM of each 648 

compound. Other concentrations: Stop-POST5 (0.05 µM), eRF1 (0.05 µM), eRF3 (0.1 µM),Trp-TC 649 

(0.25 µM), [3H-Leu]-TC  (0.25µM), eEF2 (1µM), GTP (1 mM). 650 

 651 

 652 

 653 

Figure S2. R253X and R293X nonsense variants insertion and validation by colony PCR and 654 

Sanger Sequencing: a) schematic representation of the nonsense mutations introduced into the CHM 655 

cDNA sequence in the pRG213610 CHMWT-tGFP plasmid; Colony PCR assay to evaluate the 656 



presence of the pRG213610 CHMR293X-tGFP (b) or pRG213610 CHMR253X-tGFP (c) in bacterial 657 

cells. Each lane represents a clone; M: 2-log ladder; C+: positive control (pRG213610 CHMWT 658 

tGFP); C-: No Template control; Sanger sequencing chromatograms showing the substitutions 659 

c.877C>T (R293X) (d) or c.757C>T (R253X) (e) in CHM cDNA. 660 

 661 

 662 

  663 

 664 

 665 

Figure S3. tGFP fluorescence emission after 24 hours post-transfection: the panel shows tGFP 666 

fluorescence 24 hours post-transfection in H1299 cells transfected with pCHMWT-tGFP, while the 667 

H1299 cells transfected with mutagenized plasmids do not show tGFP expression. 668 



 669 

Figure S4. Immunofluorescence analysis: Treatments were performed with PTC124 (a), NV848 (b), 670 

NV914 (c), and NV930 (d) at concentrations of 12, 24, and 48 µM in a stable H1299 CHMR253X-tGFP 671 

cell line. Untransfected H1299 cells and untreated stable cell lines served as negative controls, 672 

whereas G418 at 430 µM served as the positive control. Data for all experiments were analysed using 673 

GraphPad Prism 6, which provided a probability value (p) of two symbols (**) for p < 0.01, three 674 

symbols (***) for p<0.001, and four symbols (****) for p < 0.0001. 675 



 676 

Figure S5. Immunofluorescence analysis: Treatments were performed with PTC124 (a), NV848 (b), 677 

NV914 (c), and NV930 (d) at concentrations of 12, 24, and 48 µM in a stable H1299 CHMR293X-tGFP 678 

cell line. Untransfected H1299 cells and untreated stable cell lines served as negative controls, 679 

whereas G418 at 430 µM served as the positive control. Data for all experiments were analysed using 680 

GraphPad Prism 6, which provided a probability value (p) of one symbol (*) for p < 0.05, two 681 

symbols (**) for p < 0.01, three symbols (***) for p<0.001, four symbols (****) for p < 0.0001. 682 

 683 

 684 

 685 

 686 



 687 

Figure S6. CHM mRNA expression in CHMR253X/y and CHMS190X/y fibroblasts following 72 hours 688 

of chronic treatment: a) an increase in CHMR253X/y transcripts patient patient-derived fibroblast is 689 

revealed after NV914 treatment; b) no increase in CHM S190X/y transcripts patient patient-derived 690 

fibroblast is shown.  Each experiment was analyzed using GraphPad Prism 6, which provided a 691 

probability value (p) of one symbol (*) for p < 0.05. 692 

 693 

 694 

 695 

Figure S7. pRG213610 plasmid map: The vector contains the CHM sequence with an in-frame 696 

sequence for turbo GFP, an Amp cassette for the selection in bacterial cells, and a Neo cassette for 697 

selection in eukaryotic cells. 698 

 699 

 700 

 701 
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 704 

Table S1. Primer sequences for site-directed mutagenesis: primer sequences used for the 705 

introduction of the nonsense variants in the pRG213610 CHMWT-tGFP. 706 

 707 
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 709 

 710 
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 719 

 720 

Table S2. Primer sequences involved in Real-time qPCR and endpoint PCR. 721 

 722 

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′ 

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 Rev. 5’-CTTGAAGTGCATGTGGCTGT-3’ 


