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Myotonia congenita (MC) is an inherited rare disease characterized by impaired muscle relaxation after contraction, resulting in muscle stiffness. It is caused by loss-of-function mutations in the skeletal muscle chloride channel ClC-1, important for the stabilization of resting membrane potential and for the repolarization phase of action potentials. Thanks to in vitro functional studies, the molecular mechanisms by which ClC-1 mutations alter chloride ion influx into the cell have been in part clarified, classifying them in “gating-defective” or “expression-defective” mutations. To date, the treatment of MC is only palliative because no direct ClC-1 activator is available. An ideal drug should be one which is able to correct biophysical defects of ClC-1 in the case of gating-defective mutations or a drug capable to recover ClC-1 protein expression on the plasma membrane for trafficking-defective ones. In this study, we tested the ability of niflumic acid (NFA), a commercial nonsteroidal anti-inflammatory drug, to act as a pharmacological chaperone on trafficking-defective MC mutants (A531V, V947E). Wild-type (WT) or MC mutant ClC-1 channels were expressed in HEK293 cells and whole-cell chloride currents were recorded with the patch-clamp technique before and after NFA incubation. Membrane biotinylation assays and western blot were performed to support electrophysiological results. A531V and V947E mutations caused a decrease in chloride current density due to a reduction of ClC-1 total protein level and channel expression on the plasma membrane. The treatment of A531V and V947E-transfected cells with 50 µM NFA restored chloride currents, reaching levels similar to those of WT. Furthermore, no significant difference was observed in voltage dependence, suggesting that NFA increased protein membrane expression without altering the function of ClC-1. Indeed, biochemical experiments confirmed that V947E total protein expression and its plasma membrane distribution were recovered after NFA incubation, reaching protein levels similar to WT. Thus, the use of NFA as a pharmacological chaperone in trafficking defective ClC-1 channel mutations could represent a good strategy in the treatment of MC. Because of the favorable safety profile of this drug, our study may easily open the way for confirmatory human pilot studies aimed at verifying the antimyotonic activity of NFA in selected patients carrying specific ClC-1 channel mutations.
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1 INTRODUCTION
A delay in muscle relaxation after a prolonged contraction is the main characteristic of myotonia congenita (MC), one of the most common skeletal muscle channelopathies affecting patients with a prevalence of 1–9/100.000 worldwide (Dunø and Vissing, 2005). Clinically, MC should be suspected in individuals who presented episodes of muscle stiffness, myotonic contraction elicited by muscle percussion, and stiffness amelioration by brief exercise (warm-up phenomenon) (Stunnenberg et al., 2020). MC is caused by loss of function mutations in the CLCN1 gene, coding for the voltage-gated chloride channel ClC-1. This channel is expressed almost exclusively in the skeletal muscle, where it represents the main contributor to the large resting membrane conductance that is crucial for the correct membrane repolarization and propagation of action potential (Maggi et al., 2021).
To date, more than 300 pathogenic mutations are identified in the CLCN1 gene (Human Gene Mutation Database, 2022; http://www.hgmd.cf.ac.uk/ac/index.php), which are scattered over the entire human ClC-1 protein, including the cytosolic N- and C-terminal regions and the transmembrane domains. Most of the mutations functionally characterized so far are predicted to alter ClC-1 channel gating properties or to reduce channel surface expression, classifying them in “gating-defective” or “expression-defective” MC mutations. The former includes various alterations of channel functions, including a shift of the voltage dependence of fast or slow gating, reduced single-channel conductance, and altered ion selectivity. The latter can be a consequence of altered synthesis, defective folding, impaired membrane trafficking, or defective stability at the plasma membrane (Weinberger et al., 2012; Desaphy et al., 2013; Imbrici et al., 2016; Jeng et al., 2020). In both cases, the reduced chloride influx hampers membrane repolarization after an action potential and generates the typical myotonic runs of action potentials (Altamura et al., 2020a).
Given the pathogenesis of MC, the ideal drug to treat this disorder should be able to restore the sarcolemma chloride current. Unfortunately, no drug is known with such a mechanism of action. Hence, the current therapeutic approach for myotonia relies on drugs able to dampen the skeletal muscle hyperexcitability through inhibition of voltage-gated sodium channels, thus relieving patients’ symptoms. For instance, the effectiveness of mexiletine and lamotrigine has been demonstrated in randomized clinical trials, while other sodium channel blockers have proved beneficial in open cohort studies and case reports (Statland et al., 2012; Lo Monaco et al., 2015; Andersen et al., 2017; Arnold et al., 2017; Stunnenberg et al., 2018; Desaphy et al., 2021). These drugs can be effective in reducing muscle stiffness and transient weakness in MC patients. Mexiletine is the only drug indicated for MC, but its use is limited by country-dependent availability, contraindications, intolerable side effects, and suboptimal response in more than 30 % of patients. In this context, we are searching for drugs that may correct the defect of myotonic ClC-1 mutants, focusing here our attention on potential pharmacological chaperones that may increase the plasma membrane expression of trafficking-defective mutants.
To date, at least 11 MC mutations are associated with ClC-1 proteostasis impairment (Altamura et al., 2020b; Jeng et al., 2020). This number is likely underestimated as targeted biochemical analyses are lacking for a number of other ClC-1 mutants (Jeng et al., 2020). In our experience, 10 out of 24 ClC-1 functionally characterized mutations revealed a drastic reduction of chloride current density, suggesting a defect in ClC-1 proteostasis (Desaphy et al., 2013; Imbrici et al., 2015; Altamura et al., 2018a; Altamura et al., 2020b). In the current study, we selected the well-known p. A531V and the recently characterized p. V947E mutations for pharmacological investigation. The p. A531V mutation located in helix O does not affect ClC-1 gating but causes enhanced proteasomal protein degradation and reduced membrane expression (Papponen et al., 2008; Desaphy et al., 2013; Lee et al., 2013; Chen et al., 2015). Similarly, the p. V947E mutation in the C-terminus showed a 55% reduction of chloride currents but no change in voltage dependence compared to WT (Altamura et al., 2018a).
Because activators of ClC-1 channels are dramatically lacking, we tested the chaperone activity of a potent but reversible inhibitor of the channel, the nonsteroidal anti-inflammatory drug niflumic acid (NFA), on A531V and V947E mutant channels. Although the inhibitory activity is neither required nor desirable, many pharmacological chaperones are reversible competitive inhibitors or antagonists of their target proteins. In this study, we show that NFA reversibly blocked the ClC-1 channel when the drug was applied acutely, whereas it can act as a pharmacological chaperone after prolonged exposure.
The results provide evidence that small ClC-1 channel ligands might be useful for restoring the activity of poorly expressed MC mutants, with the perspective to offer a personalized medicine to the myotonic individuals carrying such mutations.
2 MATERIALS AND METHODS
2.1 Site-directed mutagenesis, cell culture, and transient transfection
The c.1592C>T (p.A531V) and c.2840T>A (p.V947E) mutations were, respectively, introduced into the plasmid pRcCMV-hClC-1 and pcDNA3.1/V5-His TOPO TA containing the full-length wild-type (WT) hClC-1 cDNA using the QuickChange™ site-directed mutagenesis kit (Stratagene Cloning Systems), as previously described (Desaphy et al., 2013; Altamura et al., 2018a). Sequencing of the complete coding region of the cDNA was performed to exclude polymerase errors. Human embryonic kidney (HEK293) cells were grown in Dulbecco’s modified Eagle’s medium Plus (DMEM+) containing DMEM, 10% fetal bovine serum, 5% penicillin–streptomycin, and 5% L-Glutamine and were maintained at 37°C in a 5% CO2/95 % O2 atmosphere. Transient transfection was performed by using the calcium-phosphate precipitation method. A mixture of hClC-1 (0.5 μg/ml) and CD8 reporter plasmids (0.1 μg/ml) was added to HEK293 cells plated into 100 mm dishes. After 24 h, HEK cells were seeded into 60 mm dishes for patch-clamp experiments or maintained in 100 mm dishes for biochemical experiments. For investigating chaperone effects, cells were then incubated for 24 h in DMEM + supplemented with 30–50–100 μM NFA (Sigma-Aldrich) dissolved in dimethylsulfoxide (final DMSO concentration 0.03%) or with 0.03% DMSO alone. For investigating acute effects, the HEK cells were seeded into 60 mm dishes containing DMEM+ and were used for patch-clamp experiments 48–72 h after transfection.
2.2 Patch-clamp experiments
Only transfected HEK293 cells decorated with anti-CD8 antibody-coated microbeads (Dynabeads M450, Invitrogen) were used for standard whole-cell patch-clamp recordings at room temperature (∼20°C) using an Axopatch 200B amplifier (Axon Instruments). The extracellular solution contained (in mM) 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, and 5 HEPES, and the pH was adjusted to 7.4 with NaOH. The pipette solution contained (in mM) 130 CsCl, 2 MgCl2, 5 EGTA, and 10 HEPES, and the pH was set at 7.4 with CsOH. The equilibrium potential for chloride ions was about −2.8 mV, and cells were clamped at the holding potential (HP) of 0 mV. Patch-clamp pipettes were pulled from borosilicate glass using the PC-100 puller (Narishige) and had a resistance lower than 3 MΩ. Currents were low-pass-filtered at 2 kHz and digitized with sampling rates of 50 kHz using a Digidata 1550B AD/DA converter (Axon Instruments). Chloride currents were recorded ∼2 min after achieving the whole-cell configuration to allow the pipette solution to equilibrate with the intracellular solution. The voltage-dependent channel activity was measured by applying specific voltage step pulses from −150 mV to + 150 mV in 10 mV intervals. Each voltage step was followed by a voltage step at −105 mV to evoke tail currents. Voltage steps were applied every 3 s to allow complete recovery of the current amplitude at the HP between two pulses.
The instantaneous and steady-state current–voltage relationships were drawn by measuring instantaneous and steady-state current densities (pA pF–1) at the beginning (∼1 ms) and end (∼390 ms) of each voltage step. The total apparent open probability (Po) for WT and mutant channels was obtained from the normalized peak tail currents. The voltage dependence of channel activation was determined by plotting Po as a function of the voltage of the conditioning test pulses. The data points were fitted with a Boltzmann function:
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where Pmin is the minimal value of Po, V0.5 is the half-maximal activation potential, and k is the slope factor. Data were analyzed offline by using pClamp 11.1 (Axon Instruments) and SigmaPlot 10 (Systat Software GmbH) software.
To study the acute effects of NFA (50 µM), the cells were perfused with a control or drug-supplemented bath solution during patch-clamp recording. To study the effects after 24 h of incubation, cells were washed several times with a control bath solution before recording whole-cell chloride currents.
2.3 ClC-1 protein expression
The total ClC-1 protein expression was measured in transfected HEK293 cells after 24 h incubation with 50 μM NFA or 0.03 % DMSO. After incubation, cells were harvested in 200 μl of cold RIPA buffer (20 mM Tris-HCl, 150 mM NaCl, 1,5% Non-idet P-40, 100 mM sodium orthovanadate, 10 mg/ml PMSF, and a protease inhibitor cocktail) and placed for 10 min in ice. To complete cell lysis, suspensions were passed through the needle of a syringe 10 times. After 15 min in ice, cell lysates were centrifuged at 14,000 rpm for 30 min at 4°C, and the supernatant was collected. Total protein amounts were quantified by using a BCA protein assay kit (Bio-Rad, Hercules, CA, United States).
2.4 Biotinylation of cell-surface proteins
Biotinylation experiments were performed to measure plasma and cytosolic ClC-1 protein expression in WT and V974E transfected cells after 24 h incubation with 50 μM NFA or 0.03% DMSO using a Cell Surface Protein Isolation Kit (Pierce, Rockford, IL, United States). Briefly, cells were washed twice with ice-cold PBS, and sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate (Sulfo-NHS-SS-biotin) was added to label cell-surface proteins. A quenching solution was used to quench excess biotin. Cells were treated with the lysis buffer and centrifuged at 10,000 g for 2 min at 4°C. The clear supernatant was reacted with immobilized NeutrAvidin gel slurry, in columns, for 60 min at room temperature. After centrifugation, cytoplasmic proteins were recovered from the flow-through, while surface proteins were eluted in a sample buffer containing dithiothreitol. Protein amounts were quantified by using a PierceTM BCA Protein Assay Kit, Reducing Agent Compatible (Thermo Scientific, United States), and then used for western blot experiments.
2.5 Western blot analysis
Total proteins or surface and cytoplasmic proteins (8 μg) were separated on a 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes for 1 h at 200 mA (SemiDry transferblot; Bio-Rad). Afterward, membranes were blocked for 2 h with 0.2 M Tris-HCl, 1.5 M NaCl, pH 7.4 buffer (TBS) that contained 5% nonfat dry milk and 0.5% Tween-20 and incubated overnight at 4°C with rabbit anti-CLCN1 antibody (ab189857, Abcam) diluted 1:500 and monoclonal mouse anti-Actin (Sc-47778, Santa Cruz Biotechnology) diluted 1:300 with TBS containing 5% nonfat dry milk. Then, membranes were washed with TBS containing 0.5% Tween-20 (TTBS) and incubated for 1 h with goat anti-rabbit and anti-mouse IgG conjugated to horseradish peroxidase (Biorad). After a wash with TTBS, membranes were developed with a chemiluminescent substrate (Clarity Western ECL Substrate; Bio-Rad) and visualized on a Chemidoc imaging system (Bio-Rad).
Densitometric scans of western blots were quantified by using ImageJ Lab software (Bio-Rad), which allows the chemiluminescence detection of each experimental protein band to obtain the absolute signal intensity automatically adjusted by subtracting the local background. For total protein expression, density was standardized as the ratio of the ClC-1 signal to the cognate β-actin signal. For the biotinylation assay, the distribution of ClC-1 was quantified by calculating the ratio of surface proteins to the sum of surface and cytoplasmic proteins. Quantitative analysis was performed from three independent experiments.
2.6 Statistical analysis
Data are shown as box-and-whisker plots with the central line in the box representing the median and the dashed line representing the mean, while the box shows the interquartile range, with the whiskers indicating the 90th and 10th percentiles. The significance of the difference between the two groups was tested using Student’s t-test, whereas means from multiple groups were compared using the one-way ANOVA analysis, followed by Bonferroni’s t-test. All statistical analyses were performed using GraphPad Prism5 (GraphPad Software Inc.).
3 RESULTS
3.1 Basic chloride current differences between wild-type, A531V, and V947E mutants
Previous studies have demonstrated that A531V and V947E mutant channels show a drastic reduction of chloride currents, although the voltage dependence appeared similar to that of WT (Desaphy et al., 2013; Lee et al., 2013; Altamura et al., 2018a). Such effects were confirmed in the current study, demonstrating that the instantaneous and steady-state current amplitudes were greatly reduced through the entire voltage range for A531V and V947E compared with WT (Table 1). The voltage dependence of activation of A531V and V947E mutant channels was similar to that of WT, confirming previous results (Table 1).
TABLE 1 | Biophysical parameters of hClC-1 WT and MC mutants.
[image: Table 1]3.2 Acute effect of niflumic acid on ClC-1 A531V and V947E mutants
We previously determined the concentration–response relationship of NFA block on WT chloride currents, demonstrating that the acute application of NFA inhibited the WT ClC-1 steady-state current with an IC50 of ∼97 μM at −90 mV and that this inhibition was rapid in onset and completely reversed in less than 5 min upon washout (Altamura et al., 2018b).
Here, we evaluated the acute effect of NFA at the concentration of 50 μM on WT and mutant channels (Figure 1). As shown in Figure 1, the acute application of 50 μM NFA in HEK cells transfected with WT ClC-1 channels caused a significant reduction of steady-state chloride currents at −90 and +60 mV of 40 and 15 %, respectively (Figures 1A,B). The A531V and V947E mutants showed a sensitivity to 50 μM NFA similar to that of WT, suggesting that these mutations did not alter NFA binding to the ClC-1 chloride channel (Figures 1A,B). In addition, the acute application of NFA induced a significant shift of voltage dependence toward more positive potentials for WT (≈27 mV) and mutant channels (≈40 mV for A531V and ≈37 mV for V947E) (Figure 1C). Effects of NFA on WT and mutant channels were fully reversible (not shown).
[image: Figure 1]FIGURE 1 | Acute application of NFA on WT, A531V, and V947E ClC-1 chloride channels. (A). Representative traces of WT, A531V, and V947E chloride currents at −90 and +60 mV before (in black) and after (in red) the application of 50 µM NFA. (B). Percentage of block of instantaneous and steady-state chloride current for WT, A531V, and V947E mutants measured at −90 mV and +60 mV induced by NFA 50 µM. (C). Values of V0.5 (half-maximal activation potential) of WT, A531V, and V947E channels before and after the application of NFA. Each dot represents the V0.5 value obtained from a single recording. Data are shown as box-and-whisker plots. Median (solid line); mean (dash line); and 10th, 25th, 75th, and 90th percentiles are indicated. The number of examined cells is reported in brackets. Asterisk denotes a significant difference compared with the relative control condition (*p < 0.05).
3.3 Chaperone effect of niflumic acid on A531V and V947E ClC-1 mutants
The chaperone effect of NFA was tested at the concentrations of 30, 50, and 100 μM because these values fall within the range of therapeutic blood concentrations used in humans (Schulz et al., 2012). Preliminary experiments performed on A531V mutant channels using 100 µM of NFA showed that NFA incubation induced an increase of A531V chloride currents more than 10-fold at −90 mV (Supplementary Figure S1). After 24 h of incubation with 50 μM NFA (and drug washout), the current density was not significantly altered for WT but showed a drastic significant increase of more than 5-fold for A531V and 3-fold for V974E, restoring the chloride current density similar to that of WT (Figures 2A,B). No significant difference was observed in the voltage dependence, suggesting that incubation with NFA increased protein membrane expression without altering the function of ClC-1 (Figure 2C). Conversely, the treatment of transfected cells with 30 µM NFA did not induce any significant effects on A531V and V947E chloride current densities (Supplementary Figure S2). The next biochemical experiments were thus performed using 50 µM NFA.
[image: Figure 2]FIGURE 2 | Chaperone effect of NFA on WT, A531V, and V947E ClC-1 chloride channels. (A). Representative traces of WT, A531V, and V947E chloride currents before and after the incubation of 50 µM NFA for 24 h. (B). Values of instantaneous and steady-state chloride currents of WT, A531V, and V947E mutants measured at −90 and +60 mV before and after the incubation with NFA 50 µM. (C). Values of V0.5 (half-maximal activation potential) of WT, A531V, and V947E channels before and after the incubation of NFA. Each dot represents the V0.5 value obtained from a single recording. Data are shown as box-and-whisker plots. Median (solid line); mean (dash line); and 10th, 25th, 75th, and 90th percentiles are indicated. The number of examined cells is reported in brackets. (*at least p < 0.05 vs WT CTRL, # at least p < 0.05 vs its relative CTRL).
Since a difference in current densities might be explained by different levels of channel protein expression, we studied the effects of NFA on WT and V947E mutant proteins using the western blotting analysis and the biotinylation assay. Quantitative analysis of the total protein amount showed a significant difference between WT and V947E mutant channels, with a 40% of reduction in the V947E protein expression level (Figures 3A,B). In addition, biotinylation experiments revealed an altered V947E protein distribution between the plasma membrane and cytoplasmic compartments. The fraction of the V947E mutant channel reaching the plasma membrane was reduced by about 40% compared to WT, in full agreement with the reduction of V947E chloride currents. Incubation of V947E-transfected cells with 50 µM NFA for 24 h induced an increase in V947E total protein expression, restoring the mutant protein amount to a level similar to those of WT (Figure 3A,B). In parallel, an enhanced V947E protein expression at the plasma membrane level was detected in response to 50 µM NFA incubation, showing a subcellular distribution more similar to that of WT (Figure 3C,D).
[image: Figure 3]FIGURE 3 | ClC-1 protein expression in HEK293T cells transfected with WT and V947E ClC-1 channels and effects of 50 µM NFA incubation for 24 h. (A). Representative western blot of total ClC-1 and β-actin proteins from transfected HEK293T with WT and V947E in the absence or presence of 50 μM NFA. (B). Quantification of ClC-1 total protein expression level. The ClC-1 signal of each column was standardized to the β-actin signal and normalized to WT on the same blot. Each bar is the mean ± S.E.M. from three independent experiments. Asterisks denote a significant difference (p < 0.05) between V947E in the control condition and after NFA treatment. (C). Representative western blot of surface and cytoplasmic ClC-1 and β-actin proteins obtained from the biotinylation assay of transfected HEK293T cells incubated for 24 h in the absence or presence of 50 μM NFA. (D). Quantification of surface and cytoplasmic ClC-1 protein distribution. Each bar is the mean ± SD from three independent experiments (*at least p < 0.05 vs WT in the control condition, # at least p < 0.05 vs V947E in the control condition).
In addition, we tested the chaperone activity of 9-anthracene carboxylic acid (9-AC) on WT and A531V-transfected cells. This drug inhibited human ClC-1 channels with an IC50 of 24 ± 5 μM at −90 mV (Altamura et al., 2018b). After 24 h incubation with 30 μM 9-AC, the current density of A531V channels was increased by about 60%, whereas no significant difference was observed for WT (Supplementary Figure S3). The voltage dependence did not alter, suggesting that treatment with 9-AC increased protein membrane expression without altering the function of ClC-1 (Supplementary Figure S3).
4 DISCUSSION
The pathomechanism of a number of MC mutations has been attributed to disruption of the proteostasis of the ClC-1 chloride channel, which entails a reduction of ClC-1 protein abundance at the plasma membrane.
Like other membrane proteins, the mechanisms governing ClC-1 proteostasis comprise translational and post-translational regulation, which control the concentration, conformation, interaction, and subcellular localization of ClC-1 proteins. These proteins are exposed to different post-translational controls, which include protein quality control at the endoplasmic reticulum (ER quality control), ClC-1 membrane trafficking, and protein turnover at the plasma membrane.
As far as these processes are concerned, the most comprehensive analyses regarded p. A531V, a recessively inherited mutation found in northern Finland, Scandinavia, and more recently in Italy (Papponen et al., 1999; Sun et al., 2001; Brugnoni et al., 2013). This ClC-1 mutant displayed a dramatically diminished whole-cell chloride current density, a striking reduction in the total protein expression level, and a significantly shorter protein half-life (Desaphy et al., 2013; Lee et al., 2013). It was thus suggested that the A531V mutation severely impairs protein folding, which renders most of the mutant proteins undesirable for the quality control systems at the ER, Golgi, and plasma membrane, shifting ClC-1 proteostasis toward the degradation pathway (Chen et al., 2015; Peng et al., 2016). Recently, the functional characterization of MC mutations located in the C-terminus of the channels has allowed us to identify new ClC-1 mutations with a likely defect in proteostasis. The valine to glutamate substitution at residue 947 resulted in a substantial reduction of chloride current density, despite a voltage dependence of channel activation indistinguishable from that of WT (Altamura et al., 2018a). In this study, the combination of functional studies with biochemical experiments revealed a decrease in total V947E protein levels and an impaired distribution of the ClC-1 channel between the cytoplasm and plasma membrane, confirming a deficiency in proteostasis.
A promising strategy to treat protein-misfolding channelopathies consists in the use of pharmacological chaperones. These molecules are reversible small compounds able to bind misfolded proteins, allowing the escape from the ER quality control and routing of the target protein towards the plasma membrane (Tran et al., 2020). Several pharmacological chaperones have entered the clinical practice in rare diseases caused primarily by protein instability. For instance, VX-809 (lumacaftor) and the newest VX-661 (tezacaftor) have been approved by FDA as pharmacological chaperones for the treatment of cystic fibrosis, acting on the F508del mutation of CFTR associated with protein misfolding (Southern et al., 2020).
Regarding ClC-1, the availability of compound selectively targeting ClC-1 proteins is currently limited. Only ClC-1 blockers have been discovered, such as 9AC and NFA, whereas no direct activator is known (Estévez et al., 2003; Altamura et al., 2018b). NFA is a small molecule belonging to the nonsteroidal anti-inflammatory drugs, commonly used clinically for the treatment of rheumatoid arthritis and the relief of chronic and acute pain conditions (Shichikawa et al., 1999). We previously showed that NFA inhibits the ClC-1 channel quickly and reversibly, probably by binding to a preferential pocket containing the two amino acidic residues R421 and F484 (Altamura et al., 2018b). Most probably, 9-AC binds to the same caver as NFA (Estévez et al., 2003; Altamura et al., 2018b; Wang et al., 2019). In the ClC-1 homology model, A531 and V947 residues are positioned far from the binding pocket of drugs, suggesting that these mutations may not alter binding to the protein. Accordingly, NFA reversibly inhibited A531V and V947E chloride currents to a similar extent as WT. The incubation of transfected cells with NFA for 24 h determined an increase in A531V and V947E current density, resulting from the rescue of ClC-1 protein expression and subcellular distribution. A similar effect was obtained with 9-AC on A531V currents. Because of the pleiotropic effects of NFA on various ion channels and intracellular signaling (Scott-Ward et al., 2004; Balderas et al., 2012; Marwaha et al., 2016), we cannot exclude that part of the chaperone activity of NFA on trafficking-defective ClC-1 channels may be indirect. However, since both NFA and 9-AC had chaperone activities, it is likely that binding to ClC-1 channels is involved in the chaperone activity.
Thus, ClC-1 channel ligands can work as pharmacological chaperones to rescue pathogenic trafficking-defective ClC-1 variants.
Despite the use of transfected HEK cell lines that could present some limitations, different studies have previously elucidated the proteostasis of ClC-1 channels in HEK cells and demonstrated the existence of a similar network in the rat skeletal muscle (Peng et al., 2016, 2018; Jeng et al., 2020). Nevertheless, further studies on primary human muscle cells or iPSC-derived muscle cells from patients carrying such mutations would be of great interest to support the hypothesis of the chaperone activity of NFA.
Although 9-AC lacks direct therapeutic interest because of its toxicity, NFA is a widely used drug, available over the counter in many countries. Importantly, the concentration of NFA exerting the chaperone effect (50 µM) falls within the range of therapeutic blood concentrations in humans (2–35 μg/ml corresponding to 7–124 µM) (Schulz et al., 2012), suggesting a possible repurposing. However, NFA acutely blocks ClC-1 chloride currents; thus, the net effect of the drug on skeletal muscle conductance in vivo remains to be investigated. To this issue, we may postulate that longer exposure at lower doses or small chemical modifications of NFA might prevent its blocking activity but preserve its chaperone effect allowing protein binding, stabilization, and trafficking. Several experiments have been carried out following this direction: for instance, in long QT syndrome, the use of terfenadine carboxylate (fexofenadine), which differs from terfenadine by only a single carboxylic group, induced the recovery of trafficking defective HERG mutants with lower potency for the HERG block (Rajamani et al., 2002). Furthermore, the recent clarification of the binding sites of 9-AC and NFA in ClC-1 will pave the way for the rational design and screening of novel ClC-specific compounds useful for the treatment of ClC-1-associated diseases (Altamura et al., 2018b).
It is worth noting that a number of trafficking-defective ClC-1 channels might remain functionally inactive once rescued to the plasma membrane. For instance, the G411C mutation disrupted the folding of the ClC-1 protein, making the chloride channels both trafficking-defective and nonfunctional (Altamura et al., 2020b). In this case, the drug should be able to not only restore cell surface expression but also improve channel functions. Hence, it is important to increase the comprehension of the molecular mechanisms underlying MC mutations to address the discovery of drugs targeting specific mutant channel defects.
In conclusion, this study provides a proof of concept for the use of pharmacological chaperones in myotonic patients carrying trafficking-defective ClC-1 mutations. The next step will be to verify whether such an effect may be replicated in primary human muscle cells or iPSC-derived muscle cells from trafficking-defective ClC-1 patients as well as in vivo.
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