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Abstract

:

Most of the ~2100 CFTR variants so far reported are very rare and still uncharacterized regarding their cystic fibrosis (CF) disease liability. Since some may respond to currently approved modulators, characterizing their defect and response to these drugs is essential. Here we aimed characterizing the defect associated with four rare missense (likely Class II) CFTR variants and assess their rescue by corrector drugs. We produced CFBE cell lines stably expressing CFTR with W57G, R560S, H1079P and Q1100P, assessed their effect upon CFTR expression and maturation and their rescue by VX-661/VX-445 correctors. Results were validated by forskolin-induced swelling assay (FIS) using intestinal organoids from individuals bearing these variants. Finally, knock-down (KD) of genes previously shown to rescue F508del-CFTR was assessed on these mutants. Results show that all the variants preclude the production of mature CFTR, confirming them as Class II mutations. None of the variants responded to VX-661 but the combination rescued H1079P- and Q1100P-CFTR. The KD of factors that correct F508del-CFTR retention only marginally rescued R560S- and H1079P-CFTR. Overall, data evidence that Class II mutations induce distinct molecular defects that are neither rescued by the same corrector compounds nor recognized by the same cellular machinery, thus requiring personalized drug discovery initiatives.
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1. Introduction


Cystic fibrosis (CF) is the most common lethal genetic recessive disorder among Caucasians [1], affecting 1:2500–6000 newborns, depending on the geographic region [2]. CF is caused by mutations in the CF transmembrane conductance regulator (CFTR) gene [3,4], which encodes a cAMP-regulated chloride (Cl-) and bicarbonate (HCO3-) channel expressed at the apical membrane of epithelial cells [5], that also regulates other channels and transporters [6]. CF-causing mutations disrupt CFTR traffic and function leading to abnormal ion transport and causing dehydration of the airway surface liquid [7].



Although more than 2100 variants have been reported to date in the CFTR gene [8], disease liability is only confirmed for about 360 [9]. The most common mutation—F508del—is present in 80% of individuals with CF worldwide [8,9,10]. This mutant causes CFTR misfolding leading to endoplasmic reticulum (ER) retention by the ER quality control (ERQC), premature degradation and failure to reach the plasma membrane (PM). Identification of small molecules that rescue F508del-CFTR defect resulted in the approval of three corrector drugs currently available for individuals with CF: VX-809 (lumacaftor), VX-661 (tezacaftor) or VX-445 (elexacaftor—combined with VX-661), all used in combination with VX-770 (ivacaftor), a gating potentiator [11,12,13]. Ultimately, all variants result in abnormal Cl- secretion by epithelial cells and, according to the impact in CFTR, they may result in “classical” or “atypical” forms of CF disease, associated with total absence or residual Cl- transport through CFTR, respectively [14,15].



Among such a large number of variants, many of them are very rare due to their low frequency (over 1000 CFTR mutations exist in less than five individuals with CF worldwide) and have unknown impact in terms of their molecular defect and disease liability [16]. To better tackle this high number of mutations regarding their therapeutic rescue, they have been grouped into seven classes [10] according to their functional defect and ideally to be targeted by the same therapeutic strategy—‘theratypes’ [17]. The rationale to group the mutations into theratypes is that the same therapeutic approach can rescue mutants within the same class [10]. Although this classification is helpful, it is still missing for most rare variants—for which the underlying defect is uncharacterized. As at least some of these rare variants are likely respond to approved CFTR modulators [10,18], there is an unmet need to characterize them and their responsiveness to rescuing strategies [18,19,20].



Here we focused on four rare missense variants that, due to their location within CFTR structure, are likely to impair CFTR trafficking: W57G, R560S, H1079P and Q1100P. Our aim was to characterize these variants in terms of impact upon CFTR expression and maturation, response to the approved modulators both in cellular models and, when available, patient-derived materials from individuals with CF bearing these variants. Furthermore, we also aimed to understand whether each of the mutations shared the same cellular mechanisms as F508del (also a Class II mutation). To this end, we used a siRNA-based approach targeting genes that, when knocked-down (KD), rescue F508del [21,22,23,24,25].



Altogether the data presented here illustrate how complementary in vitro and ex vivo studies can contribute to understand the defect of rare CFTR mutations and to assess their responsiveness to CFTR modulator drugs for possible translation into clinical use. Furthermore, our data show that the knowledge about CFTR folding is still insufficient to understand the defect caused by many Class II mutations.




2. Results


2.1. Impact of W57G, R560S, H1079P and Q1100P in CFTR Processing and Their Response to VX-661 and VX-445


To characterize the effect of the four CFTR mutants on trafficking and response to modulators, we developed cellular models expressing each mutation individually. Cells were then incubated for 24h with 5µM VX-661/tezacaftor alone or in combination with 3 µM VX-445/elexacaftor or DMSO 0.1% (v/v), as the vehicle control. In parallel, these compounds were also tested on F508del-CFTR cells as a control. Total protein was collected, and WB was used to assess the maturation status/rescue of the four CFTR mutants (Figure 1A). Only the immature (Band B) form of CFTR was detected in control conditions for all CFTR mutants, indicating that none of them traffics through the Golgi and thus confirming them as Class II mutations. Contrarily to F508del-CFTR, which is rescued by treatment with VX-661 alone, the treatment with this corrector alone was not enough to correct the processing of any of the four mutants. However, treatment with the combination VX-661 + VX-445 rescued two of them, namely: H1079P and Q1100P at 32% and 29% of wt-CFTR, respectively. Although these levels are significant, they are lower than rescue of F508del-CFTR by the same double corrector combination, i.e., 62% of wt-CFTR (Figure 1A,B). No correction was observed for either W57G-CFTR or R560S-CFTR.



Our results were then validated by WB of intestinal organoids from individuals with CF bearing the following genotypes: CF1 [W57G/3272-26A > G], CF2 [R560S/R560S], CF3 [Q1100P/S4X]. WB analysis of intestinal organoids from CF1 showed that both mature and immature forms of CFTR were detected (Figure 1C,D) either in control cells or in cells treated with CFTR modulators. The mature CFTR form detected results from the 3272-26A > G mutation, an alternative splicing mutation from which some normal transcript still results being responsible for the synthesis of a small amount of wt-CFTR protein [26,27]. The lack of response of W57G is evidenced by the absence of any difference following incubation with modulators. CF2 WB data confirm previous results that R560S fail to produce mature CFTR and showed that not even the double corrector combination is able to elicit any correction (Figure 1C). Lastly, as for CFBE Q1100P cells, WB from CF3 organoids treated with the double corrector combination showed appearance of mature CFTR protein. Although the presence of S4X has been described to allow re-initiation of CFTR translation [28,29] and thus to produce some truncated mature protein, this was not detected under control conditions, suggesting that the full-length mature form, detected following the treatment with the two correctors, results from Q1100P rescue.




2.2. VX-661/VX-445 Rescue H1079P- and Q1100P-CFTR Function Both in CFBE Cells and Intestinal Organoids


The effect of the four variants upon CFTR function and their response to modulators was assessed using the forskolin-induced swelling (FIS) assay in rectal organoids, as described [30], or the transepithelial transport of polarized cells using Ussing chamber assays. For the FIS assay, organoids were pre-incubated for 24h with the corrector VX-661 alone or in combination with VX-445 and stimulated acutely with forskolin (Fsk) and VX-770, as stated in the figure legend (Figure 2A–C).



Data show that CF1 organoids (W57G/3272-26A > G) evidenced some residual CFTR function which, however, was only detected only at Fsk concentrations of 0.8µM and higher (Figure 2A, black line), most likely due to the 3272-26A > G allele (see above). At 0.128 µM Fsk, potentiator VX-770 alone could already induce significant organoid swelling vs. control (Figure 2A, red vs. black line), that was further increased by pre-treatment with VX-661 or VX-661 + VX-445 (Figure 2A, brown and blue lines, respectively). For CF2 (R560S/R560S), pre-treatment with either VX-661 alone or in combination with VX-445 elicited no CFTR activity, confirming previous WB results (Figure 2B). Results for CF3 organoids (Q1100P/S4X) show significant rescue of CFTR activity in the presence of the triple combination of modulators (Figure 2C, blue vs. black line). No CFTR function could be detected either with VX-661 (Figure 2C, green line) or in the absence of the CFTR drugs (Figure 2C, black line), which is also in agreement with the previous WB results.



Since we had no access to materials from individuals bearing H1079P, we used the cell line expressing this variant in the Ussing chamber assay to evaluate the functional rescue of H1079P following treatment with VX-661 + VX-445 (Figure 2D). Activation of cAMP-dependent CFTR-mediated Cl- secretion by Fsk elicited a typical lumen negative response in CFBE expressing H1079P-CFTR pre-treated with VX-661 + VX-445 (Figure 2D, lower right panel). Whereas in control cells or in those treated with VX-661 alone no CFTR-mediated Cl- secretion could be detected. The functional correction obtained for H1079P-CFTR under the double corrector combination corresponds to ~28% of wt-CFTR function (Figure 2E) which is lower than that obtained for F508del-CFTR under the same conditions (Figure 2D, upper panels). In fact, the functional rescue of F508del-CFTR with VX-661 + VX-445 (under potentiation with Fsk and genistein) is very close to wt-CFTR functional levels.




2.3. Effect of Selected Genes KD in the Rescue of CFTR Bearing Class II Mutations


Several studies have shown that modulation of the cellular trafficking machinery and of specific CFTR interacting proteins promotes the rescue of F508del-CFTR [21,22,23,24,25], thus identifying putative therapeutic targets for its correction. We wondered if this approach would be successful in correcting the four rare Class II mutations under study here. For this, we selected a list of hit genes described to rescue F508del-CFTR to the PM in different studies [21,22,23,24,25] (Table S1) and performed an siRNA-based assay to assess the effect of their knock-down (KD) in cells expressing CFTR bearing these four mutations. Cells were thus subjected to reverse transfection with siRNAs against the selected genes (Table S1). Forty-eight hours after transfection, total protein was collected and used to perform WB. The siRNAs that showed a higher effect on CFTR rescue were then selected, transfected in each cell line, and run in parallel with F508del as a control (Figure 3). Effective KD of the targeted genes was confirmed by RT-PCR (Figure S1).



Transfection with these siRNAs promoted, in general, the appearance of small amounts of fully-processed F508del-CFTR (Figure 3A,B). Among the 4 rare mutants, we were able to detect a significant increase in mature CFTR only in the case of R560S (3 genes) and H1079P (1 gene), although in reduced amounts comparing to F508del-CFTR (Figure 3A). When the genes UBA52, TRIM24 and YWHAE were KD, a small but significant amount of Band C was detected in cells expressing R560S-CFTR. Significant rescue was also detected for H1079P-CFTR under KD of YBX1. For W57G and Q1100P, no significant rescue was detected for any siRNA. These results suggest that, irrespectively of their ability to be rescued by modulator drugs, the folding defects caused by these four Class II mutations are structurally different from the one caused by F508del and/or that the recognition of such defect involves distinct players in the cell.




2.4. Effect of Second-Site Mutations in the Rescue of CFTR Bearing Class II Mutations


Finally, we assessed the ability of second-site mutations (revertants) to rescue the trafficking defect caused by the four mutations under study. Although it is not entirely elucidated yet how misfolded proteins are distinguished by the ER-quality control (ERQC) from the normal proteins for either ER export or degradation, one of the known mechanisms involves the exposure of multiple arginine-framed tripeptides (AFTs) [30]. Abrogation of AFTs (by replacing selected arginine residues with lysine ones) allows mutant proteins to escape the ERQC and reach the cell surface [30]. It has been demonstrated that F508del-CFTR can be rescued by introducing the four mutations R29K, R516K, R555K, and R766K at its 4 AFTs (termed 4RK), without a correction of its folding defect [31]. To understand whether the four Class II CFTR mutants (W57G, R560S, H1079P and Q1100P) could be rescued through this approach, constructs bearing each of the mutants in cis with 4RK were developed (see Methods). HEK 293T cells were transiently transfected with these plasmids, and WB was performed (Figure 4A,B).



Unlike F508del, that was shown by us and others to be partially rescued when in cis with 4RK [24,31], none of the mutations was rescued by the presence of the 4RK in cis. These results suggest that the structural impact of these mutations in CFTR is distinct from that caused by F508del—as the alterations in the AFT motifs do not allow ER escape.





3. Discussion


The high number of variants described in the CFTR gene makes it difficult to predict disease severity for individuals bearing rare mutations and impairs their access to innovative therapies that rescue the underlying basic defect. Here, we characterized four rare CFTR variants in terms of their impact in CFTR expression and function and their response to modulators, particularly to the newly approved highly effective triple combination therapy—Tezacaftor/Elexacaftor/Ivafactor—both in cellular models constitutively expressing four CFTR mutants and in patient-derived materials (intestinal organoids). We also provide some clues on the mechanisms of disease behind these mutations by performing a siRNA-based study to find genes/protein targets possibly rescuing these mutants.



The four variants analyzed (W57G, R560S, H1079P and Q1100P) share the fact that they are extremely rare—two of them (H1079P and Q1100P) are not even listed in the CFTR2 database.



W57G is located in the lasso motif which is known to interact with the membrane trafficking machinery [32]. Mutations in this region are described to cause intracellular retention or abnormal gating [33]. W57G is described in CFTR2 [9] as CF-causing when combined with another CF-causing mutation. W57G mutation exists in a reduced number of individuals with CF (10 in total reported in CFTR2, 7 in heterozygosity with F508del). It is associated with severe CF phenotype, causing pancreatic insufficiency (PI) when combined with another PI-causing mutation. In the Cystic Fibrosis Mutation Database [8], W57G was initially described in an Italian individual, in compound heterozygosity with R352Q. Functional data in CFBE Flp-In cells describe W57G as damaging, having 1% of wt-CFTR function [34]. CF1, described in this study, is the first individual bearing W57G in compound heterozygosity with 3272-26A > G.



R560S is a rare Class II mutation that we previously characterized and determined its lack of response to either lumacaftor or tezacaftor [35]. This mutation is localized in NBD1, close to the signature motif. There are six individuals with CF described in CFTR2 as bearing R560S and it is associated with a severe CF phenotype and with PI when in combination with another PI-causing mutation. We previously analyzed materials from a homozygous individual for R560S (CF2 in this study) confirming that it is a Class II mutation, causing the total abrogation of mature CFTR and complete absence of CFTR function [35].



H1079P is a very rare mutation not described in CFTR2 and only identified in two sister siblings [8] both pancreatic insufficient (PI), and heterozygous for W1282X [8]. H1079P is located in the proximity of the intracellular loop 4 (ICL4), which interacts with NBD1 [33]. Mutations in this region, such as H1054D and L1077P, have been described to disturb the ICL4 structure, leading to processing and gating defects [36].



Q1100P is a very rare mutation, not reported in CFTR2, located in the transmembrane helix 11 (TM11) that forms a hydrophobic pocket with ICL4 where the side chain of F508 is inserted [33]. Q1100P was originally found in a Spanish individual, carrying F508del in the other allele, who is PI and presents severe lung disease [8]. Here we describe CF3, an individual with CF bearing Q1100P in heterozygosity with S4X, also PI.



We first characterized these mutants both in cellular models and in intestinal organoids by determining the levels of immature and mature CFTR by WB in CFBE cells. Data showed that all four mutations affect CFTR protein processing, totally abrogating the production of the mature form (Figure 1), thus placing these mutations in Class II, as F508del. The functional classification prompted us to test whether the approved corrector drugs were able to rescue CFTR mutants. Treatment with VX-661 (lumacaftor) alone was not able to rescue the processing defect caused by any of the mutations.



Treatment with the double corrector combination VX-661 + VX-445 lead to the appearance of mature CFTR in CFBE cells expressing H1079P and Q1100P (Figure 1), to 29% and 32% of wt-CFTR levels for H1079P- and Q1100P-CFTR, respectively. No mature CFTR could be detected for W57G- and R560S-CFTR expressing cells after treatment with the two correctors combination. Biochemical analysis in intestinal organoids from individuals bearing W57G, R560S and Q1100P confirmed the results obtained in CFBE cells.



We then assessed the functional defect associated with these mutations and again their response to modulators. Organoids from CF1 [W57G/3272-26A > G] showed residual CFTR activity at 0.8uM of Fsk, which is most likely due to the presence of some wt-CFTR protein resulting from the 3272-26A > G allele. In fact, we have shown previously that individuals with CF bearing this mutation express low levels of full-length CFTR mRNA and this leads to the appearance of some wt-CFTR at the plasma membrane [27]. Individuals with the genotype 3272-26A > G/F508del have around 5% of normal mRNA and this leads to an attenuated respiratory phenotype [37]. Results from the FIS assay on organoids show some basal CFTR activity and also upon treatment with modulators, which again is probably due to the 3272-26A > G mutation. In fact, this is one of the CFTR mutations eligible for tezacaftor/ivacaftor treatment [38]. No swelling was observed for organoids from CF2 (homozygous for R560S) confirming the biochemical data. Regarding CF3 [Q1100P/S4X], we could only detect significant CFTR activity for organoids co-treated with VX-661 + VX-445, thus confirming the response of Q1100P to modulators observed in the biochemical results. Although S4X could lead to some re-initiation of translation, we discarded this hypothesis as no truncated protein was detected. Being S4X a stop mutation that causes severe disease (according to CFTR2) and thus less likely to respond to correctors and/or potentiators, the observed response can likely be attributed to Q1100P.



For H1079P, due to the unavailability of materials from individuals bearing this mutation, Ussing chamber measurements were performed on cell lines. A significant increase in CFTR function was observed for CFBE cells expressing H1079P-CFTR treated with VX-661 + VX-445. The functional rescue observed corresponded to about 30% of wt-CFTR and it will likely translate into clinical benefit. Considering that the two only individuals described with this mutation are compound heterozygous for W1282X, it is even more likely that they will get benefit VX-661 + VX-445 + VX-770 because, although being a nonsense mutation, its location closer to the C-terminus of CFTR and may allow the existence of some truncated and functional protein [39]. However, the rescue observed for H1079P-CFTR was lower than that in cells expressing F508del-CFTR for the same drug combination, for which correction brings it to almost wt-CFTR levels. The fact that this functional correction for F508del is higher than the one obtained for processing may result from the possible dual role of VX-445/elexacaftor as both a corrector and a potentiator [40].



Our results reinforce the knowledge that not all mutations within the same class respond to the same modulators. The mechanism of action for current correctors is still poorly understood but the fact that H1079P- and Q1100P-CFTR respond to VX-445 (in combination with VX-661) suggests that the compound may bind to CFTR bearing these mutations but not to the abnormal structure elicited by W57G or R560S.



H1079P is located in ICL4, the interaction of which with NBD1 is defective in F508del-CFTR [41] being corrected, at least partially, by VX-809 [42]. A similar mechanism of action is probably occurring for VX-661, given its structural similarity to VX-809. Possibly the pocket created by the change of a Histidine to a Proline is different from that created by the deletion of Phe-508—thus explaining why VX-661 does not rescue H1079P-CFTR. However, the interdomain contacts may still create the putative NBD1 binding site of VX-445, for which the His-620 residue seems to be critical [43]. A similar rationale can be used for Q1100P, which is located in the middle of TM11, possibly influencing structure of ICL4, located in its vicinity, and thus also the NBD1-ICL4 interaction. Considering the limited knowledge regarding the binding site for correctors, the efficacy of each drug seems to be greatly dependent on the available “pockets” in CFTR structure, which are mutation-specific.



To further examine the cellular mechanisms underlying the defect caused by these four mutations, we then explored the ability to rescue them by silencing gene targets that can correct F508del-CFTR trafficking. We confirmed that knocking-down UBA52, TRIM24, YWHAE and YBX1 rescue F508del-CFTR. However, we could only detect rescue of R560S- and H1079P-CFTR by some of these siRNAs. Knock-down of UBA52, TRIM24 and YWHAE lead to the appearance of a faint Band C in cells expressing R560S-CFTR and YBX1 KD led to small (although significant) rescue of H1079P-CFTR.



UBA52 (Ubiquitin-60S ribosomal protein L40) encodes a fusion of ubiquitin with the 60S ribosomal protein L40, which is essential for the translation of a subset of cellular transcripts. Recent studies have shown that regulatory 40S ribosomal ubiquitination is a critical phase of translational control [44]. The effect upon R560S-CFTR may be related to a potential flexibility in translation that allows some mutant CFTR to escape ERQC and reach PM, an effect that is likely to be more pronounced for a NBD1 mutation that seems to be quite difficult to correct [35].



TRIM24 (Transcription intermediary factor 1-alpha) is a transcriptional coactivator that also functions as an E3-ubiquitin ligase. The mechanism by which the KD of TRIM24 leads to the rescue of R560S-CFTR to PM may involve the inhibition of its activity as E3-ubiquitin ligase activity allowing some of the mutant CFTR protein, by accumulating, is able to escape the ER [45].



YWHAE (14-3-3 epsilon) is part of the 14-3-3 family, which includes proteins that bind to phosphorylated substrates, affecting their enzymatic activity, cellular localization, or degradation process. Previous interactome data from our group has shown that 14-3-3ε has a higher affinity for F508del- than for wt-CFTR [24] which may be explained by the exposure of ER retention signals (AFTs). This suggests that 14-3-3ε may recognize these signals and possibly block the trafficking of misfolded proteins. The rescue of R560S-CFTR by YWHAE suggests that the misfolded CFTR recognition by 14-3-3ε may not rely only on AFTs, considering that R560S-CFTR is not rescued by the abrogation of the AFTS. KD of this gene may thus act through an alternative (AFT-independent) mechanism that allows R560S-CFTR to escape ERQC and reach the PM.



YBX1 (Y-box binding protein 1) is a DNA- and RNA-binding protein involved in processes, such as translational repression, RNA stabilization and mRNA splicing. YBX1 contributes to the regulation of translation by modulating the interaction between the mRNA and eukaryotic initiation factors [21,46]. The modest rescue of H1079P-CFTR after YBX1 KD may result from a dysregulation of the co-translational control network leading to CFTR processing.



Finally, we assessed the effect of 4RK revertant in the rescue of CFTR mutants [30]. However, none of the mutants was rescued by the abrogation of the AFTs. This suggests that, although rescue through AFT abrogation is caused by a failure of the ERQC to recognize the exposed retention motifs, the changes caused by these four mutations do not seem to lead to a similar exposure of these motifs, reinforcing the idea that each mutation causes very specific defects and that a correlation between global defect/class, response to available modulators and retention mechanism does not seem to occur. In fact, the observed differences in the effect of target KD upon different mutants and the lack of effect of the 4RK revertant suggest that the rescue mechanisms are strongly connected with the specific, almost unique, molecular defect caused by each one of them.



Our findings confirm that W57G, R560S, H1079P and Q1100P are Class II mutations and that the domains in which they are located are critical for CFTR folding. Although sharing the same cellular phenotype (absence of mature form) with F508del-CFTR, these mutations induce distinct molecular defects that cannot be rescued by the same corrector compounds and/or are recognized by different cellular components, thus requiring personalized drug discovery initiatives.




4. Materials and Methods


4.1. Chemicals and Compounds


All chemicals were of analytical grade. DMSO and Forskolin were from Sigma-Aldrich (St. Louis, MO, USA), VX-661 and VX-770 were from Selleckchem (Houston, TX, USA) and VX-445 was from MedChemExpress (Monmouth Junction, NJ, USA). VX-661, VX-445, VX-770 and Fsk were dissolved in DMSO. Unless otherwise stated (see legends of figures), the incubation time was 24 h and the concentrations used were (μM): 5 VX-661, 3 VX-445 and 3 VX-770 which are the standard and are in agreement with previous usage [12,47].




4.2. CF Subjects and Ethical Approval


Rectal biopsies were obtained from three individuals with CF upon ethical approval by the hospital’s ethical committee and informed consent, as detailed below:



CF1—A male individual with the genotype W57G/3272-26A > G, with sweat chloride of 89 mmol/L, normal body mass index (BMI), pancreatic sufficient, FEV1 predicted of 93%, bronchiectasis and colonization with P. aeruginosa and S. aureus.



CF2—A male individual homozygous for R560S, previously described [35], with sweat chloride of 100mmol/L, pancreatic insufficient, and malabsorption.



CF3—A female individual with the genotype Q1100P/S4X, with sweat chloride of 112 mmol/L, normal BMI and pancreatic insufficient.




4.3. Intestinal Organoids Culturing and Forskolin-Induced Swelling (FIS) Assay


Crypt isolation from rectal biopsies, organoid culturing and FIS were performed as described previously [29,48,49]. FIS quantification was performed using Cell Profiler and the area under the curve (AUC; t = 60; baseline = 100%) was calculated using GraphPad Prism 7.0. ANOVA tests with p-value ≤ 0.05 considered as significant.




4.4. Cell Lines


Cell lines were generated by lentiviral transduction of the CFBE41o- cell line [50] after site-directed mutagenesis and cloning of W57G-, R560S-, H1079P- and Q1100P-CFTR cDNAs into lentiviral plasmids as previously described [35].




4.5. Western Blot (WB) Analysis


For CFTR protein detection, intestinal organoids and CFBE cells were lysed in Laemmli buffer supplemented with complete protease inhibitor tablets (Roche, Basel, Switzerland). Lysates were analyzed by SDS-PAGE and transferred to a PVDF membrane (Millipore, Burlington, MA, USA). The primary antibody was the anti-CFTR monoclonal antibody (mAb) 596 (CFF) at 1:3000 dilution and the secondary mAb was horseradish peroxidase-labelled anti-mouse at 1:3000 (BioRad, Hercules, CA, USA). Alpha tubulin was detected by anti-alpha tubulin antibody (1:10,000) (Sigma, Darmstadt, Germany) as a loading control. Images were acquired using ChemiDoc XRS+ imaging system BioRad and analyzed with the Image lab 4.0 software.




4.6. Preparation of siRNA Coated Multi-Well Plates


Multi-well plates (BD Falcon, NY, USA) were coated with customized siRNAs (siGENOME, Dharmacon) for solid-phase reverse transfection adapted from previously reported protocols [51,52]. Briefly, an aqueous 0.2% (w/v) gelatin solution was prepared and filtered with a 0.45 μM pore size filter and a 0.4 M sucrose solution was prepared in Opti-MEM. Then, a transfection mix was prepared by mixing 277 μL of the sucrose/Opti-MEM solution, 81 μL of Dharmafect1 and 242 μL doubly distilled water. This transfection mix was distributed into a 96-conic well plate (6 μL/well, “Plate A”). Gelatin solution was distributed into another 96-conic well plate (96 μL/well, “Plate B”). Then, 2.5 μL of a 2 μM siRNA solution and 3.5μL of the transfection mix (“Plate A”) were incubated in each well of a 96 well plate (“Plate C”). After a 20 min incubation, 3.5 μL of the gelatin solution (“Plate B”) were added to Plate C. A total of 8.5 μL of the contents of each well in “Plate C” were diluted fifty-fold in a 96 deep well plate using doubly distilled water. Finally, 50 μL of each well were transferred to a 96-well plate, lyophilized, and stored in an anhydrous atmosphere before cell seeding. siRNAs targeting GFP and Luciferase were used as negative control. siRNA targeting CFTR was used a positive control. CFBE cells were grown to confluence and split to 50% confluency. Twenty-four hours later, cells were trypsinized to antibiotic-free medium and seeded in siRNA coated 96-well plates (20 × 103 cells/well). CFTR protein expression was assessed by WB 48 h post-transfection.




4.7. Micro-Ussing Chamber Recordings


Transepithelial electrical resistance (TEER) of the cells growing on Snapwell inserts was measured with the Chopstick Electrode (STX2 from WPI®). Monolayers with resistance values above 600 Ω.cm2 were mounted in modified micro-Ussing chambers. Recordings were performed as previously described [53,54], but using 0.128 μM of the cAMP agonist Fsk.




4.8. RT-PCR


RNA was isolated from CFBE cells using the NZY Total RNA Isolation kit (Nzytech, MB13402) according to manufacturer’s instructions. cDNA was generated from 1 μg mRNA using NZY M-MuLV Reverse Transcriptase (Nzytech, MB08301). RT-PCR was performed with primers specific for the following genes: UBA52, TRIM24, YWHAE, YBX1, NOS2, GABARAP. Products were analyzed by agarose gel electrophoresis.




4.9. Statistical Analyses


Data are mean values ± SEM. Statistical analyses were performed on GraphPad Prism 7.0 using two-tailed paired Student’s t-tests (unless otherwise stated), with p < 0.05 considered as significant.









Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/ijms23010024/s1.





Author Contributions


Conceptualization, S.S.R., M.D.A. and C.M.F.; methodology, S.S.R. and I.A.L.S.; validation, S.S.R., formal analysis, S.S.R. and I.A.L.S.; investigation, S.S.R. and I.A.L.S.; writing—original draft preparation, S.S.R.; writing—review and editing, S.S.R., I.A.L.S., M.D.A. and C.M.F.; supervision, M.D.A. and C.M.F.; project administration, C.M.F.; funding acquisition, M.D.A. and C.M.F. All authors have read and agreed to the published version of the manuscript.




Funding


Work supported by UIDB/04046/2020 and UIDP/04046/2020 research unit grants from FCT, Portugal (to BioISI) and research grant FARINH19I0 from CFF-USA (to C.M.F.). S.S.R. is recipient of PhD fellowship SFRH/BD/142857/2018 from BioSys PhD programme PD/00065/2012 (FCT, Portugal).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Ethics Committee of Hospital de Santa Maria (DIRCLN-16JUL2014-211).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


The data presented here are available on request from the corresponding author. The data are not publicly available due to privacy and ethical issues.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Collins, F.S. Cystic Fibrosis: Molecular Biology and Therapeutic Implications. Science 1992, 256, 774–779. [Google Scholar] [CrossRef] [PubMed]

	



Amaral, M.D. Novel Personalized Therapies for Cystic Fibrosis: Treating the Basic Defect in All Patients. J. Intern. Med. 2015, 277, 155–166. [Google Scholar] [CrossRef] [PubMed]

	



Andersen, D.H. Cystic Fibrosis of the Pancreas and Its Relation to Celiac Disease. Am. J. Dis. Child. 1938, 56, 344. [Google Scholar] [CrossRef]

	



Riordan, J.R.; Rommens, J.M.; Kerem, B.; Alon, N.; Rozmahel, R.; Grzelczak, Z.; Zielenski, J.; Lok, S.; Plavsic, N.; Chou, J.L. Identification of the Cystic Fibrosis Gene: Cloning and Characterization of Complementary DNA. Science 1989, 245, 1066–1073. [Google Scholar] [CrossRef] [PubMed]

	



Sheppard, D.N.; Welsh, M.J. Structure and Function of the CFTR Chloride Channel. Physiol. Rev. 1999, 79, S23–S45. [Google Scholar] [CrossRef] [PubMed]

	



Reddy, M.M.; Light, M.J.; Quinton, P.M. Activation of the Epithelial Na+ Channel (ENaC) Requires CFTR Cl- Channel Function. Nature 1999, 402, 301–304. [Google Scholar] [CrossRef]

	



Rowe, S.M.; Miller, S.; Sorscher, E.J. Cystic Fibrosis. N. Engl. J. Med. 2005, 352, 1992–2001. [Google Scholar] [CrossRef]

	



Cystic Fibrosis Mutation Database. Available online: http://www.genet.sickkids.on.ca/app. (accessed on 17 November 2021).

	



CFTR2 Clinical and Functional Translation of CFTR. Available online: https://www.cftr2.org/. (accessed on 17 November 2021).

	



De Boeck, K.; Amaral, M.D. Progress in Therapies for Cystic Fibrosis. Lancet Respir. Med. 2016, 4, 662–674. [Google Scholar] [CrossRef]

	



Wainwright, C.E.; Elborn, J.S.; Ramsey, B.W.; Marigowda, G.; Huang, X.; Cipolli, M.; Colombo, C.; Davies, J.C.; De Boeck, K.; Flume, P.A.; et al. Lumacaftor–Ivacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del CFTR. N. Engl. J. Med. 2015, 373, 220–231. [Google Scholar] [CrossRef] [PubMed]

	



Taylor-Cousar, J.L.; Munck, A.; McKone, E.F.; van der Ent, C.K.; Moeller, A.; Simard, C.; Wang, L.T.; Ingenito, E.P.; McKee, C.; Lu, Y.; et al. Tezacaftor–Ivacaftor in Patients with Cystic Fibrosis Homozygous for Phe508del. N. Engl. J. Med. 2017, 377, 2013–2023. [Google Scholar] [CrossRef]

	



Middleton, P.G.; Mall, M.A.; Dřevínek, P.; Lands, L.C.; McKone, E.F.; Polineni, D.; Ramsey, B.W.; Taylor-Cousar, J.L.; Tullis, E.; Vermeulen, F.; et al. Elexacaftor–Tezacaftor–Ivacaftor for Cystic Fibrosis with a Single Phe508del Allele. N. Engl. J. Med. 2019, 381, 1809–1819. [Google Scholar] [CrossRef] [PubMed]

	



Noone, P.G.; Knowles, M.R. “CFTR-Opathies”: Disease Phenotypes Associated with Cystic Fibrosis Transmembrane Regulator Gene Mutations. Respir. Res. 2001, 2, 328–332. [Google Scholar] [CrossRef] [PubMed]

	



Wallis, C. Atypical Cystic Fibrosis—Diagnostic and Management Dilemmas. J. R. Soc. Med. 2003, 96 (Suppl. 43), 2–10. [Google Scholar] [PubMed]

	



Sosnay, P.R.; Siklosi, K.R.; Van Goor, F.; Kaniecki, K.; Yu, H.; Sharma, N.; Ramalho, A.S.; Amaral, M.D.; Dorfman, R.; Zielenski, J.; et al. Defining the Disease Liability of Variants in the Cystic Fibrosis Transmembrane Conductance Regulator Gene. Nat. Genet. 2013, 45, 1160–1167. [Google Scholar] [CrossRef]

	



Cutting, G.R. Cystic Fibrosis Genetics: From Molecular Understanding to Clinical Application. Nat. Rev. Genet. 2014, 16, 45–56. [Google Scholar] [CrossRef]

	



Sabusap, C.M.; Wang, W.; McNicholas, C.M.; Chung, W.J.; Fu, L.; Wen, H.; Mazur, M.; Kirk, K.L.; Collawn, J.F.; Hong, J.S.; et al. Analysis of Cystic Fibrosis-Associated P67L CFTR Illustrates Barriers to Personalized Therapeutics for Orphan Diseases. JCI Insight 2016, 1, e86581. [Google Scholar] [CrossRef]

	



Farinha, C.M.; Canato, S. From the Endoplasmic Reticulum to the Plasma Membrane: Mechanisms of CFTR Folding and Trafficking. Cell. Mol. Life Sci. 2017, 74, 39–55. [Google Scholar] [CrossRef]

	



Han, S.T.; Rab, A.; Pellicore, M.J.; Davis, E.F.; McCague, A.F.; Evans, T.A.; Joynt, A.T.; Lu, Z.; Cai, Z.; Raraigh, K.S.; et al. Residual Function of Cystic Fibrosis Mutants Predicts Response to Small Molecule CFTR Modulators. JCI Insight 2018, 3, e121159. [Google Scholar] [CrossRef]

	



Pankow, S.; Bamberger, C.; Calzolari, D.; Martínez-Bartolomé, S.; Lavallée-Adam, M.; Balch, W.E.; Yates, J.R. ∆F508 CFTR Interactome Remodelling Promotes Rescue of Cystic Fibrosis. Nature 2015, 528, 510–516. [Google Scholar] [CrossRef]

	



Tomati, V.; Pesce, E.; Caci, E.; Sondo, E.; Scudieri, P.; Marini, M.; Amato, F.; Castaldo, G.; Ravazzolo, R.; Galietta, L.J.V.; et al. High-Throughput Screening Identifies FAU Protein as a Regulator of Mutant Cystic Fibrosis Transmembrane Conductance Regulator Channel. J. Biol. Chem. 2018, 293, 1203–1217. [Google Scholar] [CrossRef]

	



Loureiro, C.A.; Santos, J.D.; Matos, A.M.; Jordan, P.; Matos, P.; Farinha, C.M.; Pinto, F.R. Network Biology Identifies Novel Regulators of CFTR Trafficking and Membrane Stability. Front. Pharmacol. 2019, 10, 619. [Google Scholar] [CrossRef] [PubMed]

	



Canato, S.; Santos, J.D.; Carvalho, A.S.; Aloria, K.; Amaral, M.D.; Matthiesen, R.; Falcao, A.O.; Farinha, C.M. Proteomic Interaction Profiling Reveals KIFC1 as a Factor Involved in Early Targeting of F508del-CFTR to Degradation. Cell. Mol. Life Sci. 2018, 75, 4495–4509. [Google Scholar] [CrossRef] [PubMed]

	



Hutt, D.M.; Loguercio, S.; Campos, A.R.; Balch, W.E. A Proteomic Variant Approach (ProVarA) for Personalized Medicine of Inherited and Somatic Disease. J. Mol. Biol. 2018, 430, 2951–2973. [Google Scholar] [CrossRef]

	



Amaral, M.D.; Pacheco, P.; Beck, S.; Farinha, C.M.; Penque, D.; Nogueira, P.; Barreto, C.; Lopes, B.; Casals, T.; Dapena, J.; et al. Cystic Fibrosis Patients with the 3272-26A> G Splicing Mutation Have Milder Disease than F508del Homozygotes: A Large European Study. J. Med. Genet. 2001, 38, 777–783. [Google Scholar] [CrossRef] [PubMed]

	



Beck, S.; Penque, D.; Garcia, S.; Gomes, A.; Farinha, C.; Mata, L.; Gulbenkian, S.; Gil-Ferreira, K.; Duarte, Â.; Pacheco, P.; et al. Cystic Fibrosis Patients with the 3272-26A→G Mutation Have Mild Disease, Leaky Alternative MRNA Splicing, and CFTR Protein at the Cell Membrane. Hum. Mutat. 1999, 14, 133–144. [Google Scholar] [CrossRef]

	



Glavac, D.; Ravnik-Glavac, M.; Dean, M. Identification of a Rare Cystic Fibrosis Mutation (S4X) in a Slovenian Population. Hum. Mol. Genet. 1993, 2, 315–316. [Google Scholar] [CrossRef]

	



Vonk, A.M.; van Mourik, P.; Ramalho, A.S.; Silva, I.A.L.; Statia, M.; Kruisselbrink, E.; Suen, S.W.F.; Dekkers, J.F.; Vleggaar, F.P.; Houwen, R.H.J.; et al. Protocol for Application, Standardization and Validation of the Forskolin-Induced Swelling Assay in Cystic Fibrosis Human Colon Organoids. STAR Protoc. 2020, 1, 100019. [Google Scholar] [CrossRef]

	



Chang, X.B.; Cui, L.; Hou, Y.X.; Jensen, T.J.; Aleksandrov, A.A.; Mengos, A.; Riordan, J.R. Removal of Multiple Arginine-Framed Trafficking Signals Overcomes Misprocessing of ΔF508 CFTR Present in Most Patients with Cystic Fibrosis. Mol. Cell 1999, 4, 137–142. [Google Scholar] [CrossRef]

	



Roxo-Rosa, M.; Xu, Z.; Schmidt, A.; Neto, M.; Cai, Z.; Soares, C.M.; Sheppard, D.N.; Amaral, M.D. Revertant Mutants G550E and 4RK Rescue Cystic Fibrosis Mutants in the First Nucleotide-Binding Domain of CFTR by Different Mechanisms. Proc. Natl. Acad. Sci. USA 2006, 103, 17891–17896. [Google Scholar] [CrossRef]

	



Peters, K.W.; Qi, J.; Johnson, J.P.; Watkins, S.C.; Frizzell, R. Role of Snare Proteins in CFTR and ENaC Trafficking. In Proceedings of the Pflugers Archiv European Journal of Physiology; Springer: Berlin/Heidelberg, Germany, 2001; Volume 443, pp. S65–S69. [Google Scholar]

	



Zhang, Z.; Chen, J. Atomic Structure of the Cystic Fibrosis Transmembrane Conductance Regulator. Cell 2016, 167, 1586.e9–1597.e9. [Google Scholar] [CrossRef]

	



Raraigh, K.S.; Han, S.T.; Davis, E.; Evans, T.A.; Pellicore, M.J.; McCague, A.F.; Joynt, A.T.; Lu, Z.; Atalar, M.; Sharma, N.; et al. Functional Assays Are Essential for Interpretation of Missense Variants Associated with Variable Expressivity. Am. J. Hum. Genet. 2018, 102, 1062–1077. [Google Scholar] [CrossRef]

	



Awatade, N.T.; Ramalho, S.; Silva, I.A.L.; Felício, V.; Botelho, H.M.; de Poel, E.; Vonk, A.; Beekman, J.M.; Farinha, C.M.; Amaral, M.D. R560S: A Class II CFTR Mutation That Is Not Rescued by Current Modulators. J. Cyst. Fibros. 2019, 18, 182–189. [Google Scholar] [CrossRef] [PubMed]

	



Veit, G.; Avramescu, R.G.; Chiang, A.N.; Houck, S.A.; Cai, Z.; Peters, K.W.; Hong, J.S.; Pollard, H.B.; Guggino, W.B.; Balch, W.E.; et al. From CFTR Biology toward Combinatorial Pharmacotherapy: Expanded Classification of Cystic Fibrosis Mutations. Mol. Biol. Cell 2016, 27, 424–433. [Google Scholar] [CrossRef]

	



Ramalho, A.S.; Beck, S.; Meyer, M.; Penque, D.; Cutting, G.R.; Amaral, M.D. Five Percent of Normal Cystic Fibrosis Transmembrane Conductance Regulator MRNA Ameliorates the Severity of Pulmonary Disease in Cystic Fibrosis. Am. J. Respir. Cell Mol. Biol. 2002, 27, 619–627. [Google Scholar] [CrossRef] [PubMed]

	



Meoli, A.; Fainardi, V.; Deolmi, M.; Chiopris, G.; Marinelli, F.; Caminiti, C.; Esposito, S.; Pisi, G. State of the Art on Approved Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) Modulators and Triple-Combination Therapy. Pharmaceuticals 2021, 14, 928. [Google Scholar] [CrossRef]

	



Venturini, A.; Borrelli, A.; Musante, I.; Scudieri, P.; Capurro, V.; Renda, M.; Pedemonte, N.; Galietta, L.J.V. Comprehensive Analysis of Combinatorial Pharmacological Treatments to Correct Nonsense Mutations in the CFTR Gene. Int. J. Mol. Sci. 2021, 22, 11972. [Google Scholar] [CrossRef] [PubMed]

	



Shaughnessy, C.A.; Zeitlin, P.L.; Bratcher, P.E. Elexacaftor Is a CFTR Potentiator and Acts Synergistically with Ivacaftor during Acute and Chronic Treatment. Sci. Rep. 2021, 11, 1–11. [Google Scholar] [CrossRef]

	



Thibodeau, P.H.; Richardson, J.M.; Wang, W.; Millen, L.; Watson, J.; Mendoza, J.L.; Du, K.; Fischman, S.; Senderowitz, H.; Lukacs, G.L.; et al. The Cystic Fibrosis-Causing Mutation DeltaF508 Affects Multiple Steps in Cystic Fibrosis Transmembrane Conductance Regulator Biogenesis. J. Biol. Chem. 2010, 285, 35825–35835. [Google Scholar] [CrossRef]

	



Farinha, C.M.; King-Underwood, J.; Sousa, M.; Correia, A.R.; Henriques, B.J.; Roxo-Rosa, M.; Da Paula, A.C.; Williams, J.; Hirst, S.; Gomes, C.M.; et al. Revertants, Low Temperature, and Correctors Reveal the Mechanism of F508del-CFTR Rescue by VX-809 and Suggest Multiple Agents for Full Correction. Chem. Biol. 2013, 20, 943–955. [Google Scholar] [CrossRef]

	



Baatallah, N.; Elbahnsi, A.; Mornon, J.-P.; Chevalier, B.; Pranke, I.; Servel, N.; Zelli, R.; Décout, J.-L.; Edelman, A.; Sermet-Gaudelus, I.; et al. Pharmacological Chaperones Improve Intra-Domain Stability and Inter-Domain Assembly via Distinct Binding Sites to Rescue Misfolded CFTR. Cell. Mol. Life Sci. 2021, 78, 7813–7829. [Google Scholar] [CrossRef]

	



Higgins, R.; Gendron, J.M.; Rising, L.; Mak, R.; Webb, K.; Kaiser, S.E.; Zuzow, N.; Riviere, P.; Yang, B.; Fenech, E.; et al. The Unfolded Protein Response Triggers Site-Specific Regulatory Ubiquitylation of 40S Ribosomal Proteins. Mol. Cell 2015, 59, 35–49. [Google Scholar] [CrossRef] [PubMed]

	



Jain, A.K.; Barton, M.C. Regulation of P53: TRIM24 Enters the RING. Cell Cycle 2009, 8, 3668–3674. [Google Scholar] [CrossRef] [PubMed]

	



Prabhu, L.; Hartley, A.V.; Martin, M.; Warsame, F.; Sun, E.; Lu, T. Role of Post-Translational Modification of the Y Box Binding Protein 1 in Human Cancers. Genes Dis. 2015, 2, 240–246. [Google Scholar] [CrossRef]

	



Keating, D.; Marigowda, G.; Burr, L.; Daines, C.; Mall, M.A.; Mckone, E.F.; Ramsey, B.W.; Rowe, S.M.; Sass, L.A.; Tullis, E.; et al. VX-445-Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis and One or Two Phe508del Alleles. N. Engl. J. Med. 2018, 379, 1612–1620. [Google Scholar] [CrossRef]

	



Berkers, G.; van Mourik, P.; Vonk, A.M.; Kruisselbrink, E.; Dekkers, J.F.; de Winter-de Groot, K.M.; Arets, H.G.M.; Marck-van der Wilt, R.E.P.; Dijkema, J.S.; Vanderschuren, M.M.; et al. Rectal Organoids Enable Personalized Treatment of Cystic Fibrosis. Cell Rep. 2019, 26, 1701–1708.e3. [Google Scholar] [CrossRef]

	



Sato, T.; Clevers, H. Growing Self-Organizing Mini-Guts from a Single Intestinal Stem Cell: Mechanism and Applications. Science 2013, 340, 1190–1194. [Google Scholar] [CrossRef]

	



Cozens, A.L.; Yezzi, M.J.; Kunzelmann, K.; Ohrui, T.; Chin, L.; Eng, K.; Finkbeiner, W.E.; Widdicombe, J.H.; Gruenert, D.C. CFTR Expression and Chloride Secretion in Polarized Immortal Human Bronchial Epithelial Cells. Am. J. Respir. Cell Mol. Biol. 1994, 10, 38–47. [Google Scholar] [CrossRef] [PubMed]

	



Erfle, H.; Neumann, B.; Liebel, U.; Rogers, P.; Held, M.; Walter, T.; Ellenberg, J.; Pepperkok, R. Reverse Transfection on Cell Arrays for High Content Screening Microscopy. Nat. Protoc. 2007, 2, 392–399. [Google Scholar] [CrossRef]

	



Botelho, H.M.; Uliyakina, I.; Awatade, N.T.; Proenҫa, M.C.; Tischer, C.; Sirianant, L.; Kunzelmann, K.; Pepperkok, R.; Amaral, M.D. Protein Traffic Disorders: An Effective High-Throughput Fluorescence Microscopy Pipeline for Drug Discovery. Sci. Rep. 2015, 5, 1–8. [Google Scholar] [CrossRef]

	



Tian, Y.; Schreiber, R.; Wanitchakool, P.; Kongsuphol, P.; Sousa, M.; Uliyakina, I.; Palma, M.; Faria, D.; Traynor-Kaplan, A.E.; Fragata, J.I.; et al. Control of TMEM16A by INO-4995 and Other Inositolphosphates. Br. J. Pharmacol. 2013, 168, 253–265. [Google Scholar] [CrossRef]

	



Farinha, C.M.; Sousa, M.; Canato, S.; Schmidt, A.; Uliyakina, I.; Amaral, M.D. Increased Efficacy of VX-809 in Different Cellular Systems Results from an Early Stabilization Effect of F508del-CFTR. Pharmacol. Res. Perspect. 2015, 3, 152. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 00024 g001 550] 





Figure 1. CFTR expression and effect of CFTR modulators. Representative WB analysis of CFBE cells (A) and organoids (C) expressing F508del-, W57G-, R560S-, H1079P- and Q1100P-CFTR, following incubation with DMSO 0.1% (v/v), VX-661 (5 μM) alone or in combination with VX-445 (3 μM) for 24h (n = 3). (B,D) For each condition densitometry was used to calculate the percentage of mature CFTR (Band C/Band B + Band C). Data were normalized to the efficiency of processing of wt-CFTR and is shown as mean ± SEM. Asterisks indicate significant difference compared with DMSO (p-value < 0.05, unpaired t test). Images were acquired using ChemiDoc XRS+ imaging system BIO-RAD and further processed by Image Lab 6.0.1 software. *, p-value < 0.05. 
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Figure 2. Analysis of W57G, R560S, H1079P and Q1100P effect in CFTR activity. FIS assay showing the CFTR response to treatment with VX-661 and VX-445 in intestinal organoids bearing the mutations W57G (A), R560S (B) and Q1100P (C). Asterisks indicate significant difference compared with Fsk (p-value < 0.05, ANOVA). Cardinals indicate significant difference compared with 0.02 µM Fsk (p-value < 0.05, ANOVA). (D) Original Ussing chamber (open-circuit) recordings showing transepithelial voltage measurements (Vte) obtained from CFBE cells expressing wt-, F508del- and H1079P-CFTR. (E) Graph summarizing equivalent short-circuit currents (Ieq-sc) after simulation with forskolin (0.128 μM) obtained in D. A low Cl- Ringer solution was used at apical side to stablish a Cl- gradient. Asterisks indicate significant difference compared with DMSO (* p-value < 0.05, ** p-value < 0.01, unpaired t-test). 
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Figure 3. Effect of KD of selected genes in the rescue of W57G-, R560S-, H1079P- and Q1100P-CFTR folding defect. CFBE cells stably expressing W57G-, R560S-, H1079P-, Q1100P- and F508del- CFTR were transfected with siRNAs targeting 6 hit genes selected from the literature. (A) Representative WB analysis of CFBE cells reversely transfected with siRNAs targeting the hit genes (n = 4). (B) CFTR processing (Band C/Band B + Band C) was normalized to siRNA GFP (negative control). Asterisks indicate significant difference compared with GFP (* p-value < 0.05, unpaired t test). Images were acquired using ChemiDoc XRS+ imaging system BIO-RAD and processed using Image lab 6.0.1 software. 
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Figure 4. Assessment of the CFTR processing in HEK 293T cells transiently expressing W57G-, R560S-, H1079P- and Q1100P- CFTR alone or in cis with 4RK. (A) Representative WB analysis of HEK 293T cells transiently expressing W57G-, R560S-, H1079P- and Q1100P-CFTR alone and in cis with 4RK. (B) Densitometry was used to calculate the percentage of mature CFTR (Band C/Band B + Band C). Images were acquired using ChemiDoc XRS+ imaging system BIO-RAD and processed using Image lab 6.0.1 software. 
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