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            Abstract
Deletion of phenylalanine 508 of the cystic fibrosis transmembrane conductance regulator (∆F508 CFTR) is the major cause of cystic fibrosis, one of the most common inherited childhood diseases. The mutated CFTR anion channel is not fully glycosylated and shows minimal activity in bronchial epithelial cells of patients with cystic fibrosis. Low temperature or inhibition of histone deacetylases can partly rescue ∆F508 CFTR cellular processing defects and function. A favourable change of ∆F508 CFTR protein–protein interactions was proposed as a mechanism of rescue; however, CFTR interactome dynamics during temperature shift and inhibition of histone deacetylases are unknown. Here we report the first comprehensive analysis of the CFTR and ∆F508 CFTR interactome and its dynamics during temperature shift and inhibition of histone deacetylases. By using a novel deep proteomic analysis method, we identify 638 individual high-confidence CFTR interactors and discover a ∆F508 deletion-specific interactome, which is extensively remodelled upon rescue. Detailed analysis of the interactome remodelling identifies key novel interactors, whose loss promote ∆F508 CFTR channel function in primary cystic fibrosis epithelia or which are critical for CFTR biogenesis. Our results demonstrate that global remodelling of ∆F508 CFTR interactions is crucial for rescue, and provide comprehensive insight into the molecular disease mechanisms of cystic fibrosis caused by deletion of F508.
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                    Figure 1: WT and ∆F508 CFTR interactome in bronchial epithelial cells.[image: ]


Figure 2: Dynamic changes of the ∆F508 CFTR interactome during temperature shift to 30 °C.[image: ]


Figure 3: HDACi sensitive changes of the ∆F508 CFTR interactome.[image: ]


Figure 4: RNAi and subnetworks of novel key interactors.[image: ]


Figure 5: Rescue of ∆F508 CFTR channel function defect by knockdown of ∆F508 CFTR interactors in human primary CF bronchial epithelial cells and CFBE41o− cells.[image: ]
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Extended data figures and tables

Extended Data Figure 1 CoPIT workflow and results.
a, Schematic overview of the Co-PIT workflow. Top: cell lysates for IP were prepared from ≥4 × 107 lung epithelial cells (CFBE41o− or HBE41o−) with emphasis on extracting both cytoplasmic and membrane protein interactors of CFTR, pre-cleared before co-IP with anti-CFTR antibody 3G11. Proteins eluted from the beads were purified by methanol/chloroform precipitation and digested with trypsin, before loading onto a MudPIT column and online MudPIT data acquisition. Bottom: resulting spectra were searched with ProLuCID and search results filtered with DTASelect 2.1 to a protein false positive rate of <1% before normalization and further statistical analysis of the data set. Core CFTR interactomes were determined by modelling the distribution functions of control and sample IPs, and applying corresponding confidence scores and abundance filters. Corresponding networks were graphed using Radial Topology Viewer and differential comparison performed. Data are stored in the PINT tool. b, Improved recovery of CFTR and interactors. Western blot depicting improved recovery of ∆F508 CFTR from CFBE41o− cells with TNI buffer compared with different lysis buffers. A, B and C indicate the different CFTR glycoforms. c, Western blot showing enhanced recovery of ∆F508 CFTR from beads after co-IP with detergent and heat aided low pH elution compared with other directly MS-compatible elution methods. Lane entitled ‘Wang et al. 2006’: elution conditions as described in ref. 11. Gly, glycine. d, Enhanced sensitivity of the CFTR co-IP and chromatography is reflected by enhanced spectral counts for CFTR itself and well-established interactors such as HSP70 and HSP90. e, Comparison between the CFTR interactome reported in ref. 11 and this study (Supplementary Table 4). Thirty-three of the reported 38 interactions in Calu-3 cells were recovered; 20 were confirmed as highly confident interactions (innermost circle) and 13 as medium confident interactions in this study, achieving an almost complete overlap of the two data sets. f, Table showing the recovery of CFTR and exemplary, well-characterized interactors in co-IPs of WT CFTR (BHK cells (from ref. 11) or HBE41o− cells (this study)). g, Sequence coverage of the CFTR protein with MS. Green background indicates identified amino acids whereas orange highlights putative transmembrane (TM) domains of CFTR numbered from 1 to 12. h, Frequency distribution [image: ] of all rpec determined for the experimental condition WT CFTR to control condition. Individual points (black dots) indicate the individual [image: ] values. The two-term Gaussian fit is shown in grey. The individual Gaussian describing the distribution of non-specific binding is coloured in brown, whereas the Gaussian describing the enrichment for weak specific interactors is indicated in light green. The black arrow marks the rpec determined for CFTR, the bait protein. Right: example P values for well-known CFTR interactors (light green) and proteins commonly identified as background in co-IP experiments (light brown). Threshold for a high-confidence ∆F508-CFTR interactor was calculated at ≥0.92.


Extended Data Figure 2 CFTR interactome and validation of novel interactors.
a, Network representation of the ∆F508 CFTR interactome in a radial topography map. The colour and relative distance to CFTR in the centre reflect the confidence P of an identified protein to be a specific CFTR interactor. Left: no filters were applied and all recovered proteins from the IPs are depicted. Right: core interactome of ∆F508 CFTR (P > 0.92). Distance and colour indicate the confidence of an identified protein to be a specific CFTR interactor. b, Overlay of the interactome data with protein expression profiling data shows that observed interactome differences between WT and ∆F508 CFTR are unrelated to expression changes between HBE41o− and CFBE41o− cells. The volcano plot displays the fold change and log10(P) for 4,563 proteins quantified with tandem mass tag (TMT) in the expression profiling experiment. Core interactors of CFTR (529 proteins) that were not differentially regulated between the two cell lines are displayed in blue whereas significantly altered core interactors (r ≥ two-fold, P < 0.01) are displayed in red. c, Western blotting of CFTR IPs confirms specific interaction of CFTR with the novel interaction partners TRIM21, LGALS3BP and PTPLAD1 in CFBE41o- or HBE41o− cells. Results indicate similar binding of WT and ∆F508 CFTR with TRIM21 and LGALS3BP, and confirm enhanced binding of PTPLAD1 with ∆F508 CFTR. d, CFTR co-IPs confirm CFTR interaction with TRIM21, PTPLAD1 and LGALS3BP in primary lung epithelial cells carrying either the ∆F508 or the F508S mutation from a patient with CF. Control: CFTR null CFBE41o− cell line. e, Ubiquitin (UBB/UBC) recovery is increased in ∆F508 CFTR co-IPs. Error bars indicate mean ± s.d. f, CoPIT confidence scores and observed fold changes for TRIM21, LGALS3BP and PTPLAD1 match recovery in the IP western blot. g, Reciprocal co-IP using newly identified, endogenous interactors as bait confirms interaction of TRIM21, LGALS3BP and PTPLAD1 with ∆F508 CFTR and confirms differential binding of PTPLAD1 to WT and ∆F508 CFTR. Control, null: CFTR null CFBE41o− cell line; mock: beads only—IP with no antibody added.


Extended Data Figure 3 Overview of drug treatment, siRNA-mediated knockdown and temperature shift experiments.
a, Schematic showing the experimental outline. b, Hierarchical clustering analysis of the CFTR core interactomes shows that the ΔF508 CFTR interaction profile clusters with high significance with those of ∆F508 CFTR at 1 h and 6 h temperature shifts to 30 °C (mutant cluster), whereas temperature shift to 30 °C for 24 h and temperature shift to 30 °C for 24 h with reversal cause the respective ∆F508 CFTR interaction profiles to significantly cluster with that of WT CFTR. Bootstrap values (10,000 samplings) are given for each tree node. Significant (bootstrap value > 90, yellow) and highly significant clusters (bootstrap value > 95, red) are coloured on the dendrogram. The heat map indicates the relative protein abundance values measured by MS as negative log10 ratios of interactors relative to CFTR. White in the heat map indicates that no interaction was observed. c, Expression of different heat-shock proteins. The western blot shows expression of HSP90 (encoded by HSP90AA1 and HSP90AB1), GRP78 (HSPA5), GRP94 (HSP90B1) and HSP70 (HSPA1) during temperature shift to 30 °C. All data are from independent biological replicates, WT (n = 7), ∆F508 (n = 8), SAHA (n = 4), TSA (n = 4), HDAC7 (n = 3), Cmpd 4a (n = 3).


Extended Data Figure 4 Interaction profiles of proteins selected for the RNAi screen.
a, Observed interaction profiles of selected candidates and CFTR (bottom) and expected candidate profiles (top). b, Lentiviral infection rates were greater than 97% after 48 h in CFBE41o− cells as indicated by control green fluorescent protein (GFP) infection.


Extended Data Figure 5 Western blot detection of ∆F508 CFTR upon RNAi of interactors.
∆F508 CFTR was detected 48–72 h after lentiviral shRNA infection using the 3G11 antibody or 24.1 antibody (lowest left panel). Rescue is indicated by appearance of band C. Detection of β-actin served as loading control. Samples on the same blot represent parallel infections. Samples in the lower three left panels were lysed initially in TNI buffer, whereas samples in the other panels were lysed directly in 2× Laemmli sample buffer as described in Methods. Scr, scrambled non-target shRNA.


Extended Data Figure 6 Co-localization of novel interactors with ∆F508 CFTR.
a, Each panel contains immunofluorescence staining of CFTR (red), interactor as indicated (green), nuclei (DAPI) and the merged picture. Scale bars, 10 μm. b, WT and ∆F508 CFTR were detected by immunofluorescence staining (green) in HBE41o− and CFBE41o− cells, respectively. Arrows points to WT CFTR at the plasma membrane of control cells. c, Schematic of a cell depicting sequential (spatio-temporal) regulation of ∆F508 CFTR protein biogenesis by the interactors targeted in the shRNA screen. Functional classification of interactors is indicated by shape and colour. Proteins detected in co-localization studies are marked in bold.


Extended Data Figure 7 ∆F508 CFTR detection in primary bronchial epithelial cells upon RNAi of key interactors.
a, Quantification of the ∆F508 CFTR ion channel activity (as fold change of the ∆Isc relative to non-target shRNA) compared with the ratio of band C to band A/B in primary cells from a patient with CF or from a healthy donor (WT). Error bars indicate mean ± s.e.m. b, Representative trace of forskolin (10 μM, F) and genistein (50 μM, G) activated, WT CFTR short-circuit current (Isc) in a 30 d ALI culture from a healthy donor. CFTR inhibitor 172 (I) indicates specificity of the measured Isc for CFTR. c, Western blot of 28- to 30-day-old primary human bronchial epithelial Snapwell cultures from patients with CF (DHBE) indicates formation of band C after specific knockdown of PABPC1, YBX1, PTBP1, TRIM21, PTPLAD1 and SURF4 with different shRNAs. Tubulin, β-actin or Na+/K+-ATPase was used as a loading control. Knockdown of PABPC1 and PTPLAD1 was verified by western blotting with the respective antibodies. NT sh, non-target shRNA.


Extended Data Figure 8 Halide assay results for CFTR chloride channel activity in stable cell clones.
a, CFTR chloride channel activity was measured in HBE41o−, CFBE41o− and CFBE41o− cells with stable knockdown of LGALS3BP (clone 13) or PTPLAD1 (clone 24). Activity was measured by sodium-iodide-mediated quenching of a halide-sensitive Venus YFP. Time-lapse experiments show the iodide influx after pre-incubation of cells with 50 μM genistein. Additional stimulation with forskolin was performed 15 s after addition of sodium iodide. Representative single cell traces are shown. Inset shows the fitted constant for fluorescence decay time for each trace. b, Western blot showing the negative influence of LGALS3BP knockdown on ∆F508 CFTR protein stability. Clones 13.1 and 13.2 are two independent CFBE41o− clones that stably express an shRNA against LGALS3BP. The knockdown was validated by detection of LGALS3BP. c, Western blot showing increased production of ∆F508 CFTR band C in CFBE41o− cell clone 24 stably expressing an shRNA against PTPLAD1. The knockdown was validated by detection of PTPLAD1. Detection of β-actin served as loading control. Scr, scrambled non-target shRNA.


Extended Data Figure 9 Percentage of CFTR interactors associated with known protein misfolding and other prevalent diseases.
Bar graph showing the fraction of the interactome associated with genetic diseases listed in OMIM. Percentages next to the disease name indicate the percentage of ∆F508 CFTR-specific interactors involved in these diseases. Interactors causative of Alzheimer disease and other neurodegenerative diseases such as Leigh syndrome are enriched in the ∆F508 CFTR interactome. ‘Other’ indicates diseases not fitting into one of the other categories listed.
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