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            Abstract
The hexanucleotide repeat expansion (HRE) GGGGCC (G4C2) in C9orf72 is the most common cause of amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD). Recent studies support an HRE RNA gain-of-function mechanism of neurotoxicity, and we previously identified protein interactors for the G4C2 RNA including RanGAP1. A candidate-based genetic screen in Drosophila expressing 30 G4C2 repeats identified RanGAP (Drosophila orthologue of human RanGAP1), a key regulator of nucleocytoplasmic transport, as a potent suppressor of neurodegeneration. Enhancing nuclear import or suppressing nuclear export of proteins also suppresses neurodegeneration. RanGAP physically interacts with HRE RNA and is mislocalized in HRE-expressing flies, neurons from C9orf72 ALS patient-derived induced pluripotent stem cells (iPSC-derived neurons), and in C9orf72 ALS patient brain tissue. Nuclear import is impaired as a result of HRE expression in the fly model and in C9orf72 iPSC-derived neurons, and these deficits are rescued by small molecules and antisense oligonucleotides targeting the HRE G-quadruplexes. Nucleocytoplasmic transport defects may be a fundamental pathway for ALS and FTD that is amenable to pharmacotherapeutic intervention.
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                    Figure 1: Genetic interaction between G4C2 repeats and nucleocytoplasmic transport machinery.[image: ]


Figure 2: RanGAP binds to G4C2 repeats and is mislocalized along with NPC components.[image: ]


Figure 3: C9orf72 HRE disrupts the nuclear/cytoplasmic Ran gradient.[image: ]


Figure 4: C9orf72 HRE causes nucleocytoplasmic transport defects.[image: ]


Figure 5: Pharmacological rescue of nucleocytoplasmic transport defects.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Genetic interaction between G4C2 repeats and components of the nucleocytoplasmic transport machinery.
a, External eye morphology of 1-day-old (left column) and 15-day-old (left column) flies. Phalloidin staining of the retina of newly eclosed (middle column, magnified in right column) and 15-day-old (middle column, magnified in right column) flies is shown. Flies expressing 30 G4C2 repeats together with (from top row) RanGAPSD(GOF), RanGAP RNAi, RanGEF overexpression, RanGEF RNAi, importin-Î± overexpression, or exportin RNAi. Genotypes (from top row): (1) GMR-GAL4, UAS-(G4C2)30/RanGAPSD ; (2) GMR-GAL4, UAS-(G4C2)30/+; UAS-RanGAP RNAi/+; (3) GMR-GAL4, UAS-(G4C2)30/+; UAS-RanGEF/+; (4) GMR-GAL4, UAS-(G4C2)30/UAS-RanGEF RNAi; (5) GMR-GAL4, UAS-(G4C2)30/UAS-imp-Î±2; (6) GMR-GAL4, UAS-(G4C2)30/+; UAS-Exportin RNAi/+ (BL31353). b, c, Quantification of G4C2 mRNA levels by qRTâ€“PCR. d, Flight assay. The top of the graduated cylinder is â€˜0â€™, and thus decreased landing height represents better flight ability. Genotypes (from left lane): (1) and (2) UAS-(G4C2)30/+; elavGS-GAL4/+; (3) UAS-(G4C2)30/+; elavGS-GAL4/UAS-RanGAP. Number of flies (n) tested indicated in column. *P < 0.05; **P < 0.01.


Extended Data Figure 2 RanGAP does not rescue developmental defects caused by G4C2 repeats.
a, Staining of the active zone component Bruchpilot (Brp) was used to identify active zones in the type Ib NMJ of muscle 4 in abdominal segments 3 and 4. b, Quantification of active zone number. c, Electrophysiological recording of NMJ in muscle 6/7 of abdominal segments 3 and 4. dâ€“g, Evoked junctional potential (EJP) (d), miniature EJP (mEJP) amplitude (e), quantal content (f), and mEJP frequencies (g) are shown. Genotypes: (1) Ctrl, OK371-GAL4/+; (2) (G4C2)30, OK371-GAL4/+; UAS-(G4C2)30/+; (3) (G4C2)30 RanGAP OE, OK371-GAL4/+; UAS-(G4C2)30/UAS-RanGAP. *P < 0.05; **P < 0.01; ****P < 0.0001.


Extended Data Figure 3 Dot blot of GR and GP dipeptide proteins.
Dot blot of GR (a) and GP (b) compared with actin control. hs indicates heat-shock GAL4, and a heat shock was required to induce detectable polyGR as described7. A transgenic line UAS-(G4C2)36 previously shown to generate polyGR and polyGP DPRs under certain conditions was used as a positive control7.


Extended Data Figure 4 RanGAP/RanGAP1 binds to G4C2 repeats.
a, SDSâ€“PAGE showing purified human RanGAP1. b, EMSA for RanGAP1 with (CUG)20, (C4G2)10, or (G4C2)10 RNA hairpins. c, EMSA for RanGAP1 with increasing length of repeats that were annealed in the presence of K+ to promote RNA G-quadruplex formation. d, Plot of the fraction bound from the EMSAs performed with RanGAP1 and RNA repeats shown in b and c. Similar RNA nucleotide lengths but different binding preferences indicate that RanGAP1 has a structure- and sequence-dependent RNA binding mode (top panel). All data were fit using a hyperbolic and linear regression, then the RanGAP1 binding model determine based on the r2 values for the best fit (n = 2). The length-dependent binding of RanGAP1 fits best to a hyperbolic regression, which demonstrates specific binding to the (G4C2) n G-quadruplex conformation, and the fraction bound increases with increasing nucleotide length (bottom panel). The fraction bound for the RNA hairpins fit best to a linear regression, which indicates nonspecific or less specific binding to RanGAP1. The k1/2 values for specific binding of RanGAP1 to the G-quadruplex RNA conformation are 162, 39 and 11 nM for (G4C2)4, (G4C2)6.5 and (G4C2)10, respectively. e, The RanGAP1â€“(G4C2)10 RNA G-quadruplex complex is resistant to nonspecific RNA competitors and antisense oligonucleotides (n = 1).


Extended Data Figure 5 RanGAP/RanGAP1 is mislocalized in C9-ALS S2 and iPS cells.
a, RanGAP mislocalization with (G4C2)30 expression is not caused by apoptosis. S2 cells transfected with RanGAPâ€“HA (first column) or RanGAPâ€“HA and (G4C2)30 (second column) were co-stained with HA (red), cleaved Dcp-1 (green) and TO-PRO3 (blue). As a control, S2 cells treated with DMSO (third column) or actinomycin (right column) are co-stained with cleaved Dcp-1 (green) and TO-PRO3 (blue). b, S2 cells transfected with G4C2 were co-stained with a Ran antibody (red) and TO-PRO3 (blue). c, Abnormal aggregated RanGAP1 is variably observed in C9-ALS iPSC neurons and is largely absent from control iPSC neurons. Arrows indicate abnormal RanGAP1 staining. d, Single microscopic plane of aggregated RanGAP1 co-localized with Nup205 at the nuclear membrane (Lamin B) in C9-ALS iPSC neurons. Single immuno-label view in right panels for Nup205 and RanGap1, with xâ€“y and xâ€“z projections. e, Cytoplasmic RanGAP1 aggregates can co-localize with ubiquitin in C9-ALS iPSC neurons.


Extended Data Figure 6 Electrophysiological and immunocytochemical characterization of iPSC neurons and astroglia.
a, IR-DIC images of iPSC neurons from control (left panel) and C9orf72 (right panel) patient cells (aâ€²). Representative action potentials in response to somatic current injections (70 pA) in iPSC neurons (bâ€²â€“dâ€²). The majority of cells from both groups displayed either single, adaptive or repetitive responses, as demonstrated previously49. These action potentials were blocked by TTX treatment. Normal (eâ€²) and C9orf72 (fâ€²) patient cells displayed mEPSCs that were sensitive to NBQX treatment, suggesting functional synaptic input. Resting membrane potential, membrane capacitance, and membrane resistance were comparable in both groups (gâ€²â€“iâ€²). b, Quantification of iPSC neuron markers showing glutamatergic and Islet-1+ iPSC neurons. c, iPSCs differentiated into neurons include phenotypic markers such as Islet-1, HB9, ChAT (choline acetyl transferase, motor neuron); Tuj1, MAP2, SMI32 (cytoskeletal), VGLUT1 (vesicular glutamate transporter 1), NMDAR1 (NMDA receptor), and synaptic markers SYT1 (synaptotagmin) and SYP (synaptophysin). d, Astroglia markers include ALDH1 (universal astroglial marker) and GFAP (reactive astroglia).


Extended Data Figure 7 Additional human RanGAP1 and Nup107 pathology in C9-ALS brain.
a, b, C9orf72 motor cortex (b) reveals aberrant nuclear localization of RanGAP1, compared to a non C9 control tissue (a), including various nuclear aggregate pathologies seen at higher power in C9orf72 ALS motor cortex (d) as compared to control (c). e, Aberrant RanGAP1 nuclear aggregates were not readily observed in C9-ALS cerebellar cortex molecular layer (ML), Purkinje cells (PK) or granule cell (GL) layer when compared to non C9-ALS control cerebellum. Number in the upper right of each panel identifies autopsy specimen (Supplementary Table 2). f, Nup107 was also aggregated at the nuclear membrane in C9-ALS motor cortex cells when compared to non C9 control tissues.


Extended Data Figure 8 C9orf72 HRE disrupts the cytoplasmic/nuclear Ran gradient.
a, Representative images of disrupted N/C Ran gradient in C9-ALS ChAT+ iPSC neurons. b, c, Representative images and quantification of control (top row) or C9-ALS iPSC neurons (bottom row) expressing Ran-GFP that are co-stained with Ran and MAP2. Both Ran antibody and Ranâ€“GFP indicate a reduced N/C Ran ratio. d, Overexpression of RanGAP1â€“GFP rescues the N/C Ran ratio in C9-ALS iPSC neurons. e, Control iPSC neurons treated with tunicamycin show enhanced level of activated Caspase 3 in the soma but no change in N/C Ran localization compared to controls with vehicle treatment. f, RanGAP1 is not aggregated in control and C9-ALS iPSC astroglia. g, Representative image of N/C Ran in C9-ALS astrocytes when identified using the pan astroglial ALDH1 marker. h, N/C Ran is not altered in C9-ALS astroglia when comparing astrocytes of a similar size. i, Mean intensity fluorescence (MIF) of nuclear Ran does not differ in control or C9-ALS astroglia. j, Representative image of C9-ALS iPSC neuron with G4C2 RNA foci in approximately 40% of MAP2+ neurons at 50â€“70 DIV. Number of C9-ALS iPSC neurons with RNA foci is reduced with C9orf72 RNA targeting antisense oligonucleotides compared to scrambled/non-targeting antisense oligonucleotides to <10% of iPSC neurons. k, Antisense oligonucleotides that reduce G4C2 RNA foci also enhance N/C Ran and N/C TDP-43 ratios. *P < 0.05; **P < 0.01; ****P < 0.0001.


Extended Data Figure 9 C9orf72 HRE causes nucleocytoplasmic transport defects.
a, Quantification of the nuclear GFP intensity in Fig. 4a. b, Immunoblot of the GFP levels in Fig. 4a. c, Quantification of the TBPH N/C ratio in Fig. 4a. d, Wild-type control and (G4C2)30-expressing motor neurons expressing NLSâ€“NESâ€“GFP (left two columns) or NLSâ€“Î”NESâ€“GFP (right two columns) co-stained with a GFP antibody (green) and TO-PRO3 (blue) (top row). The GFP signal is shown separately in the bottom row. Genotypes (from left): (1) OK371-GAL4/UAS-NLS-NES-GFP (II); (2) OK371-GAL4/UAS-NLS-NES-GFP; UAS-(G4C2)30/+; (3) OK371-GAL4/+; UAS-NLS-NES(P12)-GFP/+; (4) OK371-GAL4/+; UAS-NLS-NES(P12)-GFP/UAS-(G4C2)30 .


Extended Data Figure 10 Model of C9orf72 mutation induced nucleocytoplasmic transport disruption.
a, In normal cases, RanGAP1 is tethered onto the NPC via RanBP2, where it activates Ranâ¦�GTP hydrolysis to produce Ranâ¦�GDP. Ranâ¦�GDP dissociates from and activates the Importin-Î±Î² complex to import NLSâ€“NES-containing protein cargos such as TDP-43. b, In the nucleus, RanGEF converts Ranâ¦�GDP to Ranâ¦�GTP that is required for the dissociation of the NLSâ€“Importin-Î±Î² complex and the export of NES protein cargoes. c, In C9-ALS, G4C2 HRE binds and sequesters RanGAP1, leading to an increase in cytoplasmic Ranâ¦�GTP. High cytoplasmic Ranâ¦�GTP prevents the formation of the NLSâ€“Importin-Î±Î² complex, thereby disrupting the N/C Ran gradient and impairing nuclear import of NLS-containing proteins. d, Dipeptide repeat proteins translated from the G4C2 RNA can be toxic when expressed at high levels but it is unclear whether they contribute to nucleocytoplasmic trafficking deficits in Drosophila since they are not detected at the time of degeneration. The C9orf72 HRE sense strand appears to be contributing to nucleocytoplasmic trafficking deficits in human iPSC neurons and fly model systems, as small molecules and antisense oligonucleotides targeting the sense RNA substantially suppress the nuclear import phenotypes and neurodegeneration as a result of the G4C2 repeat RNA expression. Overall, the data are most consistent with an RNA-mediated mechanism with evidence that includes: (1) RanGAP1 was identified as 1 of 19 sequence-specific interactors of G4C2 RNA; (2) RanGAP is a strong genetic modifier of G4C2 RNA-mediated degeneration in Drosophila under conditions in which polyGR and polyGP are not detected; (3) RanGAP directly and potently interacts with HRE RNA; and (4) G4C2 RNA foci can co-localize with RanGAP1.





Supplementary information
Supplementary Table 1
This table contains the genetic modifier screen of G4C2-mediated neurodegeneration. (XLSX 36 kb)


Supplementary Tables 2-3
This file contains Supplementary Table 2, a list of C9ORF72 ALS and non-neurological control patient motor cortex and cerebellum employed in these studies and Supplementary Table 3, C9ORF72 and control iPS lines used in the study. (PDF 148 kb)


Supplementary Table 4
This table shows the number of C9ORF72 and control iPS quantified for each experiment. (XLSX 40 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4

PowerPoint slide for Fig. 5




Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Zhang, K., Donnelly, C., Haeusler, A. et al. The C9orf72 repeat expansion disrupts nucleocytoplasmic transport.
                    Nature 525, 56â€“61 (2015). https://doi.org/10.1038/nature14973
Download citation
	Received: 21 December 2014

	Accepted: 24 July 2015

	Published: 26 August 2015

	Issue Date: 03 September 2015

	DOI: https://doi.org/10.1038/nature14973


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Nuclear-import receptors as gatekeepers of pathological phase transitions in ALS/FTD
                                    
                                

                            
                                
                                    	Bilal Khalil
	Miriam Linsenmeier
	Wilfried Rossoll


                                
                                Molecular Neurodegeneration (2024)

                            
	
                            
                                
                                    
                                        Rapid and high-purity differentiation of human medium spiny neurons reveals LMNB1 hypofunction and subtype necessity in modeling Huntingtonâ€™s disease
                                    
                                

                            
                                
                                    	Junjiao Wu
	Jie Ren
	Yu Tang


                                
                                Inflammation and Regeneration (2024)

                            
	
                            
                                
                                    
                                        Screens in aging-relevant human ALS-motor neurons identify MAP4Ks as therapeutic targets for the disease
                                    
                                

                            
                                
                                    	Meng-Lu Liu
	Shuaipeng Ma
	Chun-Li Zhang


                                
                                Cell Death & Disease (2024)

                            
	
                            
                                
                                    
                                        G2C4 targeting antisense oligonucleotides potently mitigate TDP-43 dysfunction in human C9orf72 ALS/FTD induced pluripotent stem cell derived neurons
                                    
                                

                            
                                
                                    	Jeffrey D. Rothstein
	Victoria Baskerville
	Alyssa N. Coyne


                                
                                Acta Neuropathologica (2024)

                            
	
                            
                                
                                    
                                        Fluvoxamine Exerts Sigma-1R to Rescue Autophagy via Pom121-Mediated Nucleocytoplasmic Transport of TFEB
                                    
                                

                            
                                
                                    	Chun-Yu Lin
	Hsiang-En Wu
	Shao-Ming Wang


                                
                                Molecular Neurobiology (2024)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        Editorial Summary
A novel mechanism of neurodegeneration
The most common cause of the debilitating disease amyotrophic lateral sclerosis (ALS) is a hexanucleotide repeat expansion GGGGCC (G4C2) in the C9orf72 gene. Two studies in this issue use contrasting methods to arrive at a molecular mechanism that may cause a familial form of the disease. Using a candidate-based genetic screen in Drosophila expressing 30 G4C2 repeats (Ke Zhang et al.) or an unbiased genetic screen in Drosophila expressing 8, 28 or 58 G4C2 repeat-containing transcripts (Brian Freibaum et al.), the two groups sought genes that enhance or suppress the disease phenotype. Zhang et al. identify the gene encoding RanGAP, a key regulator of nucleocytoplasmic transport, and Freibaum et al. identifies genes that encode components of the nuclear pore and the nucleocytoplasmic transport machinery. Both papers show deficits in nucleocytoplasmic transport in Drosophila cells expressing G4C2 repeats and in iPSC-derived neurons from ALS patients. Zhang et al. show that these defects can be rescued with antisense oligonucleotides or small molecules targeting the G-quadruplexes.

show all

    

    
    
        
            
                Associated content

                
                    
                    
                        
                            
    
        
            
                
                    Problems at the nuclear pore
                

                
	Bennett W. Fox
	Randal S. Tibbetts



                
    
        
            Nature
        
        News & Views
        
        
            26 Aug 2015
        
    


            

        

    


                        

                    
                        
                            
    
        
            
                
                    GGGGCC repeat expansion in C9orf72 compromises nucleocytoplasmic transport
                

                
	Brian D. Freibaum
	Yubing Lu
	J. Paul Taylor



                
    
        
            Nature
        
        Letter
        
        
            26 Aug 2015
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	Protocol Exchange
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Korea
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter â€” what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
