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            Abstract
Dysregulated neurodevelopment with altered structural and functional connectivity is believed to underlie many neuropsychiatric disorders1, and â€˜a disease of synapsesâ€™ is the major hypothesis for the biological basis of schizophrenia2. Although this hypothesis has gained indirect support from human post-mortem brain analyses2,3,4 and genetic studies5,6,7,8,9,10, little is known about the pathophysiology of synapses in patient neurons and how susceptibility genes for mental disorders could lead to synaptic deficits in humans. Genetics of most psychiatric disorders are extremely complex due to multiple susceptibility variants with low penetrance and variable phenotypes11. Rare, multiply affected, large families in which a single genetic locus is probably responsible for conferring susceptibility have proven invaluable for the study of complex disorders. Here we generated induced pluripotent stem (iPS) cells from four members of a family in which a frameshift mutation of disrupted in schizophrenia 1 (DISC1) co-segregated with major psychiatric disorders12 and we further produced different isogenic iPS cell lines via gene editing. We showed that mutant DISC1 causes synaptic vesicle release deficits in iPS-cell-derived forebrain neurons. Mutant DISC1 depletes wild-type DISC1 protein and, furthermore, dysregulates expression of many genes related to synapses and psychiatric disorders in human forebrain neurons. Our study reveals that a psychiatric disorder relevant mutation causes synapse deficits and transcriptional dysregulation in human neurons and our findings provide new insight into the molecular and synaptic etiopathology of psychiatric disorders.
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                    Figure 1: Normal neural differentiation, but markedly reduced total DISC1 protein levels in forebrain neurons derived from patient iPS cells carrying the DISC1 mutation.[image: ]


Figure 2: Defects of glutamatergic synapses in forebrain neurons carrying the DISC1 mutation.[image: ]


Figure 3: A causal role of the DISC1 mutation in regulating synapse formation in human forebrain neurons.[image: ]


Figure 4: Dysregulation of neuronal transcriptome encoding a subset of presynaptic proteins, DISC1-interacting proteins and mental-disorder-associated proteins in human forebrain neurons carrying the DISC1 mutation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Basic characterization of iPS cell lines.
aâ€“c, Sample confocal images of immunostaining of pluripotency-associated markers for different iPS cell lines (a, scale bar, 50Â Î¼m) and sample images of karyotyping (b). Also shown is sample bisulphite-sequencing analysis of promoter regions of pluripotency genes NANOG and OCT4 (c). Each row represents one allele: closed circles represent methylated cytosine and open circles represent unmethylated cytosine. d, e, Pluripotency of iPS cell lines. Shown are sample images of cell types of three germ-layers in teratomas following transplantation to SCID mice (d, scale bar, 100Â Î¼m) and immunostaining for AFP (an endoderm marker), SMA (a mesoderm marker) or TUJ1 (an ectoderm/neuronal marker), upon in vitro differentiation of iPS cells (e, scale bar, 50Â Î¼m). f, Confirmation of the genotype of different iPS cell lines by Sanger sequencing. Shown are sample genomic DNA sequences around exon 12 and intron 12 of different iPS cell lines. Each line represents one allele. See Supplementary Table 1a for a summary of similar characterization for all iPS cell lines used in this study.


Extended Data Figure 2 Forebrain-specific neural differentiation of iPS cell lines.
a, Schematic diagram of the differentiation procedure. b, Sample confocal images of immunostaining for nestin and forebrain progenitor markers, EMX1, FOXG1, OTX2, and PAX6, and DAPI. Scale bar, 20Â Î¼m.


Extended Data Figure 3 Neuronal subtype differentiation of iPS cell lines.
a, Expression of glutamatergic neuron marker Î±-CAMKII. Shown are sample confocal images of immunostaining of CAMKII and MAP2AB and quantification. Scale bar, 20Â Î¼m. Values represent meanÂ Â±Â s.e.m. n = 5 cultures. b, Expression of GABAergic neuron marker GAD67. Same as in a, except that GAD67 was examined. c, Expression of dopaminergic neuron marker tyrosine hydroxylase in cultures. Same as in a, except that tyrosine hydroxylase was examined in one iPS cell line each from five individuals.


Extended Data Figure 4 Effect of the 4-bp deletion mutation of DISC1 on wild-type DISC1 at the protein level.
a, Schematic diagram of the DISC1 locus harbouring the frameshift 4-bp deletion mutation. Also shown are predicated protein sequences at the C terminus of wDISC1 and mDISC1. b, Quantification of DISC1 mRNA levels from qPCR analysis of exon 2. Data were normalized to that of C3-1 neurons. Values represent meanÂ Â±Â s.e.m., n = 3. c, Sample western blot images of co-immunoprecipitation analyses of differentially tagged wDISC1 and mDISC1 upon co-expression in HEK293 cells. d, Dose-dependent depletion of soluble wDISC1 by mDISC1 upon co-expression in HEK293 cells. Shown are sample western blot images and quantification. Data were normalized to that of the 2:2 ratio condition for each experiment. Values represent meanÂ Â±Â s.e.m. (n = 3). e, Increased ubiquitination of wDISC1 upon mDISC1co-expression. Expression plasmids for V5-tagged ubiquitin and HA-tagged wDISC1 were co-transfected with or without Flag-tagged mDISC1 into HEK293 cells. Samples were prepared with lysate buffer containing SDS to dissociate the protein complex, and then wDISC1 was immunoprecipitated with anti-HA antibodies, followed by western blot analysis using anti-V5 antibodies. Note markedly increased covalent-bound ubiquitin for wDISC1 upon mDISC1 co-expression.


Extended Data Figure 5 Morphological development of forebrain neurons in culture.
Shown are summaries of soma size and total dendritic length of forebrain neurons derived from two iPS cell lines from each individual at 1 to 4Â weeks after neuronal differentiation. Numbers associated with the bars indicate total numbers of neurons examined. Values represent meanÂ Â±Â s.e.m. n = 5 cultures; ANOVA analysis.


Extended Data Figure 6 I-V characteristics of forebrain neurons derived from different iPS cell lines.
Shown are summaries of recordings from forebrain neurons derived from 4 iPS cell lines in co-culture with astrocytes for 1, 2 or 4Â weeks. Values represent meanÂ Â±Â s.e.m., n = 6â€“15 cells for each condition.


Extended Data Figure 7 Basic characterization of isogenic iPS cell lines.
a, b, Sample images of immunostaining of pluripotency-associated markers for different isogenic iPS cell lines (a; scale bars, 50Â Î¼m) and sample images for karyotyping (b). See Supplementary Table 1a for a summary.


Extended Data Figure 8 Validations of differential gene and protein expression in forebrain neurons from different isogenic iPS cell lines.
a, Heat-map of expression profile of 500 genes. b, Dot plot of gene expression analysis of a selected group of 23 genes from RNA-seq and qRTâ€“PCR analyses of independent samples of C3-1 and D2-1 neurons. Data represent mean values (n = 3). c, Quantitative mRNA analysis of a selected group of synapse-related genes in forebrain neurons from different isogenic lines. Data from RNA-seq analysis (n = 3 samples each) are also shown for comparison. Values represent meanÂ Â±Â s.e.m. (n = 3; *PÂ <Â 0.01; ANOVA). The same data are summarized in a heat-map illustration shown in Fig. 4d. d, Quantitative analysis of protein expression based on western blot analysis. Values represent meanÂ Â±Â s.e.m. (n = 3; *PÂ <Â 0.01; ANOVA). The same data are summarized in a heat-map illustration shown in Fig. 4e.





Supplementary information
Supplementary Table 1
Summary of iPSC lines and reagents used in the current study. a, Summary of characterization of all iPSC lines used. b, Summary of information for antibodies used. c, List of primer sequences. (XLS 51 kb)


Supplementary Table 2
Summary of RNA-seq analysis of 4 week-old forebrain neurons from D2-1, D3-2 and C3-1 iPSC lines. a, RNA-seq read information. b, List of common up-regulated genes in DISC1 mutant D2-1 and D3-2 forebrain neurons compared to control C3-1 neurons. c, List of common down-regulated genes in DISC1 mutant D2-1 and D3-2 forebrain neurons compared to control C3-1 neurons; d, List of differentially expressed genes related to synapses; e, List of differentially expressed genes related to mental disorders. (XLS 522 kb)





PowerPoint slides
PowerPoint slide for Fig. 1

PowerPoint slide for Fig. 2

PowerPoint slide for Fig. 3

PowerPoint slide for Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Wen, Z., Nguyen, H., Guo, Z. et al. Synaptic dysregulation in a human iPS cell model of mental disorders.
                    Nature 515, 414â€“418 (2014). https://doi.org/10.1038/nature13716
Download citation
	Received: 23 February 2014

	Accepted: 28 July 2014

	Published: 17 August 2014

	Issue Date: 20 November 2014

	DOI: https://doi.org/10.1038/nature13716


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

                
                    	
                            
                                
                                    
                                        Defined co-cultures of glutamatergic and GABAergic neurons with a mutation in DISC1 reveal aberrant phenotypes in GABAergic neurons
                                    
                                

                            
                                
                                    	Johanna Heider
	Aaron Stahl
	HansjÃ¼rgen Volkmer


                                
                                BMC Neuroscience (2024)

                            
	
                            
                                
                                    
                                        Genetics of human brain development
                                    
                                

                            
                                
                                    	Yi Zhou
	Hongjun Song
	Guo-li Ming


                                
                                Nature Reviews Genetics (2024)

                            
	
                            
                                
                                    
                                        Comparing stem cells, transdifferentiation and brain organoids as tools for psychiatric research
                                    
                                

                            
                                
                                    	Alfredo Bellon


                                
                                Translational Psychiatry (2024)

                            
	
                            
                                
                                    
                                        Trisomy 21-driven metabolite alterations are linked to cellular injuries in Down syndrome
                                    
                                

                            
                                
                                    	Juli Liu
	Shaoxian Chen
	Yueheng Wu


                                
                                Cellular and Molecular Life Sciences (2024)

                            
	
                            
                                
                                    
                                        Morphological and transcriptomic analyses of stem cell-derived cortical neurons reveal mechanisms underlying synaptic dysfunction in schizophrenia
                                    
                                

                            
                                
                                    	Annie Kathuria
	Kara Lopez-Lengowski
	Rakesh Karmacharya


                                
                                Genome Medicine (2023)

                            


                

            

        
    

            
                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
DISC1 gene linked to synaptic dysfunction
Although altered synaptic function and development are believed to underlie psychiatric disorders such as schizophrenia, evidence from human brains has been largely indirect. In vitro models derived from induced pluripotent stem cells (iPSCs) provide a promising means of study, but the genetic variability and complexity of many psychiatric disorders is a major source of difficulty in interpretation of phenotypes. Hongjun Song and colleagues generate iPSCs from members of a single family in which carriers of mutations in the DISC1 gene are linked to psychiatric disorders. They confirm that neurons carrying mutant DISC1 have synaptic dysfunction, and that these deficits can not only be rescued by correcting the mutation, but also recapitulated in control neurons by introducing the mutation with genome editing.

show all

    

    
    

    
        
            
                
                    
                        
                            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: ]
