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            Abstract
NRXN1 undergoes extensive alternative splicing, and non-recurrent heterozygous deletions in NRXN1 are strongly associated with neuropsychiatric disorders. We establish that human induced pluripotent stem cell (hiPSC)-derived neurons well represent the diversity of NRXN1α alternative splicing observed in the human brain, cataloguing 123 high-confidence in-frame human NRXN1α isoforms. Patient-derived NRXN1+/− hiPSC-neurons show a greater than twofold reduction in half of the wild-type NRXN1α isoforms and express dozens of novel isoforms from the mutant allele. Reduced neuronal activity in patient-derived NRXN1+/− hiPSC-neurons is ameliorated by overexpression of individual control isoforms in a genotype-dependent manner, whereas individual mutant isoforms decrease neuronal activity levels in control hiPSC-neurons. In a genotype-dependent manner, the phenotypic impact of patient-specific NRXN1+/− mutations can occur through a reduction in wild-type NRXN1α isoform levels as well as the presence of mutant NRXN1α isoforms.
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                    Fig. 1: Cohort description and transcriptomic analysis.[image: ]


Fig. 2: Conservation of NRXN1α isoforms across mouse PFC, post-mortem PFC and hiPSC-neurons.[image: ]


Fig. 3: Identification of cell-type-specific NRXN1 isoforms from control isogenic hiPSC-neuronal subtypes.[image: ]


Fig. 4: Identification of mutant NRXN1α isoforms.[image: ]


Fig. 5: Single-cell sequencing of hiPSC-neurons.[image: ]


Fig. 6: Impact of specific NRXN1α isoforms on neuronal activity.[image: ]
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Extended data

Extended Data Fig. 1 Validation of deletions in hiPSC cohort and whole transcriptome RNA-seq analysis.
a, Schematic showing the structure of the NRXN1 gene and location of 5’-((blue) and 3’-deletions (red). b,c, Mean and s.e. of Taqman CNV assay confirming 3’-CNV in fibroblasts from one 3’-NRXN1+/- case (b) and 5’-CNV in fibroblasts from both 5’-NRXN1+/- cases (c); two replicates per sample per probe. d, PCR of cDNA across exons encompassed by the 3’-deletion in controls and 3’-NRXN1+/- hiPSC-NPCs, two independent validations. e, Mean and s.e. of the log2FoldChange by qPCR across the novel junction (exon 20-24) created by 3’-deletion across 2 controls and 2 3’-NRXN1+/- hiPSC-NPCs compared using a two-sided t-test. f, Sanger sequencing result from a TOPO cloned NRXN1α isoform from 3’-NRXN1+/- hiPSC-neurons (n = 1) confirming presence of novel exon junction (exon 20-24). g, Confirmation of the sex of each sample. h, PCA plot of combined hiPSC-NPC (19 samples, 8 donors) and hiPSC-neuron (18 samples, 8 donors) RNA-seq dataset showing separation by cell type on PC1. i,j, Volcano plot showing differentially expressed genes within hiPSC-NPCs (i) and hiPSC-neurons (j) individually. k, FPKM of NRXN1 expression across fetal PFC (1), adult dlPFC (3) and control hiPSC-neurons (3). l, Circle plot showing hierarchical clustering of samples by cell type and by donor. m,n Pearson correlation of gene expression within and between donors in hiPSC-NPCs (19 samples, 8 donors) (m) and hiPSC-neurons (18 samples, 8 donors) (n) by one-sided Wilcoxon test. o, Gene set enrichments for genes correlated with NRXN1 spicing in the Common Mind Consortium dlPFC dataset.


Extended Data Fig. 2 Cell type composition.
a, Heatmap showing log2FPKM values of sub-type marker genes in hiPSC-neurons across genotypes. b, Cell type composition scores obtained using Cibersort4 in hiPSC-neurons (9 controls, 4 donors; 9 cases, 4 donors), by diagnosis. c, Images of GABA immunostaining overlaid with MAP2. d, Mean percent of GABA+ cells from control (8 images, 2 coverslips), 5’-NRXN1+/- (8 images, 2 coverslips) and 3’-NRXN1+/- (11 images, 3 coverslips). Error bars are s.e. e, Representative images of SYN1 immunostaining alone and overlaid with MAP2 immunostaining and DAPI. f, Mean intensity of SYN1+ puncta normalized to MAP2 intensity (3 images per coverslip, 8 coverslips per donor, 2 donors per genotype). Error bars are s.e.


Extended Data Fig. 3 Pipeline Schematic and quality control of Iso-seq data.
a, Schematic of the sample preparation for the hybrid sequencing approach. b, Schematic of the computational pipeline developed for the hybrid sequencing approach. c, UCSC genome browser view of whole transcriptome Iso-seq data across the NRXN1 locus from five hiPSC-neuron samples. d,e, Representative bioanalyzer traces from Iso-seq library prep passing QC (d) compared to library prep failed QC (e). f, Targeted short-read sequencing counts per million for 3’-NRXN1+/- specific junction site showing 3’-NRXN1+/- hiPSC-neurons passing QC in green and failing QC in red. g,h, Pearson’s correlation of junction site expression from targeted long read vs. targeted short read data showing one of the samples passing QC (g) and one sample failing QC (h).


Extended Data Fig. 4 Comparison of long and short read data for quantification and threshold testing.
a, Correlation of NRXN1α junction expression from long read and short read sequencing across control (control 1 n = 39, control 2 n = 37) and 3’-NRXN1+/- (3’-NRXN1+/- 1 n = 36, 3’-NRXN1+/- 2 n = 45) hiPSC-neuron samples. Red triangles represent canonical junctions while black represent non-canonical. b, Correlation of NRXN1α isoform expression from long read quantification and short read quantification across control (Control 1 n = 90, Control 2 n = 88) and 3’-NRXN1+/- (3’-NRXN1+/- 1 n = 89, 3’-NRXN1+/- 2 n = 96) hiPSC-neuron samples. Colored triangles represent in-frame isoforms, predicted to be translated (red), untranslated (black) and TOPO cloned (green). c, Correlation of mouse and human NRXN1α isoform expression and corresponding Venn diagrams for the number of isoforms across expression thresholds (≥2 n = 112, ≥3 n = 88, ≥4 n = 75, ≥5 n = 63, ≥6 n = 60, ≥7 n = 57, ≥8 n = 54, ≥9 n = 52, ≥10 n = 50).


Extended Data Fig. 5 Cell type specific NRXN1 expression.
a,b, PCA of isogenic samples differentiated into three hiPSC-neuronal cell types colored by cell type (ASCL1/DLX2 (5), hiPSC-neuron (6), and NGN2 (6) (a) or by NRXN1 genotype (control (8), case (9) from 3 donors each) (b). c, Representative confocal images from 2 independent differentiations of control and NRXN1+/- ASCL1/DLX2-GABAergic hiPSC-neurons. d, Expression of glutamatergic, GABAergic and pan-neuronal marker genes across NRXN1+/- (9) and control (8) NGN2-glutamatergic and ASCL1/DLX2-GABAergic hiPSC-neurons. Boxplot shows median and IQR. e, Sum of all NRXN1 transcripts expressed across control (2 donors), 3’-NRXN1+/- (2 donors) and 5’-NRXN1+/- (2 donors) in NGN2-glutamatergic and ASCL1/DLX2-GABAergic hiPSC-neurons. f,g, NRXN1α (f) and NRXN1β (g) isoform usage expressed across control, 3’-NRXN1+/- and 5’-NRXN1+/- donors in NGN2-glutamatergic and ASCL1/DLX2-GABAergic hiPSC-neurons. Boxplot displays median and range with P < 0.01 indicated by “**” from two way ANOVA with Holm-Sidak’s test.


Extended Data Fig. 6 Examination of NRXN1α canonical splice sites and total NRXN1 isoform expression.
a, Pearson’s correlation of NRXN1α isoform expression across control and 3’-NRXN1+/- hiPSC-neurons (n = 99 isoforms, r computed by t-statistics). b,c, Bar plot of the total read count for each NRXN1α exon along with the fraction that each NRXN1α junction is included in control hiPSC-neurons (b) and 3’-NRXN1+/- hiPSC-neurons. Red circle indicates the novel junction created by the 3’-NRXN1+/- deletion (c). d, Schematic of the experimental design to test activity induced regulation at NRXN1α canonical splice sites. e, Fold change of canonical splice site exclusion in controls (gray) and a 3’-NRXN1+/- hiPSC-neuron (red) plus KCl compared to PBS control (dotted line). f, Bar plot showing fold change of SS4 in KCl treated control and 3’-NRXN1+/- hiPSC-neurons (compared to PBS). g, Schematic of the experimental design to test developmental regulation at NRXN1α canonical splice sites. h, Fold change of canonical splice sites in control hiPSC-neurons at 2-weeks (light gray), 4-weeks (gray) and 6-weeks (dark gray) post-differentiation compared to NPCs (dotted line). i, Specific examination of developmental exclusion of SS4. Error bars are s.e. j-m, Expression of levels of all NRXN1 isoforms (j), NRXN1α (k), NRXN1β (l), NRXN1γ (m) across NRXN1 genotypes (8 control, 3 donors; 5 3’-NRXN1+/-, 2 donors; 5 5’-NRXN1+/-, 2 donors) in hiPSC-neurons. Violin plot displays density and range with P < 0.05 indicated by “*” from Wilcoxon Signed Rank Test. n, Pearson’s correlation of all NRXN1 isoforms (18 samples, 6 donors) with NRXN1α, NRXN1β and NRXN1γ (r values calculated using t-statistics).


Extended Data Fig. 7 Single cell expression of synaptic genes.
a, Violin plot displaying density of the expression of NRXN and multiple synaptic marker genes in single cells across control (2 donors) and NRXN1+/- (3 donors) hiPSC-neurons. b, Violin plot displaying density and range of the expression of multiple synaptic genes identified as marker genes in immature neuronal clusters from scRNA-seq data across control (2 donors) and NRXN1+/- (3 donors) hiPSC-neurons.


Extended Data Fig. 8 Investigation of hiPSC-neuron morphology, cellular signaling, and NRXN1 overexpression.
a, Strategy to label individual hiPSC-neurons. b-g, Mean neurite number across genotypes (control 71 neurons, 2 donors; 3’-NRXN1+/-- 72 neurons, 2 donors; 5’-NRXN1+/- 50 neurons 2 donors) “****” indicates P < 0.00001 and “***”indicates P < 0.0001 by one-way ANOVA with Holm-Sidak’s test; (b) or by coverslip (2 donors, 12 coverslips, 3 regions each) (c,d) mean neurite length across genotypes (control 71 neurons, 2 donors; 3’-NRXN1+/- 72 neurons, 2 donors; 5’-NRXN1+/- 50 neurons, 2 donors); (e) or by coverslip (2 donors, 12 coverslips, 3 regions each) (f,g). Two donors per genotype indicated by different shading within each plot. h, Differentially active kinases (3’- NRXN1+/- hiPSC-neurons: 6 samples, 2 donors; controls: 5 samples, 2 donors). i, Volcano plot of –log10(P-value) and log2(FoldChange) from linear model of RNA-seq (3’-NRXN1+/- hiPSC-neurons: 5 samples, 2 donors; controls 6 samples, 2 donors); DE kinase associated genes labeled. j, Violin plot of median and quartiles of RPKM for kinase hits with largest fold-change in RNA-seq (3’-NRXN1+/- hiPSC-neurons: 5 samples, 2 donors; controls: 6 samples, 2 donors). k, Differentially active kinases in (5’- NRXN1+/- hiPSC-neurons: 3 samples, 1 donors; controls 5 samples, 2 donors). l, Volcano plot of –log10(P-value) and log2(FoldChange) from linear model of RNA-seq (5’-NRXN1+/- hiPSC-neurons: 3 samples, 1 donors; controls 6 samples, 2 donors); DE kinase associated genes labeled. m, Violin plot of median and quartiles of RPKM for kinase hits with largest fold change values in RNA-seq (5’-NRXN1+/- hiPSC-neurons: 3 samples, 1 donors; controls 6 samples, 2 donors). n, Isoform constructs for overexpression with log2(FoldChange) from hybrid sequencing dataset. o, Mean fold-change from qPCR of NRXN1 expression (3 replicates per condition. p, Representative western blot (2 replicates) for anti-FLAG (48hr expression of control-enriched NRXN1α-FLAG). q, Representative western blot (2 replicates) for anti-FLAG (48hr expression of 3’-NRXN1+/- specific NRXN1α-FLAG). All error bars are s.e.


Extended Data Fig. 9 Predicted protein models for wild-type and mutant NRXN1α isoforms.
a, Superimposed image of the top ten most abundant wildtype NRXN1α isoforms in hiPSC-neurons. b, Superimposed predicted protein model of the top ten most abundant mutant isoforms. c, Superimposed predicted protein model of the top ten most abundant mutant isoforms compared to the most abundant wildtype isoform (grey). d, Individual predicted protein models of the top ten most abundant wild type isoforms. e, Individual predicted protein models of the top ten most abundant mutant isoforms. Insets in each panel highlight C-terminal region of NRXN1α isoforms where 3’-NRXN1+/- deletion is located.


Extended Data Fig. 10 Investigation of NRXN1α isoform changes across development.
a,b, Bar plot of the total read count for each NRXN1α exon along with the fraction that each NRXN1α junction is included in adult dlPFC samples (a) and fetal PFC samples (b); pink boxes represent potential developmentally regulated exons. c, Schematic of NRXN1α isoform structure, with each row representing a unique NRXN1α isoform and each column representing a NRXN1 exon. Colored exons (blue, fetal PFC specific; green, adult dlPFC specific; orange, shared) are spliced into the transcript while blank exons are spliced out. Abundance of each NRXN1α isoform across fetal PFC and adult dlPFC samples.





Supplementary information
Supplementary Information
Supplementary Note


Reporting Summary

Supplementary Tables
Supplementary Tables 1–20





Rights and permissions
Reprints and permissions


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



Cite this article
Flaherty, E., Zhu, S., Barretto, N. et al. Neuronal impact of patient-specific aberrant NRXN1α splicing.
                    Nat Genet 51, 1679–1690 (2019). https://doi.org/10.1038/s41588-019-0539-z
Download citation
	Received: 06 March 2019

	Accepted: 25 October 2019

	Published: 29 November 2019

	Issue Date: December 2019

	DOI: https://doi.org/10.1038/s41588-019-0539-z


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

                
                    	
                            
                                
                                    
                                        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)

                            
	
                            
                                
                                    
                                        NRXN1 depletion in the medial prefrontal cortex induces anxiety-like behaviors and abnormal social phenotypes along with impaired neurite outgrowth in rat
                                    
                                

                            
                                
                                    	Di Wu
	Jiansheng Zhu
	Xia Chi


                                
                                Journal of Neurodevelopmental Disorders (2023)

                            
	
                            
                                
                                    
                                        TAGET: a toolkit for analyzing full-length transcripts from long-read sequencing
                                    
                                

                            
                                
                                    	Yuchao Xia
	Zijie Jin
	Ruibin Xi


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Schizophrenia-associated NRXN1 deletions induce developmental-timing- and cell-type-specific vulnerabilities in human brain organoids
                                    
                                

                            
                                
                                    	Rebecca Sebastian
	Kang Jin
	ChangHui Pak


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        The molecular pathology of schizophrenia: an overview of existing knowledge and new directions for future research
                                    
                                

                            
                                
                                    	Takumi Nakamura
	Atsushi Takata


                                
                                Molecular Psychiatry (2023)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    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 Genetics (Nat Genet)
                
                
    
    
        ISSN 1546-1718 (online)
    
    


                
    
    
        ISSN 1061-4036 (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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter — top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
