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            Abstract
Parental imprinting is a form of epigenetic regulation that results in parent-of-origin differential gene expression. To study Prader-Willi syndrome (PWS), a developmental imprinting disorder, we generated case-derived induced pluripotent stem cells (iPSCs) harboring distinct aberrations in the affected region on chromosome 15. In studying PWS-iPSCs and human parthenogenetic iPSCs, we unexpectedly found substantial upregulation of virtually all maternally expressed genes (MEGs) in the imprinted DLK1-DIO3 locus on chromosome 14. Subsequently, we determined that IPW, a long noncoding RNA in the critical region of the PWS locus, is a regulator of the DLK1-DIO3 region, as its overexpression in PWS and parthenogenetic iPSCs resulted in downregulation of MEGs in this locus. We further show that gene expression changes in the DLK1-DIO3 region coincide with chromatin modifications rather than DNA methylation levels. Our results suggest that a subset of PWS phenotypes may arise from dysregulation of an imprinted locus distinct from the PWS region.
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                    Figure 1: Genome-wide gene expression analysis in PWS-iPSCs.[image: ]


Figure 2: Characterization of the DLK1-DIO3 locus in PWS.[image: ]


Figure 3: IPW regulates gene expression at the DLK1-DIO3 locus.[image: ]


Figure 4: IPW affects chromatin modifications at the DLK1-DIO3 locus.[image: ]


Figure 5: Model summarizing the effect of IPW depletion on the expression of MEGs in the DLK1-DIO3 region during early development.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Characterization of PWS-iPSCs.
(a) G-band karyotyping of representative PWS-iPSC lines, demonstrating a diploid genome, excluding chromosome 15 aberrations. (b) Representative alkaline phosphatase staining for PWS-iPSC lines. Scale bar, 200 Î¼m. (c) Mean expression levels Â± s.d. of representative pluripotency markers in four PWS-iPSC lines (PWS-iPSC-1-A and B and PWS-iPSC-2-A and B) compared with five control (WT) PSCs (two iPSC and three ESC lines). (d) Gene expression analysis of 20-d-old embryoid bodies (EBs) from the two PWS-iPSC lines, demonstrating differentiation in vitro into all three embryonic germ layers. DES, NCAM1 and AFP represent markers for mesoderm, ectoderm and endoderm, respectively (mean expression levels Â± s.d.; two biological replicates). (e) Mean expression levels Â± s.d. of representative potential targets of PEGs in the PWS locus, in PWS and control (WT) fibroblasts.


Supplementary Figure 2 Genome-wide gene expression analysis in PWS-iPSCs derived from a patient harboring a maternal UPD of chromosome 15.
(a) Establishment of PWS-iPSCs with maternal UPD in the PWS region. (b,c) Analysis of gene expression by moving average plot along chromosome 15q (b, logarithmic scale) and 14q (c) in PWS-iPSC-3 relative to normal (WT) PSCs. Vertical dashed lines mark the genomic regions of the PWS (b) and DLK1-DIO3 (c) loci.


Supplementary Figure 3 Analysis of known imprinted genes in PWS-iPSCs.
(a) RTL1 expression ratio (in RPKM, logarithmic scale, two biological replicates), demonstrating its marked downregulation in Pg-iPSCs relative to normal PSCs. (b) qRT-PCR of the mean relative fold change Â± s.d. (three biological replicates each) of RTL1, MEG3, miR-370 and miR-409 in normal PSCs before and after knockdown of RTL1 (+siRNA). (c) qRT-PCR of the mean relative fold change Â± s.d. of miR-371-3 in normal PSCs, Pg-iPSCs and PWS-iPSCs (two biological replicates each), demonstrating comparable expression levels of miR-371-3 in PWS-iPSCs and normal PSCs. (d) Mean expression levels Â± s.d. of representative known PEGs in distinct loci. Analyses were conducted on three PWS-iPSC lines (PWS-iPSC-1-A and B and PWS-iPSC-2-A), three Pg-iPSC lines (Pg-iPSC-A-11, 20 and 26) and five control PSCs (two iPSC and three ESC lines). WT-PSCs, normal PSCs.


Supplementary Figure 4 Gene expression analyses in PWS cell lines.
(a) Analysis of gene expression by moving average plot along chromosome 14q in PWS parental fibroblasts relative to control fibroblasts. Vertical dashed lines mark the genomic boundaries of the DLK1-DIO3 region. (b) qRT-PCR of the mean relative fold change Â± s.d. (three biological replicates each) in MEG3 in mature PWS cells derived from three affected individuals, showing negligible expression levels in patient-derived B cells. N.E., not expressed. (c) Expression analysis of all MEGs represented in the expression arrays in the parental fibroblasts (left panel) and undifferentiated iPSCs (right panel). WT, control.


Supplementary Figure 5 Proper monoallelic expression of imprinted genes in the DLK1-DIO3 locus in PWS-iPSCs.
Direct sequencing of the transcribed region of MEG3 and RTL1 in genomic DNA (gDNA) and complementary DNA (cDNA) in PWS-iPSCs derived from three patients. Note that both MEG3 and RTL1 are expressed in a monoallelic fashion.


Supplementary Figure 6 Chromatin regulation in PWS-iPSCs.
(a) qRT-PCR of the mean relative fold change Â± s.d. (three biological replicates each) in HOTAIR in PWS-iPSCs before and after transfection with an overexpression plasmid. (b) qRT-PCR of the mean relative fold change Â± s.d. (three biological replicates each) in MEG3 in PWS-iPSCs before and after transfection with the HOTAIR overexpression plasmid, relative to control (WT) PSCs. (c) Allelic sequence analysis following ChIP for H3K9me3 reveals the association of this histone modification with both methylated and unmethylated alleles of the IG-DMR in normal PSCs. (d) qRT-PCR of the mean relative fold change Â± s.d. in ZFP57 in Pg-iPSCs (three biological replicates each) and PWS-iPSCs (three biological replicates each) following introduction of IPW, relative to control (WT) iPSCs.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“6 and Supplementary Tables 1â€“3 (PDF 1164 kb)





Source data
Source data to Fig. 1

Source data to Fig. 2

Source data to Fig. 3

Source data to Fig. 4




Rights and permissions
Reprints and permissions


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



Cite this article
Stelzer, Y., Sagi, I., Yanuka, O. et al. The noncoding RNA IPW regulates the imprinted DLK1-DIO3 locus in an induced pluripotent stem cell model of Prader-Willi syndrome.
                    Nat Genet 46, 551â€“557 (2014). https://doi.org/10.1038/ng.2968
Download citation
	Received: 05 December 2013

	Accepted: 03 April 2014

	Published: 11 May 2014

	Issue Date: June 2014

	DOI: https://doi.org/10.1038/ng.2968


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

                
                    	
                            
                                
                                    
                                        The role of long noncoding RNAs in ocular angiogenesis and vascular oculopathy
                                    
                                

                            
                                
                                    	Pranali Gandhi
	Yuzhi Wang
	Shusheng Wang


                                
                                Cell & Bioscience (2024)

                            
	
                            
                                
                                    
                                        Imprinting disorders
                                    
                                

                            
                                
                                    	Thomas Eggermann
	David Monk
	Miriam Elbracht


                                
                                Nature Reviews Disease Primers (2023)

                            
	
                            
                                
                                    
                                        LncRNA IPW inhibits growth of ductal carcinoma in situ by downregulating ID2 through miR-29c
                                    
                                

                            
                                
                                    	Ravindra Pramod Deshpande
	Sambad Sharma
	Kounosuke Watabe


                                
                                Breast Cancer Research (2022)

                            
	
                            
                                
                                    
                                        Maintenance of methylation profile in imprinting control regions in human induced pluripotent stem cells
                                    
                                

                            
                                
                                    	A. Pham
	C. Selenou
	I. Netchine


                                
                                Clinical Epigenetics (2022)

                            
	
                            
                                
                                    
                                        Dental pulp stem cells as a promising model to study imprinting diseases
                                    
                                

                            
                                
                                    	EloÃ¯se Giabicani
	AurÃ©lie Pham
	IrÃ¨ne Netchine


                                
                                International Journal of Oral Science (2022)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    
        
            
                Associated content

                
                    
                        
                            
                                Collection

                                
                                    Stem cells in translation
                                

                            
                        

                    
                    
                        
                            
    
        
            
                
                    Cross-talk between imprinted loci in Prader-Willi syndrome
                

                
	Adele Murrell



                
    
        
            Nature Genetics
        
        News & Views
        
        
            28 May 2014
        
    


            

        

    


                        

                    
                
            
        

        
    

    

    
        
            
                
                    
                        
                            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]
                    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: ]
