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            Abstract
De novo mutations in protein-coding genes are a well-established cause of developmental disorders1. However, genes known to be associated with developmental disorders account for only a minority of the observed excess of such de novo mutations1,2. Here, to identify previously undescribed genes associated with developmental disorders, we integrate healthcare and research exome-sequence data from 31,058 parent–offspring trios of individuals with developmental disorders, and develop a simulation-based statistical test to identify gene-specific enrichment of de novo mutations. We identified 285 genes that were significantly associated with developmental disorders, including 28 that had not previously been robustly associated with developmental disorders. Although we detected more genes associated with developmental disorders, much of the excess of de novo mutations in protein-coding genes remains unaccounted for. Modelling suggests that more than 1,000 genes associated with developmental disorders have not yet been described, many of which are likely to be less penetrant than the currently known genes. Research access to clinical diagnostic datasets will be critical for completing the map of genes associated with developmental disorders.
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                    Fig. 1: Results of DeNovoWEST analysis.[image: ]


Fig. 2: Properties of the novel genes.[image: ]


Fig. 3: Factors that influence power to detect DD-associated genes.[image: ]
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                Data availability

              
              Sequence and variant-level data and phenotypic data for the DDD study data are available from the European Genome-phenome Archive (EGA; https://www.ebi.ac.uk/ega/) with study ID EGAS00001000775. The RadboudUMC sequence and variant-level data cannot be made available through the EGA owing to the nature of consent for clinical testing. To access the data, please contact C.G. (christian.gilissen@radboudumc.nl) with a request. Data sharing will be dependent on patient consent, diagnostic status of the patient, the type of request and the potential benefit to the patient. GeneDx data cannot be made available through the EGA owing to the nature of consent for clinical testing. GeneDx-referred patients are consented for aggregate, deidentified research and subject to US HIPAA privacy protection. As such, we are not able to share patient-level BAM or VCF data, which are potentially identifiable without a HIPAA Business Associate Agreement. Access to the deidentified aggregate data used in this analysis is available upon request to GeneDx. GeneDx has contributed deidentified data to this study to improve clinical interpretation of genomic data, in accordance with patient consent and in conformance with the ACMG position statement on genomic data sharing (details are provided in the Supplementary Note). Clinically interpreted variants and associated phenotypes from the DDD study are available through DECIPHER (https://decipher.sanger.ac.uk). Clinically interpreted variants from RUMC are available from the Dutch national initiative for sharing variant classifications (https://www.vkgl.nl/nl/diagnostiek/vkgl-datashare-database) as well as LOVD (https://databases.lovd.nl/shared/variants), where they are listed with ‘VKGL-NL_Nijmegen’ as the owner. Clinically interpreted variants from GeneDx are deposited in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar) under accession number 26957 (https://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/). Previously described datasets were from the Genome Aggregation Database (gnomAD v2.1.1; https://gnomad.broadinstitute.org/), The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov) and the Developmental Disorders Genotype-Phenotype Database (DDG2P; https://www.ebi.ac.uk/gene2phenotype/downloads).

            

Code availability

              
              The DeNovoWEST method is available on GitHub (https://github.com/queenjobo/DeNovoWEST) along with code to recreate all of the figures in the manuscript (https://doi.org/10.5281/zenodo.3909398). Code to run the Phenopy method is also available on GitHub (https://github.com/GeneDx/phenopy).

            

References
	Deciphering Developmental Disorders Study. Prevalence and architecture of de novo mutations in developmental disorders. Nature 542, 433–438 (2017).
Article 
    
                    Google Scholar 
                

	Martin, H. C. et al. Quantifying the contribution of recessive coding variation to developmental disorders. Science 362, 1161–1164 (2018).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Kircher, M. et al. A general framework for estimating the relative pathogenicity of human genetic variants. Nat. Genet. 46, 310–315 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Samocha, K. E. et al. Regional missense constraint improves variant deleteriousness prediction. Preprint at https://doi.org/10.1101/148353 (2017).

	Kosmicki, J. A. et al. Refining the role of de novo protein-truncating variants in neurodevelopmental disorders by using population reference samples. Nat. Genet. 49, 504–510 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Karczewski, K. J. et al. The mutational constraint spectrum quantified from variation in 141,456 humans. Nature 581, 434–443 (2020).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Lek, M. et al. Analysis of protein-coding genetic variation in 60,706 humans. Nature 536, 285–291 (2016).
Article 
    CAS 
    
                    Google Scholar 
                

	Cooper, G. M. et al. A copy number variation morbidity map of developmental delay. Nat. Genet. 43, 838–846 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Coe, B. P. et al. Refining analyses of copy number variation identifies specific genes associated with developmental delay. Nat. Genet. 46, 1063–1071 (2014).
Article 
    CAS 
    
                    Google Scholar 
                

	Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29, 24–26 (2011).
Article 
    CAS 
    
                    Google Scholar 
                

	Villegas, F. et al. Lysosomal signaling licenses embryonic stem cell differentiation via inactivation of Tfe3. Cell Stem Cell 24, 257–270 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Diaz, J., Berger, S. & Leon, E. TFE3-associated neurodevelopmental disorder: a distinct recognizable syndrome. Am. J. Med. Genet. A 182, 584–590 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Jaganathan, K. et al. Predicting splicing from primary sequence with deep learning. Cell 176, 535–548 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Yilmaz, R. et al. A recurrent synonymous KAT6B mutation causes Say-Barber-Biesecker/Young-Simpson syndrome by inducing aberrant splicing. Am. J. Med. Genet. A 167, 3006–3010 (2015).
Article 
    CAS 
    
                    Google Scholar 
                

	Wu, X., Pang, E., Lin, K. & Pei, Z.-M. Improving the measurement of semantic similarity between gene ontology terms and gene products: insights from an edge- and IC-based hybrid method. PLoS ONE 8, e66745 (2013).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Catterall, W. A., Dib-Hajj, S., Meisler, M. H. & Pietrobon, D. Inherited neuronal ion channelopathies: new windows on complex neurological diseases. J. Neurosci. 28, 11768–11777 (2008).
Article 
    CAS 
    
                    Google Scholar 
                

	Lasser, M., Tiber, J. & Lowery, L. A. The role of the microtubule cytoskeleton in neurodevelopmental disorders. Front. Cell. Neurosci. 12, 165 (2018).
Article 
    
                    Google Scholar 
                

	Hamilton, M. J. et al. Heterozygous mutations affecting the protein kinase domain of CDK13 cause a syndromic form of developmental delay and intellectual disability. J. Med. Genet. 55, 28–38 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Martincorena, I. et al. Universal patterns of selection in cancer and somatic tissues. Cell 171, 1029–1041 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Qi, H., Dong, C., Chung, W. K., Wang, K. & Shen, Y. Deep genetic connection between cancer and developmental disorders. Hum. Mutat. 37, 1042–1050 (2016).
Article 
    
                    Google Scholar 
                

	Ronan, J. L., Wu, W. & Crabtree, G. R. From neural development to cognition: unexpected roles for chromatin. Nat. Rev. Genet. 14, 347–359 (2013).
Article 
    CAS 
    
                    Google Scholar 
                

	Cancer Genome Atlas Research Network et al. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 45, 1113–1120 (2013).
Article 
    
                    Google Scholar 
                

	Goriely, A. & Wilkie, A. O. M. Paternal age effect mutations and selfish spermatogonial selection: causes and consequences for human disease. Am. J. Hum. Genet. 90, 175–200 (2012).
Article 
    CAS 
    
                    Google Scholar 
                

	Duncan, B. K. & Miller, J. H. Mutagenic deamination of cytosine residues in DNA. Nature 287, 560–561 (1980).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Maher, G. J. et al. Visualizing the origins of selfish de novo mutations in individual seminiferous tubules of human testes. Proc. Natl Acad. Sci. USA 113, 2454–2459 (2016).
Article 
    ADS 
    CAS 
    
                    Google Scholar 
                

	Maher, G. J. et al. Selfish mutations dysregulating RAS-MAPK signaling are pervasive in aged human testes. Genome Res. 28, 1779–1790 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Young, L. C. et al. SHOC2–MRAS–PP1 complex positively regulates RAF activity and contributes to Noonan syndrome pathogenesis. Proc. Natl Acad. Sci. USA 115, E10576–E10585 (2018).
Article 
    CAS 
    
                    Google Scholar 
                

	Coe, B. P. et al. Neurodevelopmental disease genes implicated by de novo mutation and copy number variation morbidity. Nat. Genet. 51, 106–116 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Lord, J. et al. Prenatal exome sequencing analysis in fetal structural anomalies detected by ultrasonography (PAGE): a cohort study. Lancet 393, 747–757 (2019).
Article 
    CAS 
    
                    Google Scholar 
                

	Cassa, C. A. et al. Estimating the selective effects of heterozygous protein-truncating variants from human exome data. Nat. Genet. 49, 806–810 (2017).
Article 
    CAS 
    
                    Google Scholar 
                

	Deciphering Developmental Disorders Study. Large-scale discovery of novel genetic causes of developmental disorders. Nature 519, 223–228 (2015).
Article 
    ADS 
    
                    Google Scholar 
                

	Satterstrom, F. K. et al. Large-scale exome sequencing study implicates both developmental and functional changes in the neurobiology of autism. Cell 180, 568–584 (2020).
Article 
    CAS 
    
                    Google Scholar 
                

	Deelen, P. et al. Improving the diagnostic yield of exome-sequencing by predicting gene–phenotype associations using large-scale gene expression analysis. Nat. Commun. 10, 2837 (2019).
Article 
    ADS 
    
                    Google Scholar 
                

	He, X. et al. Integrated model of de novo and inherited genetic variants yields greater power to identify risk genes. PLoS Genet. 9, e1003671 (2013).
Article 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgements
We thank the families and their clinicians for their participation and engagement, and our colleagues who assisted in the generation and processing of data. Inclusion of RadboudUMC data was in part supported by the Solve-RD project that has received funding from the European Union’s Horizon 2020 research and innovation programme under grant agreement no. 779257. This work was in part financially supported by grants from the Netherlands Organization for Scientific Research (917-17-353 to C.G.). The DDD study presents independent research commissioned by the Health Innovation Challenge Fund (grant number HICF-1009-003). This study makes use of DECIPHER, which is funded by the Wellcome Trust. The full acknowledgements can be found at www.ddduk.org/access.html. The DDD study authors acknowledges the work of R. Kelsell. Finally, we acknowledge the contribution of an esteemed DDD clinical collaborator, M. Bitner-Glindicz, who died during the course of the study.


Author information
Author notes	These authors contributed equally: Joanna Kaplanis, Kaitlin E. Samocha, Laurens Wiel, Zhancheng Zhang

	These authors jointly supervised this work: Matthew E. Hurles, Christian Gilissen, Kyle Retterer


Authors and Affiliations
	Human Genetics Programme, Wellcome Sanger Institute, Wellcome Genome Campus, Hinxton, UK
Joanna Kaplanis, Kaitlin E. Samocha, Ruth Y. Eberhardt, Giuseppe Gallone, Hilary C. Martin, Jeremy F. McRae, Patrick J. Short, Petr Danecek, Eugene J. Gardner, Ni Huang, Jenny Lord, Iñigo Martincorena, Helen V. Firth, Jeffrey C. Barrett & Matthew E. Hurles

	Department of Human Genetics, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, The Netherlands
Laurens Wiel, Stefan H. Lelieveld, Margot R. F. Reijnders & Christian Gilissen

	Centre for Molecular and Biomolecular Informatics, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, The Netherlands
Laurens Wiel

	GeneDx, Gaithersburg, MD, USA
Zhancheng Zhang, Kevin J. Arvai, Rebecca I. Torene, Jane Juusola & Kyle Retterer

	Department of Human Genetics, Donders Institute for Brain, Cognition and Behaviour, Radboud University Medical Center, Nijmegen, The Netherlands
Elke de Boer, Rolph Pfundt, Helger G. Yntema, Lisenka E. L. M. Vissers & Han G. Brunner

	Human Development and Health, Faculty of Medicine, University of Southampton, Southampton, UK
Jenny Lord

	Department of Clinical Genetics, Maastricht University Medical Centre, Maastricht, The Netherlands
Margot R. F. Reijnders & Han G. Brunner

	Victorian Clinical Genetics Services, Melbourne, Victoria, Australia
Alison Yeung

	Murdoch Children’s Research Institute, Melbourne, Victoria, Australia
Alison Yeung

	Institute of Biomedical and Clinical Science, University of Exeter Medical School, Royal Devon & Exeter Hospital, Exeter, UK
Caroline F. Wright

	GROW School for Oncology and Developmental Biology, Maastricht University Medical Centre, Maastricht, The Netherlands
Han G. Brunner

	MHENS School for Mental Health and Neuroscience, Maastricht University Medical Centre, Maastricht, The Netherlands
Han G. Brunner

	East Anglian Medical Genetics Service, Cambridge University Hospitals NHS Foundation Trust, Cambridge, UK
Steve Abbs, Ruth Armstrong, Carolyn Dunn, Simon Holden, Soo-Mi Park, Joan Paterson, Lucy Raymond, Evan Reid, Richard Sandford, Ingrid Simonic, Marc Tischkowitz, Geoff Woods & Helen V. Firth

	MRC Human Genetics Unit, MRC IGMM, University of Edinburgh, Western General Hospital, Edinburgh, UK
Tara Azam, Elaine Cleary, Andrew Jackson, Wayne Lam, Anne Lampe, David Moore, Mary Porteous & David R. FitzPatrick

	North of Scotland Medical Genetics Service, NHS Grampian, Aberdeen, UK
Silvia Borras, Caroline Clark, John Dean, Zosia Miedzybrodzka, Alison Ross & Stephen Tennant

	Northern Ireland Regional Genetics Centre, Belfast Health and Social Care Trust, Belfast City Hospital, Belfast, UK
Tabib Dabir, Deirdre Donnelly, Mervyn Humphreys, Alex Magee, Vivienne McConnell, Shane McKee, Susan McNerlan, Patrick J. Morrison, Gillian Rea & Fiona Stewart

	West Midlands Regional Genetics Service, Birmingham Women’s NHS Foundation Trust, Birmingham Women’s Hospital, Birmingham, UK
Trevor Cole, Nicola Cooper, Lisa Cooper-Charles, Helen Cox, Lily Islam, Joanna Jarvis, Rebecca Keelagher, Derek Lim, Dominic McMullan, Jenny Morton, Swati Naik, Mary O’Driscoll, Kai-Ren Ong, Deborah Osio, Nicola Ragge, Sarah Turton, Julie Vogt & Denise Williams

	Bristol Genetics Service, University Hospitals Bristol NHS Foundation Trust, St Michael’s Hospital, Bristol, UK
Simon Bodek, Alan Donaldson, Alison Hills, Karen Low, Ruth Newbury-Ecob, Andrew M. Norman, Eileen Roberts, Ingrid Scurr, Sarah Smithson & Madeleine Tooley

	National Centre for Medical Genetics, Our Lady’s Children’s Hospital, Dublin, Ireland
Lisa Bradley, Joanne Comerford, Andrew Green, Sally Lynch, Shirley McQuaid & Brendan Mullaney

	East of Scotland Regional Genetics Service, NHS Tayside, Ninewells Hospital, Dundee, UK
Jonathan Berg, David Goudie, Eleni Mavrak, Joanne McLean, Catherine McWilliam & Eleanor Reavey

	Peninsula Clinical Genetics Service, Royal Devon and Exeter NHS Foundation Trust, Royal Devon & Exeter Hospital (Heavitree), Exeter, UK
Emma Baple, Júlia Baptista, Carole Brewer, Bruce Castle, Emma Kivuva, Martina Owens, Julia Rankin, Charles Shaw-Smith, Claire Turner, Peter Turnpenny & Carolyn Tysoe

	West of Scotland Regional Genetics Service, NHS Greater Glasgow and Clyde, Yorkhill Hospital, Glasgow, UK
Therese Bradley, Rosemarie Davidson, Carol Gardiner, Shelagh Joss, Esther Kinning, Cheryl Longman, Ruth McGowan, Victoria Murday, Daniela Pilz, Edward Tobias, Margo Whiteford & Nicola Williams

	North East Thames Regional Genetics Service, Great Ormond Street Hospital for Children NHS Foundation Trust, Great Ormond Street Hospital, London, UK
Angela Barnicoat, Emma Clement, Francesca Faravelli, Jane Hurst, Lucy Jenkins, Wendy Jones, V. K. Ajith Kumar, Melissa Lees, Sam Loughlin, Alison Male, Deborah Morrogh, Elisabeth Rosser, Richard Scott & Louise Wilson

	South East Thames Regional Genetics Centre, Guy’s and St Thomas’ NHS Foundation Trust, Guy’s Hospital, London, UK
Ana Beleza, Charu Deshpande, Frances Flinter, Muriel Holder, Melita Irving, Louise Izatt, Dragana Josifova, Shehla Mohammed, Aneta Molenda, Leema Robert, Wendy Roworth, Deborah Ruddy, Mina Ryten & Shu Yau

	Yorkshire Regional Genetics Service, Leeds Teaching Hospitals NHS Trust, Chapel Allerton Hospital, Leeds, UK
Christopher Bennett, Moira Blyth, Jennifer Campbell, Andrea Coates, Angus Dobbie, Sarah Hewitt, Emma Hobson, Eilidh Jackson, Rosalyn Jewell, Alison Kraus, Katrina Prescott, Eamonn Sheridan & Jenny Thomson

	Nottingham Regional Genetics Service, City Hospital Campus, Nottingham University Hospitals NHS Trust, Nottingham, UK
Kirsty Bradshaw, Abhijit Dixit, Jacqueline Eason, Rebecca Haines, Rachel Harrison, Stacey Mutch, Ajoy Sarkar, Claire Searle, Nora Shannon, Abid Sharif & Mohnish Suri

	Leicestershire Genetics Centre, University Hospitals of Leicester NHS Trust, Leicester Royal Infirmary, Leicester, UK
Pradeep Vasudevan

	Merseyside and Cheshire Genetics Service, Liverpool Women’s NHS Foundation Trust, Royal Liverpool Children’s Hospital Alder Hey, Liverpool, UK
Natalie Canham, Ian Ellis, Lynn Greenhalgh, Emma Howard, Victoria Stinton, Andrew Swale & Astrid Weber

	Manchester Centre for Genomic Medicine, Central Manchester University Hospitals NHS Foundation Trust, St Mary’s Hospital, Manchester, UK
Siddharth Banka, Catherine Breen, Tracy Briggs, Emma Burkitt-Wright, Kate Chandler, Jill Clayton-Smith, Dian Donnai, Sofia Douzgou, Lorraine Gaunt, Elizabeth Jones, Bronwyn Kerr, Claire Langley, Kay Metcalfe, Audrey Smith & Ronnie Wright

	Northern Genetics Service, Institute of Human Genetics, Newcastle upon Tyne Hospitals NHS Foundation Trust, Newcastle upon Tyne, UK
David Bourn, John Burn, Richard Fisher, Steve Hellens, Alex Henderson, Tara Montgomery, Miranda Splitt, Volker Straub, Michael Wright & Simon Zwolinski

	North West Thames Regional Genetics Service, London North West University Healthcare NHS Trust, St Mark’s Hospital, Harrow, UK
Zoe Allen, Birgitta Bernhard, Angela Brady, Claire Brooks, Louise Busby, Virginia Clowes, Neeti Ghali, Susan Holder, Rita Ibitoye & Emma Wakeling

	Oxford Regional Genetics Service, Oxford Radcliffe Hospitals NHS Trust, Oxford, UK
Edward Blair, Jenny Carmichael, Deirdre Cilliers, Susan Clasper, Richard Gibbons, Usha Kini, Tracy Lester, Andrea Nemeth, Joanna Poulton, Sue Price, Debbie Shears, Helen Stewart & Andrew Wilkie

	Sheffield Regional Genetics Services, Sheffield Children’s NHS Trust, Sheffield, UK
Shadi Albaba, Duncan Baker, Meena Balasubramanian, Diana Johnson, Michael Parker, Oliver Quarrell, Alison Stewart & Josh Willoughby

	South West Thames Regional Genetics Centre, St George’s Healthcare NHS Trust, St George’s, University of London, London, UK
Charlene Crosby, Frances Elmslie, Tessa Homfray, Huilin Jin, Nayana Lahiri, Sahar Mansour, Karen Marks, Meriel McEntagart, Anand Saggar & Kate Tatton-Brown

	Institute of Medical Genetics, University Hospital of Wales, Cardiff, UK
Rachel Butler, Angus Clarke, Sian Corrin, Andrew Fry, Arveen Kamath, Hood Mugalaasi, Annie Procter, Julian Sampson, Francis Sansbury & Vinod Varghese

	Department of Clinical Genetics, Glan Clwyd Hospital, Rhyl, UK
Rachel Butler, Angus Clarke, Sian Corrin, Andrew Fry, Arveen Kamath, Emma McCann, Hood Mugalaasi, Caroline Pottinger, Annie Procter, Julian Sampson, Francis Sansbury & Vinod Varghese

	Wessex Clinical Genetics Service, University Hospital Southampton, Princess Anne Hospital, Southampton, UK
Diana Baralle, Alison Callaway, Emma J. Cassidy, Stacey Daniels, Andrew Douglas, Nicola Foulds, David Hunt, Mira Kharbanda, Katherine Lachlan, Catherine Mercer, Lucy Side, I. Karen Temple & Diana Wellesley

	Wessex Regional Genetics Laboratory, Salisbury NHS Foundation Trust, Salisbury District Hospital, Salisbury, UK
Diana Baralle, Alison Callaway, Emma J. Cassidy, Stacey Daniels, Andrew Douglas, Nicola Foulds, David Hunt, Mira Kharbanda, Katherine Lachlan, Catherine Mercer, Lucy Side, I. Karen Temple & Diana Wellesley

	Faculty of Medicine, University of Southampton, Southampton, UK
Diana Baralle, Alison Callaway, Emma J. Cassidy, Stacey Daniels, Andrew Douglas, Nicola Foulds, David Hunt, Mira Kharbanda, Katherine Lachlan, Catherine Mercer, Lucy Side, I. Karen Temple & Diana Wellesley


Authors	Joanna KaplanisView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kaitlin E. SamochaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Laurens WielView author publications
You can also search for this author in
                        PubMed Google Scholar



	Zhancheng ZhangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kevin J. ArvaiView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ruth Y. EberhardtView author publications
You can also search for this author in
                        PubMed Google Scholar



	Giuseppe GalloneView author publications
You can also search for this author in
                        PubMed Google Scholar



	Stefan H. LelieveldView author publications
You can also search for this author in
                        PubMed Google Scholar



	Hilary C. MartinView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jeremy F. McRaeView author publications
You can also search for this author in
                        PubMed Google Scholar



	Patrick J. ShortView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rebecca I. ToreneView author publications
You can also search for this author in
                        PubMed Google Scholar



	Elke de BoerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Petr DanecekView author publications
You can also search for this author in
                        PubMed Google Scholar



	Eugene J. GardnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ni HuangView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jenny LordView author publications
You can also search for this author in
                        PubMed Google Scholar



	Iñigo MartincorenaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Rolph PfundtView author publications
You can also search for this author in
                        PubMed Google Scholar



	Margot R. F. ReijndersView author publications
You can also search for this author in
                        PubMed Google Scholar



	Alison YeungView author publications
You can also search for this author in
                        PubMed Google Scholar



	Helger G. YntemaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Lisenka E. L. M. VissersView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jane JuusolaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Caroline F. WrightView author publications
You can also search for this author in
                        PubMed Google Scholar



	Han G. BrunnerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Helen V. FirthView author publications
You can also search for this author in
                        PubMed Google Scholar



	David R. FitzPatrickView author publications
You can also search for this author in
                        PubMed Google Scholar



	Jeffrey C. BarrettView author publications
You can also search for this author in
                        PubMed Google Scholar



	Matthew E. HurlesView author publications
You can also search for this author in
                        PubMed Google Scholar



	Christian GilissenView author publications
You can also search for this author in
                        PubMed Google Scholar



	Kyle RettererView author publications
You can also search for this author in
                        PubMed Google Scholar





Consortia
Deciphering Developmental Disorders Study
	Silvia Borras
	, Caroline Clark
	, John Dean
	, Zosia Miedzybrodzka
	, Alison Ross
	, Stephen Tennant
	, Tabib Dabir
	, Deirdre Donnelly
	, Mervyn Humphreys
	, Alex Magee
	, Vivienne McConnell
	, Shane McKee
	, Susan McNerlan
	, Patrick J. Morrison
	, Gillian Rea
	, Fiona Stewart
	, Trevor Cole
	, Nicola Cooper
	, Lisa Cooper-Charles
	, Helen Cox
	, Lily Islam
	, Joanna Jarvis
	, Rebecca Keelagher
	, Derek Lim
	, Dominic McMullan
	, Jenny Morton
	, Swati Naik
	, Mary O’Driscoll
	, Kai-Ren Ong
	, Deborah Osio
	, Nicola Ragge
	, Sarah Turton
	, Julie Vogt
	, Denise Williams
	, Simon Bodek
	, Alan Donaldson
	, Alison Hills
	, Karen Low
	, Ruth Newbury-Ecob
	, Andrew M. Norman
	, Eileen Roberts
	, Ingrid Scurr
	, Sarah Smithson
	, Madeleine Tooley
	, Steve Abbs
	, Ruth Armstrong
	, Carolyn Dunn
	, Simon Holden
	, Soo-Mi Park
	, Joan Paterson
	, Lucy Raymond
	, Evan Reid
	, Richard Sandford
	, Ingrid Simonic
	, Marc Tischkowitz
	, Geoff Woods
	, Lisa Bradley
	, Joanne Comerford
	, Andrew Green
	, Sally Lynch
	, Shirley McQuaid
	, Brendan Mullaney
	, Jonathan Berg
	, David Goudie
	, Eleni Mavrak
	, Joanne McLean
	, Catherine McWilliam
	, Eleanor Reavey
	, Tara Azam
	, Elaine Cleary
	, Andrew Jackson
	, Wayne Lam
	, Anne Lampe
	, David Moore
	, Mary Porteous
	, Emma Baple
	, Júlia Baptista
	, Carole Brewer
	, Bruce Castle
	, Emma Kivuva
	, Martina Owens
	, Julia Rankin
	, Charles Shaw-Smith
	, Claire Turner
	, Peter Turnpenny
	, Carolyn Tysoe
	, Therese Bradley
	, Rosemarie Davidson
	, Carol Gardiner
	, Shelagh Joss
	, Esther Kinning
	, Cheryl Longman
	, Ruth McGowan
	, Victoria Murday
	, Daniela Pilz
	, Edward Tobias
	, Margo Whiteford
	, Nicola Williams
	, Angela Barnicoat
	, Emma Clement
	, Francesca Faravelli
	, Jane Hurst
	, Lucy Jenkins
	, Wendy Jones
	, V. K. Ajith Kumar
	, Melissa Lees
	, Sam Loughlin
	, Alison Male
	, Deborah Morrogh
	, Elisabeth Rosser
	, Richard Scott
	, Louise Wilson
	, Ana Beleza
	, Charu Deshpande
	, Frances Flinter
	, Muriel Holder
	, Melita Irving
	, Louise Izatt
	, Dragana Josifova
	, Shehla Mohammed
	, Aneta Molenda
	, Leema Robert
	, Wendy Roworth
	, Deborah Ruddy
	, Mina Ryten
	, Shu Yau
	, Christopher Bennett
	, Moira Blyth
	, Jennifer Campbell
	, Andrea Coates
	, Angus Dobbie
	, Sarah Hewitt
	, Emma Hobson
	, Eilidh Jackson
	, Rosalyn Jewell
	, Alison Kraus
	, Katrina Prescott
	, Eamonn Sheridan
	, Jenny Thomson
	, Kirsty Bradshaw
	, Abhijit Dixit
	, Jacqueline Eason
	, Rebecca Haines
	, Rachel Harrison
	, Stacey Mutch
	, Ajoy Sarkar
	, Claire Searle
	, Nora Shannon
	, Abid Sharif
	, Mohnish Suri
	, Pradeep Vasudevan
	, Natalie Canham
	, Ian Ellis
	, Lynn Greenhalgh
	, Emma Howard
	, Victoria Stinton
	, Andrew Swale
	, Astrid Weber
	, Siddharth Banka
	, Catherine Breen
	, Tracy Briggs
	, Emma Burkitt-Wright
	, Kate Chandler
	, Jill Clayton-Smith
	, Dian Donnai
	, Sofia Douzgou
	, Lorraine Gaunt
	, Elizabeth Jones
	, Bronwyn Kerr
	, Claire Langley
	, Kay Metcalfe
	, Audrey Smith
	, Ronnie Wright
	, David Bourn
	, John Burn
	, Richard Fisher
	, Steve Hellens
	, Alex Henderson
	, Tara Montgomery
	, Miranda Splitt
	, Volker Straub
	, Michael Wright
	, Simon Zwolinski
	, Zoe Allen
	, Birgitta Bernhard
	, Angela Brady
	, Claire Brooks
	, Louise Busby
	, Virginia Clowes
	, Neeti Ghali
	, Susan Holder
	, Rita Ibitoye
	, Emma Wakeling
	, Edward Blair
	, Jenny Carmichael
	, Deirdre Cilliers
	, Susan Clasper
	, Richard Gibbons
	, Usha Kini
	, Tracy Lester
	, Andrea Nemeth
	, Joanna Poulton
	, Sue Price
	, Debbie Shears
	, Helen Stewart
	, Andrew Wilkie
	, Shadi Albaba
	, Duncan Baker
	, Meena Balasubramanian
	, Diana Johnson
	, Michael Parker
	, Oliver Quarrell
	, Alison Stewart
	, Josh Willoughby
	, Charlene Crosby
	, Frances Elmslie
	, Tessa Homfray
	, Huilin Jin
	, Nayana Lahiri
	, Sahar Mansour
	, Karen Marks
	, Meriel McEntagart
	, Anand Saggar
	, Kate Tatton-Brown
	, Rachel Butler
	, Angus Clarke
	, Sian Corrin
	, Andrew Fry
	, Arveen Kamath
	, Emma McCann
	, Hood Mugalaasi
	, Caroline Pottinger
	, Annie Procter
	, Julian Sampson
	, Francis Sansbury
	, Vinod Varghese
	, Diana Baralle
	, Alison Callaway
	, Emma J. Cassidy
	, Stacey Daniels
	, Andrew Douglas
	, Nicola Foulds
	, David Hunt
	, Mira Kharbanda
	, Katherine Lachlan
	, Catherine Mercer
	, Lucy Side
	, I. Karen Temple
	 & Diana Wellesley


Contributions
J.K., K.E.S., L.W., K.J.A., M.E.H., C.G. and K.R. contributed to the generation of figures and writing of the manuscript. J.K., K.E.S., L.W., Z.Z., K.J.A., R.Y.E., G.G., S.H.L., H.C.M., J.F.M., E.d.B., R.P., M.R.F.R. and H.G.Y. contributed to the generation and quality control of data. J.K., K.E.S., L.W., Z.Z., K.J.A., R.I.T., J.F.M., P.J.S., P.D., E.J.G., N.H., J.L., I.M., A.Y. and K.R. developed methods, contributed data or performed analyses. H.C.M., L.E.L.M.V., J.J., C.F.W., H.G.B., H.V.F., D.R.F., J.C.B., M.E.H., C.G. and K.R. provided experimental and analytical supervision. M.E.H., C.G. and K.R. provided project supervision.
Corresponding author
Correspondence to
                Matthew E. Hurles.


Ethics declarations

              
                Competing interests

                Z.Z., K.J.A., R.I.T., J.J. and K.R. are employees of GeneDx. J.J. and K.R. are shareholders of OPKO. M.E.H. is a co-founder of, consultant to and holds shares in Congenica, a genetics diagnostic company.

              
            

Additional information
Peer review information Nature thanks Ipsita Agarwal, James Lupski, Shamil Sunyaev and the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


Extended data figures and tables

Extended Data Fig. 1 Exploring the remaining number of DD genes.
a, Number of significant genes after downsampling the full cohort and running the enrichment test of DeNovoWEST. b, The likelihood of the observed distribution of de novo PTV mutations was modelled. This model varies the numbers of remaining haploinsufficient (HI) DD genes and PTV enrichment in those remaining genes. The 50% credible interval is shown in red and the 90% credible interval is shown in orange. Note that the median PTV enrichment in genes that are significant and known to operate through a loss-of-function mechanism (as indicated by an arrow) is 39.7.


Extended Data Table 1 Recurrent mutationsFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Methods and descriptions of Supplementary Analyses, Supplementary Figures 1-14, descriptions of Supplementary Tables 1-3, Supplementary Tables 4-9 and Supplementary References. It also contains Supplementary notes detailing the DDD consortia members.


Reporting Summary

41586_2020_2832_MOESM3_ESM.txt
Supplementary Table 1 De novo mutations from 31,058 individuals with developmental disorders. For every de novo mutation, we provide: proband ID (‘id’), chromosome (‘chrom’), position in GRCh37 (‘pos’), the reference allele (‘ref’), the alternative allele (‘alt’), the VEP consequence of the mutation (‘consequence’), the HGNC symbol (‘symbol’), the centre which sequence the proband (‘study’), the fraction of reads that are from the alternative allele (‘altprop_child’), and the HGNC ID (‘hgnc_id’).


41586_2020_2832_MOESM4_ESM.xlsx
Supplementary Table 2 Results of DeNovoWEST. Results from analysis on the full cohort and on the undiagnosed subset, along with gene-level DNM counts per consequence. Column headers are described within the file.
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Supplementary Table 3 Novel genes. For each of the 28 novel genes in this analysis, we determined if it had an associated phenotype in OMIM, any publications about an association between mutations in that gene and developmental disorders, and whether it was significant in a study of inherited and de novo mutations in autism spectrum disorders21 (“sig_ASD”) or a metaanalysis of de novo mutations in individuals with neurodevelopmental disorders22 (“sig_meta”).
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