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London, EC1IM 6BQ, UK, *Novo Nordisk Foundation Center for Basic Metabolic Research,
Faculty of Health and Medical Sciences, University of Copenhagen, Copenhagen, Denmark,
»Division of Cardiovascular Medicine, Radcliffe Department of Medicine, John Radcliffe
Hospital, University of Oxford, Oxford. UK. OX3 9DU, =Wellcome Centre for Human
Genetics, University of Oxford, Oxford. UK. OX3 7BN, =Unit of Genomics of Complex
Diseases. Sant Pau Biomedical Research Institute (I11B Sant Pau), Barcelona, Spain,
=«Cardiovascular Medicine Unit, Department of Medicine, Karolinska Institutet, Center for
Molecular Medicine, Karolinska University Hospital, Stockholm, Sweden, Department of

Internal Medicine, Section of Gerontology and Geriatrics, Leiden University Medical Center,
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Leiden, the Netherlands, =Istituto di Ricerca Genetica e Biomedica, Consiglio Nazionale delle
Ricerche, Italy, *Dipartimento di Scienze Biomediche, Universita degli Studi di Sassari,
Sardinia, Italy, “University Center for Primary Care and Public Health, University of
Lausanne, Rte de Berne 113, Lausanne, 1010, Switzerland, =Swiss Institute of
Bioinformatics, Lausanne, 1015, Switzerland, *Department of Medicine, Internal Medicine,
Lausanne University Hospital and University of Lausanne, Rue du Bugnon 46, Lausanne,
1011, Switzerland, »Department of Epidemiology and Biostatistics, MRC-PHE Centre for
Environment and Health, School of Public Health, Imperial College London, London, UK,
=Dept of Cardiology, Leiden University Medical Center, Leiden, the Netherlands, =:Dept of
Internal Medicine, Section of Gerontology and Geriatrics, Leiden university Medical Center,
Leiden, the Netherlands, *\BHF Glasgow Cardiovascular Research Centre, Faculty of
Medicine, Glasgow, United Kingdom, =Institute for Cardiogenetics, University of Liibeck,
DZHK (German Research Centre for Cardiovascular Research), partner site
Hamburg/Llbeck/Kiel, University Heart Center Libeck, Libeck and Charité — University
Medicine Berlin, corporate member of Freie Universitat Berlin, Humboldt-Universitat zu
Berlin, and Berlin Institute of Health, Institute for Dental and Craniofacial Sciences,
Department of Periodontology and Synoptic Dentistry, Berlin, Germany, »=Deutsches
Herzzentrum Miinchen, Klinik fur Herz- und Kreislauferkrankungen, Technische Universitat
Minchen,Munich, Germany., =Deutsches Zentrum fiir Herz-Kreislauf-Forschung (DZHK)
e.V., partner site Munich Heart Alliance,Munich, Germany., :vKey Laboratory of
Cardiovascular Epidemiology & Department of Epidemiology, State Key Laboratory of
Cardiovascular Disease, Fuwai Hospital, National Center for Cardiovascular Diseases,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100037,
China, *=Lund University Diabetes Centre, Malmo, Sweden, =Institute of Genetic

Epidemiology, Department of Genetics and Pharmacology, Medical University of Innsbruck,
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Innsbruck, Austria and German Chronic Kidney Disease Study, Austria, =Institute for
Medical Informatics, Statistics and Epidemiology, University of Leipzig, Haertelstrasse 16-
18, 04107 Leipzig, Germany, :LIFE Research Centre for Civilization Diseases, University of
Leipzig, Philipp-Rosenthal-StraRe 27, 04103 Leipzig, Germany, »:Radboud university
medical center, Radboud Institute for Health Sciences, Nijmegen, the Netherlands,
=Quantinuum Research LLC, Wayne, PA, 19087 USA, =Division of Statistical Genomics,
Department of Genetics; Washington University School of Medicine; St. Louis, MO, USA,
ssDepartment of Epidemiology; University of Pittsburgh; Pittsburgh, PA, USA, =Institute for
Biomedicine, Eurac Research, Affiliated Institute of the University of Lilbeck, Via Galvani
31, 39100, Bolzano, Italy, ="Department of Clinical Biochemistry, Lillebaelt Hospital, Vejle,
Denmark, =Cardiovascular Health Research Unit, Department of Medicine, University of
Washington, Seattle, 98101, USA, =Department of Anthropology, University of Toronto at
Mississauga, Mississauga, ON L5L 1C6, Canada, =Department of Computer Science,
University of Toronto, Toronto, ON M5S 2E4, Canada, = The Charles Bronfman Institute for
Personalized Medicine, Icahn School of Medicine at Mount Sinai, New York, NY, USA,
=Department of Twin Research and Genetic Epidemiology, King’s College London, London
SE1 7EH, UK, :=NIHR Biomedical Research Centre at Guy’s and St Thomas’ Foundation
Trust, London SE1 9RT, UK, =Department of Cardiology, University of Groningen,
University Medical Center Groningen, 9700RB Groningen, the Netherlands, =Institute of
Cardiovascular Sciences, University College London, Gower Street, WC1E 6BT London,
UK, =Department of Epidemiology and Public Health, University College London, 1-19
Torrington Place, WC1E 6BT London, United Kingdom, =Department of Surgery, University
of Pennsylvania, Philadelphia, PA, =Amsterdam UMC, Department of Epidemiology and
Data Science, Amsterdam Public Health Research Institute, Amsterdam, 1081HV, the

Netherlands, =Leiden University Medical Center, Department of Cell and Chemical Biology,
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Leiden, 2333ZA, the Netherlands, =*Montreal Heart Institute, Université de Montréal, 5000
Belanger street, Montreal, PQ, Canada H1T1C8, =Icelandic Heart Association, 201
Kopavogur, Iceland, =2VVth Department of Medicine, Medical Faculty Mannheim, Heidelberg
University, 68167 Mannheim, Germany, =SYNLAB MVZ Humangenetik Mannheim GmbH,
68163 Mannheim, Germany, »Shanghai Institute of Nutrition and Health, University of
Chinese Academy of Sciences, Chinese Academy of Sciences, Shanghai, China, =*Biomedical
Technology Research Center, Tokushima Research Institute, Otsuka Pharmaceutical Co.,
Ltd., Tokushima, Japan, =School of Life Sciences, Westlake University, Hangzhou, Zhejiang
310024, China, ="Westlake Laboratory of Life Sciences and Biomedicine, Hangzhou,
Zhejiang 310024, China, =Institute for Molecular Bioscience, The University of Queensland,
Brishane, Queensland 4072, Australia, =Nuffield Department of Population Health,
University of Oxford, Oxford, United Kingdom, «Department of Epidemiology, Erasmus
MC, University Medical Center Rotterdam, the Netherlands, :Department of Epidemiology,
Erasmus MC, University Medical Center, Rotterdam, the Netherlands, *=Section of Statistical
Multi-omics, Department of Clinical and Experimental research, University of Surrey,
Guildford, Surrey, UK, «Laboratory of Neurogenetics, National Institute on Aging, NIH,
Bethesda MD, USA, «Data Tecnica International, Glen Echo MD, USA, *MRC Human
Genetics Unit, Institute of Genetics and Cancer, University of Edinburgh, Western General
Hospital, Crewe Road, Edinburgh, EH4 2XU, Scotland, <Institute for Medical Informatics,
Biometrie and Epidemiology, University of Duisburg-Essen, Essen, Germany, Centre for
Public Health, Queen's University of Belfast, Northern Ireland, »*Genomic Oncology Area,
GENYO, Centre for Genomics and Oncological Research: Pfizer-University of Granada-
Andalusian Regional Government, Granada, Spain, **Hematology Department, Hospital
Universitario Virgen de las Nieves, Granada, Spain, =Instituto de Investigacion Biosanitaria

de Granada (ibs.GRANADA), Granada, Spain, =:Department of Epidemiology and
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Biostatistics, School of Public Health, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan, China, =Genome Institute of Singapore, Agency for
Science, Technology and Research, Singapore, =Public Health Informatics Unit, Department
of Integrated Health Sciences, Nagoya University Graduate School of Medicine, Nagoya,
461-8673, Japan, ==University of Alabama at Birmingham, Epidemiology, School of Public
Health, AL, USA, =Tampere Centre for Skills Training and Simulation, Faculty of Medicine
and Health Technology, Tampere University, Tampere, Finland, =Brown Foundation
Institute of Molecular Medicine, McGovern Medical School, University of Texas Health
Science Center at Houston, Houston TX 77030, USA, *CONACYT, Instituto Nacional de
Ciencias Médicas y Nutricion Salvador Zubiran, Ciudad de Mexico, Mexico, =Departamento
de Gendmica Computacional, Instituto Nacional de Medicina Gendmica, Ciudad de Mexico,
Mexico, ==Center for diabetes research, University of Bergen, Bergen, Norway, *»Lund
University Diabetes Center, Lunds University, Malmd, Sweden, :*Genomic Research on
Complex diseases (GRC Group), CSIR-Centre for Cellular and Molecular Biology,
Hyderabad, Telangana, India, =zAcademy of Scientific and Innovative Research (AcSIR),
New Delhi, India, =*Hunter Medical Research Institute, Newcastle, Australia, *Medical
Research Institute, Kangbuk Samsung Hospital, Sungkyunkwan University School of
Medicine, Seoul, 03181, Korea, =:Department of Clinical Research Design & Evaluation,
SAIHST, Sungkyunkwan University, Seoul, 06355, Korea, =Center for Cohort Studies, Total
Healthcare Center, Kangbuk Samsung Hospital, Sungkyunkwan University School of
Medicine, Seoul, 04514, Korea, *"'Department of Occupational and Environmental Medicine,
Kangbuk Samsung Hospital, Sungkyunkwan University School of Medicine, Seoul, 03181,
Korea, =Centre for Global Health Research, Usher Institute, University of Edinburgh, Teviot
Place, Edinburgh, EH8 9AG, Scotland, =»Thurston Arthritis Research Center, University of

North Carolina, Chapel Hill, North Carolina, USA, *Health Services and Systems Research,
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Duke-NUS Medical School, 169857, Singapore, *Division of Biomedical Informatics and
Personalized Medicine, Department of Medicine, Anschutz Medical Campus, University of
Colorado, Denver, Aurora, CO 80045, USA, 2Genomics and Molecular Medicine Unit,
CSIR-Institute of Genomics and Integrative Biology, New Delhi - 110020, India, *:Academy
of Scientific and Innovative Research, CSIR-Human Resource Development Centre,
Ghaziabad, Uttar Pradesh, India, *“Departments of Ophthalmology and Human Genetics,
Radboud University Nijmegen Medical Center, Philips van Leydenlaan 15, Nijmegen, 6525
EX, the Netherlands, *VVanderbilt Epidemiology Center, Division of Epidemiology,
Vanderbilt University Medical Center, USA, :=Department of Pediatrics, University of
California San Francisco, Oakland, CA 94609 USA, "National Center for Global Health and
Medicine, Tokyo, 1628655, Japan, »:Department of Genetics, University of North Carolina,
Chapel Hill, NC 27599 USA, =Department of Biostatistics and Epidemiology, University of
Massachusetts-Amherst, Amherst, MA 01003 USA, =Department of Cardiovascular
Sciences, University of Leicester, Leicester, UK, =:NIHR Leicester Biomedical Research
Centre, Glenfield Hospital, Leicester, UK, *=Beijing Institute of Ophthalmology, Beijing Key
Laboratory of Ophthalmology and Visual Sciences, Beijing Tongren Eye Center, Beijing
Tongren Hospital, Capital Medical University, 17 Hougou Lane, Chong Wen Men, Beijing,
100005 , China, *==Beijing Tongren Eye Center, Beijing Tongren Hospital, Capital Medical
University, 1 Dong Jiao Min Xiang, Dong Cheng District, Beijing, 100730, China, =Institute
of Genetics and Biophysics “Adriano Buzzati-Traverso™ - CNR, Naples, Italy, =IRCCS
Neuromed, Pozzilli, Isernia, Italy, =Division of Biostatistics, Washington University, St.
Louis, MO 63110, USA, *Rush Alzheimer’s Disease Center, Rush University Medical
Center, IL, USA, :=Department of Neurological Sciences, Rush University Medical Center,
IL, USA, =Dept of Nephrology, University Hospital Regensburg, Regensburg, Germany,

=|nstitute for Maternal and Child Health—IRCCS, Burlo Garofolo, 34127 Trieste, Italy,
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=Department of Molecular Epidemiology, German Institute of Human Nutrition Potsdam-
Rehbruecke, Nuthetal, Germany, :German Center for Diabetes Research (DZD), Minchen-
Neuherberg, Germany, =Department of Genetics and Bioinformatics, Dasman Diabetes
Institute, Kuwait, »Department of Nutrition and Dietetics, School of Health Science and
Education, Harokopio University of Athens, Athens, Greece, **Department of Population
Science and Experimental Medicine, University College London, London, UK, =Clinical
Division of Neurogeriatrics, Department of Neurology, Medical University of Graz, Graz,
Austria, =Institute for Medical Informatics, Statistics and Documentation, Medical University
of Graz, Graz, Austria, **Massachusetts General Hospital Cancer Center, Charlestown, MA
02129, USA, =Institute for Maternal and Child Health, IRCCS Burlo Garofolo, Trieste, Italy,
=|nstitute of Genetic and Biomedical Research, National Research Council of Italy, UOS of
Sassari, Sassari, Italy, =:Department of Epidemiology, University of Groningen, University
Medical Center Groningen, Groningen, 9700 RB, the Netherlands, »:Research Centre of
Applied and Preventive Cardiovascular Medicine, University of Turku, Turku, Finland,
=Centre for Population Health Research, University of Turku and Turku University Hospital,
Turku, Finland, =:Sleep Medicine and Circadian Disorders, Brigham and Women's Hospital,
Boston, Massachusetts 02115, USA, =Division of Sleep Medicine, Harvard Medical School,
Boston, Massachusetts 02115, USA, =Central Diagnostics Laboratory, Division Laboratories,
Pharmacy, and Biomedical genetics, University Medical Center Utrecht, Utrecht University,
Utrecht, the Netherlands, =’Laboratory of Epidemiology and Population Science National
Institute on Aging Intramural Research Program, NIH, USA, =Fels Cancer Institute for
Personalized Medicine, Temple University Lewis Katz School of Medicine, Philadelphia,
PA, USA, =Interfaculty Institute for Genetics and Functional Genomics, Department of
Functional Genomics, University of Greifswald and University Medicine Greifswald,

Greifswald, Germany, =»Center for Research on Genomics and Global Health, National
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Human Genome Research Institute, National Institutes of Health, 12 South Drive, Room
4047, Bethesda, MD, 20892, USA, =Oneomics. co. Itd. 2F, Soonchunhyang Mirai Medical
Center 173, Buheuyng-ro, Bucheon-si Gyeonggi-do, 14585, Korea, :Department of Clinical
Biochemistry and Immunology, Hospital of Southern Jutland, Kresten Philipsens Vej 15,
6200 Aabenraa, Denmark, =:Department of Clinical Biochemistry, Lillebaelt Hospital,
Kolding, Denmark, =Department of Biomedical Science, Hallym University, Chuncheon,
Gangwon-do 24252, Korea, =Centre for Bone and Arthritis Research, Department of Internal
Medicine and Clinical Nutrition, Institute of Medicine, Sahlgrenska Academy, University of
Gothenburg, Gothenburg, Sweden, »Bioinformatics Core Facility, Sahlgrenska Academy,
University of Gothenburg, Gothenburg, Sweden, = Institute of Medical Informatics and
Statistics, Kiel University, Kiel, Germany, =Institute of Translational Genomics, Helmholtz
Zentrum Minchen — German Research Center for Environmental Health, Neuherberg,
Germany, =Wellcome Centre for Human Genetics, University of Oxford, Oxford, UK,
=0xford Centre for Diabetes Endocrinology and Metabolism, Oxford, UK, =School of
Medicine and Public Health, Faculty of Medicine and Health, University of Newcastle,
Newcastle, New South Wales, 2308, Australia, =2Center for Geriatrics and Gerontology,
Division of Endocrinology and Metabolism, Department of Internal Medicine, Taichung
Veterans General Hospital, Taichung, Taiwan, =School of Medicine, National Yang-Ming
University, Taipei, Taiwan, =School of Medicine, National Defense Medical Center, Taipei,
Taiwan, =Division of Endocrinology and Metabolism, Department of Internal Medicine,
Taichung Veterans General Hospital, Taichung, Taiwan, ==Department of Medicine, School
of Medicine, National Yang-Ming University, Taipei, Taiwan, zDepartment of Kinesiology,
Université Laval, Québec, Canada, =Department of Clinical Chemistry, Fimlab Laboratories,
Tampere 33520, Finland, =Department of Clinical Chemistry, Finnish Cardiovascular

Research Center - Tampere, Faculty of Medicine and Health Technology, Tampere
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424 University, Tampere 33014, Finland, =Department of Cardiology, Heart Center, Tampere
425  University Hospital, Tampere 33521, Finland, =:Department of Cardiology, Finnish

426  Cardiovascular Research Center - Tampere, Faculty of Medicine and Health Technology,
427  Tampere University, Tampere 33014, Finland, =University of Queensland Diamantina
428 Institute, Translational Research Institute, Kent St, Woolloongabba, Brisbane, QLD, 4102,
429  Australia, =Department of Medicine, Bornholms Hospital, Renne, Denmark, =School of
430  Public Health, University of Alabama at Birmingham, AL, USA, =Cardiology, Division
431  Heart & Lungs, University Medical Center Utrecht, Utrecht University, Utrecht, the

432  Netherlands, =Department of Population and Quantitative Health Sciences, Case Western
433  Reserve University, Cleveland, OH, 44106, USA, ="Department of Genetics, Stanford

434 University School of Medicine Stanford, CA 94305, USA, =Department of Epidemiology -
435  Erasmus MC - University Medical Center Rotterdam, Rotterdam, the Netherlands, =Ohio
436  State University, Division of Endricinology, Columbus OH 43210, USA, =University of
437  Washington, Department of Epidemiology, Seattle WA 98195, USA, George Washington
438  University, School of Medicine and Health Sciences, Washington DC 20037, USA,

439  =Department of Epidemiology, School of Public Health, Peking University Health Science
440  Center, Beijing, China, =Institute for Laboratory Medicine, University Hospital Leipzig,
441  Paul-List-Strasse 13/15, 04103 Leipzig, Germany, »Laboratory of Epidemiology and

442  Population Sciences, National Institute on Aging, NIH, Baltimore,MD, 20892-9205, USA,
443  =Shanghai Institute of Nutrition and Health, University of Chinese Academy of Sciences,
444  Chinese Academy of Sciences, Shanghai, China, =Centre for Population Health Research,
445  University of Turku and Turku University Hospital, Finland, »’Research Centre of Applied
446  and Preventive Cardiovascular Medicine, University of Turku, Finland, »Department of
447  Clinical Physiology and Nuclear Medicine, Turku University Hospital, Turku, Finland,

448  =Department of Environmental and Preventive Medicine, Jichi Medical University School of
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Medicine, Shimotsuke, 329-0498, Japan, =Centre for Population Health Sciences, Usher
Institute, University of Edinburgh, Teviot Place, Edinburgh, EH8 9AG, Scotland,
=Department of Functional Pathology, Shimane University School of Medicine, Izumo,
6938501, Japan, =Department of Pediatrics and Adolescent Medicine, Turku University
Hospital and University of Turku, Turku, Finland, =Department of Physiology, University of
Turku, Turku, Finland, =Faculty of Medicine, University of Split, Soltanska 2, HR-21000,
Split, Croatia, =Medical Department 111 — Endocrinology, Nephrology, Rheumatology,
University of Leipzig Medical Center, Liebigstr. 21, 04103 Leipzig, Germany, =Department
of Nutrition-Dietetics, Harokopio University, Eleftheriou VVenizelou, Athens, 17676, Greece,
=Department of Clinical Gene Therapy, Osaka University Graduate School of Medicine,
Suita, 5650871, Japan, =Department of Geriatric and General Medicine, Osaka University
Graduate School of Medicine, Suita, 5650871, Japan, =Department of VVascular Surgery,
Division of Surgical Specialties, University Medical Center Utrecht, Utrecht University,
Utrecht, the Netherlands, =»Corneal Dystrophy Research Institute, Department of
Ophthalmology, Yonsei University College of Medicine, Seoul 03722, Korea, =Dept of
Radiology and Nuclear Medicine, Erasmus MC - University Medical Center Rotterdam,
Rotterdam, the Netherlands, =2Julius Centre for Health Sciences and Primary Care, University
Medical Centre Utrecht, 3584CG, the Netherlands, =Second Department of Cardiology,
Medical School, National and Kapodistrian University of Athens, Attikon University
Hospital, Athens, Greece, =Center for Vision Research, Department of Ophthalmology and
The Westmead Institute, University of Sydney, Hawkesbury Rd, Sydney, New South Wales,
2145, Australia, ==Menzies Institute for Medical Research, School of Medicine, University of
Tasmania, Liverpool St, Hobart, Tasmania, 7000, Australia, =Centre for Eye Research
Australia, University of Melbourne, Melbourne, Victoria, 3002, Australia, "Department of

Clinical Physiology, Tampere University Hospital, Tampere 33521, Finland, =Department of
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474  Clinical Physiology, Finnish Cardiovascular Research Center - Tampere, Faculty of Medicine
475  and Health Technology, Tampere University, Tampere 33014, Finland, =Centre Nutrition,
476  santé et société (NUTRISS), Institute of Nutrition and Functional Foods (INAF), Québec,
477  Canada, =°Pennington Biomedical Research Center, Baton Rouge, LA 70808, USA, =Medical
478  Department 1l — Endocrinology, Nephrology, Rheumatology, University of Leipzig Medical
479  Center, Liebigstr. 18, 04103 Leipzig, Germany, =:Discipline of Internal Medicine, Medical
480  School, The University of Western Australia, Perth, WA, Australia, =Institute of

481  Epidemiology, Kiel University, Kiel, Germany, =Institute of Clinical Molecular Biology,
482  Kiel University, Kiel, Germany, »sSahlgrenska University Hospital, Department of Drug

483  Treatment, Gothenburg, Sweden, Geriatric Medicine, Institute of Medicine, Sahlgrenska
484  Academy, University of Gothenburg, Gothenburg, Sweden, z"Department of Internal

485  Medicine, EwhaWomans University School of Medicine, Seoul, Korea, #Division of Cancer
486  Control and Population Sciences, UPMC Hillman Cancer Center, University of Pittsburgh,
487  Pittsburgh, PA 15232, USA, »*Department of Epidemiology, Graduate School of Public

488  Health, University of Pittsburgh, Pittsburgh, PA 15232, USA, =Healthy Longevity

489  Translational Research Programme, Yong Loo Lin School of Medicine, National University
490 of Singapore, Singapore 117545, Singapore, =Singapore Institute for Clinical Sciences,

491  Agency for Science Technology and Research (A*STAR), Singapore 117609, Singapore,
492  =Department of Endocrinology and Metabolism, Kyung Hee University School of Medicine,
493  Seoul 02447, Korea, =Institute for Community Medicine, University Medicine Greifswald,
494  Germany, =Laboratory of Epidemiology and Population Science National Institute on Aging
495  Intramural Research Program, NIH 251 Bayview Blvd, NIH Biomedical Research Center,
496  Baltimore, MD 21224, USA, ==Algebra University College, llica 242, Zagreb, Croatia,

497  =Paavo Nurmi Centre, Sports and Exercise Medicine Unit, Department of Physical Activity

498  and Health, University of Turku, Turku, Finland, =Interdisciplinary Center Psychopathology
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and Emotion Regulation (ICPE), University of Groningen, University Medical Center
Groningen, Groningen, 9700 RB, the Netherlands, =Institute of Molecular Genetics, National
Research Council of Italy, Pavia, Italy, =Gottfried Schatz Research Center for Cell Signaling,
Metabolism and Aging, Medical University of Graz, Graz, Austria, =Local Health Unit
Toscana Centro, Firenze, Italy, =Institute of Nutritional Science, University of Potsdam,
Nuthetal, Germany, »:Department of Medicine, Surgery and Health Sciences, University of
Trieste, Strada di Fiume 447, 34149, Trieste, Italy, =Dept of Nephrology, Diabetology,
Rheumatology; Traunstein Hospital, Traunstein, Germany, =KfH Kidney Center Traunstein,
Traunstein, Germany, =Center for Translational and Systems Neuroimmunology, Department
of Neurology, Columbia University Medical Center, New York, NY, USA, =Program in
Medical and Population Genetics, Broad Institute, Cambridge, MA, USA, Medical School,
National and Kapodistrian University Athens, 75 M. Assias Street, 115 27 Athens, Greece,
=Dromokaiteio Psychiatric Hospital, 124 61 Athens, Greece, =Clinical Pharmacology,
William Harvey Research Institute, Queen Mary University of London, London, EC1IM
6BQ,UK, =Department of Ophthalmology, Medical Faculty Mannheim, Heidelberg
University, Kutzerufer 1, Mannheim, 68167, Germany, =Institute of Molecular and Clinical
Ophthalmology Basel, Switzerland, »Privatpraxis Prof Jonas und Dr Panda-Jonas,
Heidelberg, Germany, *==Department of Human Genetics, David Geffen School of Medicine at
UCLA, University of California, Los Angeles, CA, USA, =Unidad de Biologia Molecular y
Medicina Genomica, Instituto Nacional de Ciencias Médicas y Nutricion Salvador Zubiréan,
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741 A major challenge of genome-wide association studies (GWAS) is to translate phenotypic
742  associations into biological insights. Here, we integrate a large GWAS on blood lipids

743 involving 1.6 million individuals from five ancestries with a wide array of functional

744 genomic datasets to discover regulatory mechanisms underlying lipid associations. We first
745  prioritize lipid-associated genes with expression quantitative trait locus (eQTL)

746  colocalizations, and then add chromatin interaction data to narrow the search for functional
747  genes. Polygenic enrichment analysis across 697 annotations from a host of tissues and cell
748  types confirms the central role of the liver in lipid levels, and highlights the selective

749  enrichment of adipose-specific chromatin marks in high-density lipoprotein cholesterol and
750 triglycerides. Overlapping transcription factor (TF) binding sites with lipid-associated loci
751  identifies TFs relevant in lipid biology. In addition, we present an integrative framework to
752  prioritize causal variants at GWAS loci, producing a comprehensive list of candidate causal
753  genes and variants with multiple layers of functional evidence. Two prioritized genes,

754  CREBRF and RRBP1, show convergent evidence across functional datasets supporting their
755  roles in lipid biology.

756
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I ntroduction

Most GWAS findings have not directly led to mechanistic interpretations, largely because
90% of GWAS associations map to non-coding sequences “2. Mechanistic interpretations in
GWAS have proven challenging because the strongest signals identified in GWAS typically
contain many variants in strong linkage disequilibrium (LD) ® and functional mechanisms

including genes of action are often not clear from GWAS data alone *°.

Linking trait-associated variants to genome function has emerged as a promising model for
mechanistic interpretation of non-coding findings in GWAS. This ‘variant-to-function' model
is premised on recent observations that non-coding variants often affect a trait of interest
through the regulation of genes and processes in trait-relevant cell types or tissues 2°.
Implementing this functional model in GWAS has become more feasible as large-scale
functional genomic resources, such as epigenomic ’ and transcriptomic ® catalogues, have
been systematically generated across a wide range of human cell types and tissues. The
integration of functional genomics with GWAS has identified regulatory mechanisms in
variants associated with some flagship disorders such as obesity ° and schizophrenia *°,

yielding important functional insights into the genetic architecture of human complex traits.

The history of the human genetics of lipids mirrors the successes and challenges of GWAS.
Increasing sample size and genetic diversity has significantly boosted the power of discovery:
the first lipid GWAS in 2008 with 8,816 European-descent individuals identified 29 lipid-
associated loci*® ; the latest study of 1.6 million individuals across five ancestries ** found
941. Despite the dramatic increase in the number of associations, our biological

understanding of many of these genetic discoveries remains limited. The causal gene has
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been confidently assigned at only a small fraction of these loci %, and the regulatory
mechanism connecting variant to phenotype has been conclusively characterized only for a
handful of genes °. Furthermore, systematic mapping of lipid-associated variants to their

biological functions has been missing in the literature at the time of this study.

Here we conduct a genome-scale integrative analysis on the largest GWAS to-date of five
lipid phenotypes (LDL, or low density lipoprotein; HDL, or high density lipoprotein; TC, or
total cholesterol; nonHDL, or non-high density lipoprotein; and TG, or triglycerides)
involving 1.65 million individuals from five ancestries 2. Combining the lipid GWAS with a
wide array of functional genomic resources in diverse human tissues and cell types, we
identify regulatory mechanisms of noncoding genetic variation in lipids with a full suite of
computational approaches. Further, we develop a generalizable framework to understand how
tissue-specific gene regulation can explain GWAS findings, and demonstrate its real-world

value on lipid-associated loci.

Material and Methods

GWAS

We performed GWAS for five blood lipid traits (LDL, HDL, TC, TG, and nonHDL) in 1.65
million individuals from five ancestry groups ?(African and African-admixed, East Asian,
European, Hispanic, South Asian) at 91 million variants imputed primarily from the
Haplotype Reference Consortium 2 or 1000 Genomes Phase 3 **. The individual GWAS and
meta-analyses were performed using the hg19 version of the human reference genome. We

used MR-MEGA * for meta-analysis across cohorts.
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We defined 'sentinel variants' as lead variants representing independent trait-associated loci in
the genome. These windows are the greater of 500kb or 0.25cM around the sentinel variant;
genetic distances were defined using reference maps from HapMap 3 *°. We performed a
second round of conditional analysis, conditioning on the sentinel variants to identify and
remove any significant windows that are shadow signals (or dependent on) of a neighboring

locus to enforce independence of associated loci.

Colocalization with eQTLs

We performed statistical colocalization of lipid GWAS with eQTLs obtained from GTEx v8
across 49 tissues 8. For each of the five lipid traits, we used the same sentinel variants defined
in the previous section to represent approximately independent GWAS-associated windows

(also removing shadow signals as described before).

For each such window, we ran eQTL colocalization with GTEXx v8 single-tissue cis-eQTL
summary statistics . For each of 49 GTEX tissues, we first identified all genes within 1Mb of
the sentinel SNP, and then restricted analysis to those genes with significant eQTLs (i.e.,
'eGenes' as defined by GTEX) in that tissue (FDR < 0.05). We used the R package 'coloc’ (run
on R version 3.4.3, coloc version 3.2.1) *" with default parameters to run colocalization
between the GWAS signal and the eQTL signal for each of these cis-eGenes, using as input
those SNPs in the defined window (greater than 500kb or 0.25cM on either side of the lead
variant), i.e. all SNPs present in both datasets. eQTL summary statistics were in GRCh38, so
we first lifted over the GWAS summary statistics (in hg19) to GRCh38 using liftOver 2. As
in previous studies *°, we used a colocalization posterior probability of (PP3+PP4) > 0.8 to

identify loci with enough colocalization power, and PP4/PP3 > 0.9 to define those loci that
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show significant colocalization, where PP4 represents posterior probability of a single shared
signal, and PP3 represents posterior probability of two unique signals in the GWAS and

eQTL datasets.

Overlap with promoter Capture-C data

We used four promoter-focused Capture-C (henceforth Capture-C) datasets from three human
cell/tissue types to capture physical interactions between gene promoters and their regulatory
elements. We used three biological replicates of HepG2 liver carcinoma cells %°, another
HepG2 dataset described in Selvarajan et al #*, hepatocyte-like cells (HLC) produced by
differentiating three biological replicates of iPSCs (which in turn were generated from

|22

peripheral blood mononuclear cells using a previously published protocol ), and an adipose

|23

dataset obtained from Pan et al “° that was produced using primary human white adipocytes.

The detailed protocol to prepare HepG2 or HLC cells for the Capture-C experiment is

described in Chesi et al®°

. Briefly, for each dataset, 10 million cells were used for promoter
Capture-C library generation. Custom capture baits were designed using an Agilent
SureSelect library design targeting both ends of DpnlI restriction fragments encompassing
promoters (including alternative promoters) of all human coding genes, noncoding RNA,
antisense RNA, snRNA, miRNA, snoRNA, and lincRNA transcripts, totaling 36,691 RNA
baited fragments. Each library was then sequenced on an Illumina HiSeq 4000 (HepG2) or
Illumina NovoSeq (HLC), generating 1.6 billion read pairs per sample (50 base pair read
length.) We used HiCUP v0.7.2 ?* to process the raw FastQ files into loop calls and

CHiICAGO v1.6.0 2 to define significant looping interactions; we defined a CHICAGO

score of 5 as significant, as specified in the default parameters.
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Starting with Capture-C maps processed as described above, we re-annotated the baits to
gene IDs from Gencode v19 # to ensure uniformity of gene annotations with the rest of our
pipeline. For each bait, we identified any gene whose transcription start site (TSS) from any
transcript in Gencode v19 was within 175 base pair distance from the bait (to account for
differing bait designs for external datasets which may not directly overlap the canonical
TSS). We filtered all datasets to only include interactions in which the interacting end was
not another bait. Enrichment with colocalized genes was robust to our choice of distance
between bait and gene (enrichment with eQTL colocalized genes ranging from 2.94-2.96 for

bait distances from 0-350 base pairs).

To identify genetic variants associated with any of the five lipid traits that physically interact
with locations in the genome, we used the R package ‘Genomic Ranges’ version 1.30.3 %' to
find overlap between credible sets for each trait’s GWAS and the previously annotated
promoter Capture-C data; we refer to these as Capture-C/GWAS interactions. Each credible
set was defined as the set of variants with a 95% posterior probability of being the causal
variant. For all individual variants within all GWAS-associated loci for the five lipid traits,
we identified which variants overlapped any interacting end of the four previously annotated

promoter Capture-C data.

Presence of gene-variant pairs in same topol ogically associated domains

To estimate the frequency of colocalized gene-sentinel pairs in the same topologically
associated domain (TAD), we used publicly-available TADs from human liver %, We

compared the number of colocalizations with the sentinel variant and colocalized gene in the
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same TAD divided by all colocalizations in which the sentinel variant lies in a TAD. To test
if this ratio was statistically significant, we generated random TAD boundaries using
‘bedtools shuffle’ 1000 times, and calculated the same ratio for these randomly-generated

TAD boundaries.

Pathway enrichment

We used ClusterProfiler v3.6.0 * to look for pathways over-represented in each gene list:
genes with eQTL colocalization and genes interacting with variants in GWAS credible sets.
We used the enrichKEGG function to look for pathway enrichment in KEGG pathways
(using the latest version of the KEGG database *). We first re-mapped gencode IDs to gene
symbols using the Gencode v24 annotation and then used the biomaRt R package v2.34.2 **
to convert gene symbols to Entrez IDs. We ran enrichKEGG to identify enriched pathways

significant at a Benjamini-Hochberg threshold of 0.05.

Enrichment in known lipid-associated genes

We calculated enrichment odds ratio of genes identified in our analysis with three known sets
of lipid-associated genes using the Fisher’s exact test (R function ‘fisher.test”). First, we
identified a list of 33 Mendelian genes from ClinVar * with lipidemia-associated 1CD10
codes (E78). Second, we used the set of genes identified from a transcriptome-wide
association study (TWAS) on the same GWAS and GTEx v8 summary statistics using the S-
PrediXcan software * default setup. Third, we used 35 genes with rare-coding variants

associated with lipid levels *.
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Stratified LD score regression

We used LDSC version 1.0.1 * to estimate the enrichment of heritability using GWAS
summary statistics in different epigenetic and transcriptomic annotations, including gene
expression, chromatin marks and TF binding sites. The gene expression and chromatin mark
annotations and the corresponding LD scores were provided as
'Multitissuegeneexpr1000Gv3' and 'Multitissuechromatin1000Gv3' databases in LDSC
software. The TF binding site annotations were extracted from ChlP-seq data of 161 TFs
from ENCODE, and their LD scores were estimated from 1000 Genomes Phase 3 European
samples using ‘Idsc.py --12’. We first converted the summary statistics for each phenotype to
LDSC-formatted summary statistics using 'munge_sumstats.py'. Second, we ran 'ldsc.py’
using the baseline_v1.2 baseline model on each annotation to estimate enrichment of
heritability. For primary analyses, we used multi-population GWAS summary statistics and
LD scores estimated from 1000 Genomes Phase 3 European samples. For secondary analyses
on East Asian GWAS alone, we obtained EAS-specific LD scores for the same epigenomic

annotations ¢

GREGOR analysis

We used GREGOR ¥ to estimate enrichment of sentinel variants for each lipid phenotype in
TF binding sites for 161 TFs from ENCODE compared to a null distribution of variants
matched for allele frequency. We ran GREGOR with default parameters, specifying 0.8 as
the R? threshold, window size of 1Mb, and ‘EUR’ as the population. Annotations with FDR-

adjusted P-value < 0.05 were considered significant.

38


https://doi.org/10.1101/2021.12.07.470215

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.07.470215; this version posted December 8, 2021. The copyright holder for this preprint

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Enrichment in single-cell expression data

We overlapped our list of colocalized genes with publicly available single-cell RNA-
sequencing data of 8,444 cells from liver *® and 38,408 cells from adipose (Web resources) in
humans. For both datasets, we downloaded normalized TPM data and existing tSNE cluster
annotations for each cell. For each cluster, we defined median expression for each gene
across all cells in that cluster. Then for each cluster, we calculated the enrichment P-value for
our list of colocalized genes using the ‘fgsea’ R package v1.4.1, which looks for
overrepresentation of our gene list in ranked genes for each cluster **, implemented in R

3.4.3.

Results

We systematically integrated lipid GWAS results ** with multiple layers of functional
genomic data from diverse tissues and cell types to understand regulatory mechanisms at
lipid-associated loci (Figure 1). Specifically, we overlaid GWAS loci with eQTL and
chromatin-chromatin interactions to identify causal genes. We assessed polygenic
enrichments of tissue-specific histone marks to prioritize relevant tissues and examined
GWAS loci at transcription factor (TF) binding sites to detect lipid-relevant TFs. Finally, we
combined all these layers to prioritize functional variants at GWAS loci, providing a holistic

view of gene regulation at lipid loci in relevant tissue and cell types.
Figure 1: Schematic overview of the multi-layer functional genomic analysis. Wefirst
integrate GWAS summary statistics for five lipid phenotypes with eQTL and chromatin

interaction data to identify potential genes mediating the GWAS association, and then
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958  incorporate epigenomic annotations to identify regulatory mechanisms at these loci. For any
959 leadvariant ‘X', A, B, and C represent nearby eGenes, and SNPs around SNP X represent

960 variantsin the credible set.
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962

963  Colocalization with eQTLs identifies candidate lipid-relevant genes

964

965  First, we identified shared association signals between lipid levels and expression of nearby
966  genes, since most GWAS signals are presumed to influence complex traits through impact on
967  gene expression “°. To do so, we tested for colocalization of each of the 1,750 significant
968 lipid GWAS association signals across the five traits examined with significant cis-eQTL
969  data across 49 human tissues from the GTEx consortium 2. Here, we defined significant
970  GWAS signals as 1,750 loci reaching genome-wide significance and corrected for shadow
971  signals (Methods) in our multi-population meta-analysis for at least one of five lipid traits.
972

973  Second, we restricted our analysis to those loci likely mediated through regulatory

974  mechanisms as opposed to coding variation. In particular, we excluded all loci with credible

40


https://doi.org/10.1101/2021.12.07.470215

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.07.470215; this version posted December 8, 2021. The copyright holder for this preprint

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

998

999

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

sets containing at least one missense variant (369 of 1,750 loci, 21% of credible sets). Of the
remaining 1,381 GWAS loci, 696 significantly colocalized with eQTLSs (the ratio of posterior
probability of a shared signal to the posterior probability of two signals being > 0.9 *°;
Methods) in at least one of 49 tissues for at least one lipid phenotype. This resulted in 1,076
colocalized eGenes ranging from 1 to 16 genes per locus (Figure 2A; Table S1). Since with
eQTL data alone it is difficult to disentangle a single functional gene from multiple functional
(and likely coregulated) genes at a locus ** we performed all downstream analyses with all

1,076 colocalized genes, to further prioritize functional genes at loci with multiple eGenes.

To acquire additional functional insights into the 1,076 colocalized genes, we assessed their
enrichments across existing biological and clinical gene sets. Colocalized genes showed
enrichments in (a) 20 KEGG pathways ¥ at FDR 5% (Table S2), including known lipid-
related processes such as cholesterol metabolism, PPAR signaling, and bile secretion; (b) 33
Mendelian genes from ClinVar ¥ associated with lipid-related ICD10 codes, (11 fold
enrichment at P=2.08e-06, including APOB, LPL, and APOE; Figure 2B), suggesting the
shared genetic basis of Mendelian and complex lipid phenotypes *; (c) 35 genes with rare-
variant burden for lipid phenotypes in a recent multi-ancestry analysis 3 (30-fold enrichment,
P =1.77e-16, including APOB, LPL, LIPG and ANGPTL4), confirming shared mechanisms
of rare and common variation underlying lipid traits ****. Colocalized genes also showed
enrichment with genes implicated in TWAS run on the same GWAS and eQTL summary
statistics (20-fold enrichment, P<2.22e-308). These enrichment results demonstrate the

biological relevance of candidate functional genes prioritized by our approach.

Figure 2: Overlap between eQTL colocalized genes and capture-C prioritized genes, and

their enrichment in known lipid-associated genes. A. Numbers of genes identified by two
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approaches. eQTL colocalization (upper half) and promoter capture-c interactions (lower
half) B. Overlap between our list of prioritized genes (left: capture-C prioritized genes; right:
eQTL colocalized genes) with three sets of genes previoudy associated with lipid biology
(ClinVar lipidemia-associated genes, genes implicated in rare burden of lipids, and genes
fromalipid TWAS). C. Enrichment in overlap between eQTL colocalized genes and capture-
C prioritized genes against what is expected by chance, assuming both gene setsare
independent. Enrichment estimates and confidence intervals shown in Panels B and C were

obtained using Fisher’s exact test.
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Chromatin-chromatin interactions improve eQTL-based colocalization

Our eQTL-based colocalization analysis uses a linear sequence of DNA, and ignores physical
interaction between non-adjacent DNA segments, another regulatory layer underlying
complex human traits **. To add this layer to our analysis, we generated Capture-C data from
HepG2 liver carcinoma cells (denoted as HepG2.1) and hepatocyte-like cells (HLC) derived
from differentiating iPSCs (the latter is described in *%), as well as publicly-available Capture-
C datasets from HepG2 **** (denoted as HepG2.2) and adipose tissue 2. We defined a
GWAS-relevant interaction as any Capture-C interaction between any gene and a variant in

the 95% credible set for a GWAS locus™. Credible set sizes ranged from 1 to 417 variants at
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1020 the 1,750 examined loci, with a median size of 5 variants per credible set. In total, 1,079
1021  GWAS loci had at least one variant in the credible set with a physical interaction with a gene
1022  promoter and 3,543 of 26,621 genes with promoter-interactions had promoters physically
1023 interacting with at least one GWAS credible set variant (Figure 2A; Table S3). Unlike eQTL-
1024  colocalized genes, these genes interacting with their credible sets showed limited enrichment
1025 in relevant KEGG pathways (Table S2) and lipid-related genes from ClinVar (Figure 2B),
1026  though we see 5-fold enrichment (compared to greater than 10-fold enrichment for eQTL-
1027  colocalized genes) in genes with rare-variant lipid associations (P =2.8e-05) and TWAS
1028  genes (P=2.5e-288).

1029

1030  Genes physically interacting with GWAS loci helped shortlist functional genes from eQTL
1031  colocalization despite their reduced enrichments in known gene sets. Of 1,079 credible sets
1032  with promoter interactions, 224 also colocalized with eQTLs for the same gene. At the gene
1033  level, 233 genes were implicated in both eQTL colocalization and Capture-C interactions
1034  (Figure 2C), representing an enrichment of 3-fold compared to random chance (P =3.11e-38).
1035 Among these loci with concordant eQTL colocalizations and Capture-C interactions, only
1036  39% of them mapped to a single gene using eQTL data alone, whereas adding Capture-C
1037  information increased this fraction to 80%. These results showcase the potential value of
1038 combining eQTLs with physical chromatin interactions to prioritize functional genes at

1039 GWAS loci.

1040

1041  Since eQTLs are likely to reside in the same topologically associated domain (TADs) as the
1042  genes they regulate *°, we examined TAD structure from independent datasets at lipid GWAS
1043  loci with eQTL colocalizations. Of eQTL-GWAS colocalizations in which the sentinel

1044  variant resided within a liver TAD %, the colocalized gene resided in the same liver TAD
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84.8% of the time (P < 0.001 with 1000 permutations; Methods). When we restricted
colocalizations to those supported by Capture-C data in any cell type, 91.2% fall in the same
TAD. These results add to the existing evidence for TAD boundaries being regulatory

47
|

insulators in the cell ** and confirm our integration of chromatin interactions with eQTL

colocalizations as an effective strategy to hone in on functional genes.

Tissue-specific enrichment of GWAS signals differentiates lipid traits

Regulatory variants often affect complex traits in a tissue-specific manner ©, as shown in our
eQTL colocalization analysis. Specifically, by computing the ratio of the number of
colocalizations in a tissue to eQTL sample size in that tissue, we found that the liver was
universally enriched for colocalized eGenes with respect to sample size across all lipid traits
whereas adipose was selectively enriched in HDL and TG only (Figure S1). Motivated by
these findings, we leveraged systematic approaches and additional data to identify relevant

tissues and cell types for each lipid trait.

We implemented stratified LD score regression (S-LDSC), a polygenic approach not
restricted to genome-wide significant variants, on tissue-specific transcriptomic and
epigenomic annotations across 204 datasets from more than 170 tissues and cell types, to
identify relevant tissues for each lipid trait (Methods). Consistent with previous studies and
our eQTL-based analysis, liver-related tissues (Table S4) showed strong enrichments across
all lipid traits (S-LDSC enrichment p-values ranging from .001 in TG to .0001 in TC), for
both expression (Figure 3A) and chromatin annotations (Figure 3B). This result was
confirmed by analysis using two other approaches: DEPICT * (Figure S2) and RSS-NET ¥

(Table S5). To assess the robustness of our S-LDSC results based on multi-population
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1070 GWAS, we applied S-LDSC to population-specific GWAS in European and East Asian

1071  ancestry participants together with population-specific LD scores (Methods) and obtained
1072  similar results (Table S6).

1073

1074  Figure 3: Tissue relevance based on lipid GWAS and functional annotations. Partitioning
1075 heritability of GWAS summary statistics for five lipid traits on gene expression (A) and

1076  chromatin mark (B) annotations across tissues. Each plotted point represents a tested dataset
1077  for enrichment of heritability, with larger dots representing datasets with P-value < 0.05;
1078  multiple annotation datasets ar e tested for the same tissue group. Each color represents a

1079 tissue group, and the y-axis represents -log10 P-value of enrichment of heritability.
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1082

1083  The S-LDSC results also highlighted tissues selectively enriched in certain lipid traits as
1084  shown in the eQTL-based analysis. The most enriched category for HDL using chromatin

1085  annotation is ‘Adipose H3K4me3’ (P-value 7.6e-04); for TG, enrichment in liver-related
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tissues (P-value 1.2e-03) is similar to enrichment in adipose (P-value 2.7e-03). For LDL, TC,
and non-HDL, enrichment P-values for the liver were much more significant than for all
other tissues including adipose (Figure 3B). We observed the same pattern in S-LDSC results
based on gene expression (Figure 3A). This finding is consistent with the known influence of
adipose on plasma HDL levels *°, and the role of adipose as TG deposits **. These results
were corroborated by eQTL colocalizations stratified by phenotype (Figure S1) and DEPICT
analysis on gene expression * (Figure S2). Together, these results confirm the liver as the
tissue of action for all five lipid traits, and highlight the additional role of adipose in HDL and

TG only.

Given the importance of the liver and adipose in modulating lipid levels, we further identified
the relevant cell types within these tissues. Using existing single-cell data from adipose and
liver, we performed gene-set enrichment analysis *2 to identify cell-type clusters enriched for
genes colocalized with any lipid trait. Out of 11 identified cell types in 20 clusters in the
liver, only hepatocytes were enriched at FDR-adjusted P < 0.05 (Figure S3), consistent with
previous results?. In adipose, only adipocyte clusters and macrophage-monocyte clusters
showed suggestive enrichment (nominal P < 0.05) in colocalized genes (Figure S4). Of note,
the enrichment in adipocytes was significant when we restricted this analysis to genes that
were colocalized only with HDL and TG (FDR-corrected P < 0.05), consistent with the
selective enrichments of adipose in HDL and TG (but not the other lipid traits) from our S-
LDSC analysis. Evaluations at cellular resolution are required to understand the cell-type
specific mechanisms underlying lipid GWAS loci, but our results could form a useful basis

for future studies.

Overlapping GWAS signals with binding sites highlights lipid-relevant TFs
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1111

1112  TFs have been implicated as a key mediator of linking genetic variation to complex traits .
1113  To understand lipid GWAS in the context of TF activity, we assessed enrichment of genome-
1114  wide significant variants at TF binding sites using GREGOR *" and performed polygenic
1115  enrichment analysis of TF binding sites using S-LDSC.

1116

1117  Using ChIP-Seq data from 161 TFs across 91 cell types from the ENCODE project /, 70.7%
1118  of lipid credible sets overlapped with at least one TF binding site. Using GREGOR ', we
1119 identified 137 TFs whose binding sites were significantly enriched in GWAS lead SNPs for
1120  at least one lipid phenotype (enrichment > 2; FDR adjusted P-value < 0.05; Figure S5; Table
1121 S7). Among these 137 enriched TFs, 69 of them (50%) showed significant enrichments
1122  across all five lipid phenotypes, suggesting a potential core regulatory circuit shared by all
1123  lipid traits (Figure S5). The TF with the strongest enrichment in all phenotypes was ESRRA
1124  (estrogen-related receptor alpha), a nuclear receptor active in metabolic tissues **; ESRRA
1125  has been implicated in adipogenesis and lipid metabolism, and ESRRA-null mice display an
1126  increase in fat mass and obesity >*.

1127

1128 The GREGOR analysis also highlighted 68 TFs significantly enriched in specific subsets of
1129  (but not all five) lipid phenotypes (Figure S8). For example, we found 4 TFs (FOXM1,
1130 PBX3, ZKSCANL1, ZEB1) enriched in HDL and TG only, 4 TFs (EZH2, NFE2, NFATC1,
1131  KDMS5A) enriched in HDL only and 11 TFs (FOSL1, IRF3, JUN, MEF2C, NANOG,

1132 PRDML1, RUNX3, SIRT6, SMC3, STAT3, ZNF217) enriched in TG only. Of these TFs, the
1133 central role of ZEB1 in adiposity > and fat cell differentiation has been demonstrated *°.

1134  Taken together, these TF-centric findings corroborate the selective enrichments of adipose in
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HDL and TG (but not the other lipid traits) identified in our previous tissue prioritization

analyses.

Similar to tissue prioritization, we also performed polygenic enrichment analysis of TF
binding sites using S-LDSC (Table S8), which differed from GREGOR analysis by looking at
not only the genome-wide significant associations but also the polygenic signal irrespective
of GWAS P-values. On the same 161 ENCODE TFs, this polygenic analysis identified 25
TFs whose binding sites were significantly enriched in heritability (nominal P < 0.05) for at
least one lipid phenotype (Figure S6); reassuringly, 24 of 25 TFs were also significant in
GREGOR analysis. Among these enriched TFs, eight (34%) were significantly enriched in all
five lipid traits (CEBPB, CEBPD, FOXA2, HDAC2, HNF4G, NFYA, RXRA, SP1; P <
0.05). Of those TFs significant in both analyses, RXRA (retinoid X receptor alpha) is also
encoded by a colocalized gene (RXRA) near a GWAS hit (chr9:137,268,682). RXRA is a
ligand-activated transcription factor that forms heterodimers with other receptors (including
PPARG) and is involved in lipid metabolism °” and homeostasis. Moreover, 145 GWAS loci
(Table S9) overlap RXRA binding peaks, suggesting that the GWAS variants might affect
lipids (partially) through affecting the binding activity of RXRA. While the RXRA-associated
variant has been previously implicated as a GWAS locus %, our study demonstrates its role in

lipid biology through its regulatory influence on other lipid-associated genes.
Multi-layer functional integration reveals regulatory mechanisms at GWAS | oci
Motivated by our finding that integrating chromatin interaction improved eQTL
colocalizations, we further brought together multiple lines of functional evidence at each

GWAS locus for mechanistic inference. We started with the list of genes with evidence for
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1160 both eQTL colocalization in the liver or adipose and credible set physical interactions. We
1161 next annotated each variant in the 95% credible set with various indicators of regulatory
1162  function, including its open chromatin status in liver or adipose-related cell types, its

1163  proximity to a promoter or an enhancer, and its RegulomeDB regulation probability *° (see
1164  Table S10 for the complete list of annotations used). To account for complexities of

1165  regulatory mechanisms and limitations of functional datasets, we combined evidence across
1166  these datasets to prioritize variants at GWAS loci (Figure 4A). Specifically, we prioritized
1167  variants with at least three independent lines of functional evidence (chromatin openness,
1168  physically interaction with target genes, and promoter/enhancer status in liver or adipose),
1169  with at least two being in the same tissue with colocalization with the target gene, and with a
1170  RegulomeDB score > 0.5. Applying this simple procedure to lipid GWAS we identified 13
1171  candidate loci, each with the strongest multi-layer evidence pointing to a single functional
1172  variant (Table 1). Below we describe two examples to highlight key features of this multi-
1173  layer integration framework.

1174

1175 RRBP1 (ribosomal binding protein 1) could be identified from eQTL colocalization alone,
1176  but our multi-layer integration approach strengthened the conclusion via convergent evidence
1177  from various sources (Figure 4B). The RRBP1 eQTL signals in the liver colocalize with LDL,
1178 TC, and nonHDL GWAS signals. The 'T" allele of the lead variant (chr20:17,844,684, hg19)
1179  decreases RRBP1 expression levels and increases LDL, TC, and nonHDL levels. This lead
1180 variant is in open chromatin in HLC, and physically interacts with the RRBP1 promoter
1181  (250kb away) in adipose and HepG2. All these data consistently point to RRBP1 as the
1182  functional gene underlying this locus. RRBP1 specifically tethers the endoplasmic reticulum

1183  to the mitochondria in the liver--an interaction that is enriched in hepatocytes--and regulates
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very low density lipoprotein (vLDL) levels ®. Rare variants in RRBP1 are associated with

LDL in humans ® and silencing RRBP1 in liver affects lipid homeostasis in mice *.

Figure 4. An easy-to-implement multi-layer framework to prioritize functional variants at
GWASIoci. A. Variant annotation and prioritization scheme at each credible set. B. Evidence
for gene RRBP1 from functional genomics data. The LDL GWAS locus at thisregion isan
eQTL for gene RRBP1 in the liver (second row). Variants in the credible set of thislocus
interact with the gene promoter in both adipose and HepG2 Capture-C data. The interacting
variant is also in an open chromatin peak in three liver-related cell types. C. Multiple

sour ces of functional genomics data support CREBRF as a gene contributing to HDL levels.
The HDL GWASIocus at thisregion is an eQTL for gene CREBRF in adipose (second row).
Variantsin the credible set at this locus interact with the CREBRF promoter in adipose. The

interacting variant is also in open chromatin in liver-related cell types.
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CREBRF (CREB3 regulatory factor) demonstrates the power of our multi-layer integration
framework in prioritizing functional variants (Figure 4C). The eQTL signals of CREBRF
colocalized with a GWAS locus for HDL with 30 candidate variants. In contrast, our multi-
layer approach identified a single candidate variant (chr5:172,566,698) at this locus that
physically interacts with the CREBRF promoter in adipose, was predicted to be a regulatory
element (RegulomeDB score=0.91). Consistent with the index variant (chr5:172,591,337),
the allele A’ at this functional variant increased HDL levels and increased CREBRF
expression in adipose. Missense variants in CREBRF have been linked to body mass index,

and the gene has been linked to obesity risk in Samoans 2.

Finally, to compare the power of functional fine-mapping with trans-ancestry fine-mapping,
we applied our prioritization rule to credible sets derived from European-only meta-analysis.
The 111 variants prioritized by our rule described above (including multiple variants in the
same credible set) were all found in the multi-ancestry credible sets, representing a 3.7 fold
enrichment (P < 1e-04 derived from 10000 permutations randomly sampling variants from
the European-only credible sets). This convergence of complementary approaches to the
same smaller set of variants highlights the power of multi-ancestry datasets as an approach to

narrow in on functional variants.

Discussion

Here we integrate the largest multi-population lipid GWAS to date with a wide array of

functional genomic resources to understand how noncoding genetic variation affects lipids

through gene regulation. Specifically, we identify 1,076 genes whose eQTL signals
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colocalize with lipid GWAS signals and demonstrate how physical chromatin interaction can
improve standard eQTL-based colocalization. We assess tissue-specific enrichments of lipid
GWAS signals and demonstrate the selective importance of adipose in HDL and triglyceride
biology. We examine binding site enrichments of 161 TFs in lipid GWAS and expand our
understanding of lipid GWAS loci (e.g., RXRA) in the context of TF activity. Finally, we
build a simple and interpretable prioritization framework that automatically combines
multiple lines of evidence from orthogonal datasets, pinpointing a single functional variant at
each of 13 lipid-associated loci (e.g., RRBP1 and CREBRF). While there are studies that

interpret lipid GWAS associations *+%*

, the size of our multi-population GWAS and multi-
layer functional integration represent a comprehensive effort and an important step forward in

this direction.

Our multi-layer analysis has two key strengths. First, despite a large array of functional
genomic resources being embedded, our analysis produces results with high consistency. For
example, the selective enrichment of adipose in HDL and TG identified by S-LDSC is
confirmed by our eQTL-based colocalization and TF binding site overlap. Another example
of consistency is the multi-layer prioritization of RRBP1, which can be identified from eQTL-
based colocalization alone and it is further validated by chromatin openness and interaction.
Such convergent evidence from various sources improves the confidence of our findings.
Second, our analysis highlights that combining multiple layers of regulatory information can
improve sensitivity to prioritize functional genes and variants. For example, we refined eQTL
colocalized genes (1,076) to a smaller set of functional genes (233) through integration with
promoter Capture-C data. Another example of sensitivity is CREBRF, where eQTL-based

colocalization implicates 30 candidate variants and adding other regulatory layers points to a
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single functional variant. Moving forward, we expect these two features will serve as useful

guidelines for future integrative genomic analyses of other traits.

Our results rely on the breadth and accuracy of functional genomic datasets used in our
analyses. First, unlike our lipid GWAS, current functional datasets % are limited both in
sample size and ancestral diversity, which can affect discovery and replication of regulatory
mechanisms in diverse populations. Second, some functional datasets are generated at limited
resolution. For example, our colocalizations are based on eQTLs from bulk tissue RNA-seq ,
which may miss detailed cell types and biological processes in which lipid-associated SNPs
regulate gene expression ®°. Third, some functional datasets are not available across the full
spectrum of human tissues and cell types. For example, our chromatin-chromatin interaction
analysis only examines a few cell types in two known lipid-related tissues, producing results
that may be biased towards known lipid biology. As more comprehensive and accurate
functional genomic resources are becoming publicly available in diverse cellular contexts and
ancestry groups, the resolution and power of integrative analyses like ours will be markedly

increased.

Other limitations of this study stem from computational methods embedded in our
framework. First, the colocalization approach ‘coloc’ assumes one causal variant per locus,
whereas recent studies suggest extensive allelic heterogeneity ®’ consistent with a model of a
milieu of related transcription factors binding within a single locus. Accounting for allelic
heterogeneity in summary statistics-based colocalization typically requires modelling
multiple correlated SNPs through LD matrix %, which is computationally intensive in large-
scale analyses derived from many cohorts with diverse ancestries, like the multi-population

GWAS examined here. Second, due to restricted access to individual genotypes of 201
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cohorts, we cannot produce multi-population LD scores within GLGC but have to use
European-based LD scores in all S-LDSC analyses. This approach, though less rigorous in
principle, provides robust results in practice (as confirmed by our ancestry-specific analysis),
largely because 79% of cohorts in GLGC are of European descent *. That said, we caution
that the same approach might fall short in ancestrally diverse studies with few European
individuals ®. Third, our multi-layer variant prioritization framework is built on a series of
simple rules that are easy to implement on large datasets. This approach could possibly be
formalized as statistical models (e.g., priors in Bayesian methods “°), but certainly simplify
computation and improve scalability of our framework. Despite the technical limitations, our
approach here can serve as a useful benchmark for future development of methods with

improved statistical rigor and computation efficiency.

In summary, mapping noncoding genetic variation of complex traits to biological functions
can benefit greatly from thorough integration of multiple layers of functional genomics, as
demonstrated in the present study. Although tested on lipids only, our integrative framework
is straightforward to implement more broadly on many other phenotypes, yielding functional

insights of heritable traits and diseases in humans.

Description of Supplemental Data

Supplemental data include seven figures and ten tables, and study-specific
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Web Resour ces

GLGC 2021 summary statistics: http://csg.sph.umich.edu/willer/public/glgc-lipids2021/

GTEx v8 summary statistics: https://www.gtexportal.org/home/datasets

coloc: https://cran.r-project.org/web/packages/coloc

liftOver: https://genome.ucsc.edu/cgi-bin/hgLiftOver

HiCUP: https://www.bioinformatics.babraham.ac.uk/projects/hicup/

CHIiCAGO: https://www.bioconductor.org/packages/release/bioc/html/Chicago.html

GenomicRanges: https://bioconductor.org/packages/release/bioc/html/GenomicRanges.html

bedtools: https://bedtools.readthedocs.io/en/latest/

ClusterProfiler: https://quangchuangyu.github.io/clusterProfiler

biomaRt: https://bioconductor.org/packages/release/bioc/html/biomaRt.html

ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/

S-PrediXcan: https://github.com/hakyimlab/MetaXcan

LDSC software: https://github.com/bulik/Idsc

LD scores and related annotations: https://data.broadinstitute.org/alkesgroup/LDSCORE/

DEPICT: https://data.broadinstitute.org/mpg/depict

RSS-NET: https://github.com/SUwonglab/rss-net

58


https://doi.org/10.1101/2021.12.07.470215

bioRxiv preprint doi: https://doi.org/10.1101/2021.12.07.470215; this version posted December 8, 2021. The copyright holder for this preprint

1384

1385

1386

1387

1388

1389

1390

1391

1392

1393

1394
1395

1396
1397

1398
1399

1400
1401
1402
1403

1404
1405
1406

1407
1408

1409
1410

1411

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Adipose single cell data:

https://singlecell.broadinstitute.org/single_cell/study/SCP133/human-adipose-svf-single-cell

fgsea: http://bioconductor.org/packages/release/bioc/html/fgsea.html

GREGOR: https://genome.sph.umich.edu/wiki/GREGOR

RegulomeDB: https://regulomedb.org/regulome-search/

Data and Code Availability

HLC Capture-C data is available at

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE189026
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Tables

Table 1. Thirteen prioritized loci with highest confidence of a single functional variant in the
credible set. The ‘sentinel’ column represents the lead variant at the locus. ‘Prioritized var’
represents the prioritized variant in the credible set. Columns 5-8 represent overlap of the
functional variant with open chromatin (‘Open’), capture-C (‘CapC’) interactions with the
candidate gene, enhancer and promoter marks from Roadmap in liver (‘Liver’), adipose
(*Ad’), both or none of these datasets. The ‘RegDB’ column represents the RegulomeDB
score of the prioritized variant.

NG:;Z Tissue Sentinel Pri (\)/r;tri zed Open | CapC Enhrance Pro:note RegDB
CEP68 Adipose 2:65284231 65279414 | Liver | Liver None Ad 0.5896
TIPARP | Adipose | 3:156797941 | 156795408 | Both Both Ad Liver 0.705
CREBRF | Adipose | 5:172591337 | 172566698 | Liver Ad None Both 0.9124
PALM2 Adipose | 9:112556911 | 112556911 | Both Ad Both None 0.6091
MEGF9 | Adipose | 9:123481206 | 123421556 | Liver Ad None Liver 0.9933
GBF1 Liver 10:104142294 | 104107191 Ad Ad Both Ad 0.705
MICAL2 Liver 11:12071855 | 12221016 | Liver | Liver Liver Ad 0.6018
ACP2 Liver 11:47278917 47276350 Ad Liver Liver Ad 0.6091
PTPRJ Adipose | 11:48021778 48011180 | Liver Ad Liver Ad 0.8797
NFAFT €2 | Adipose | 16:28899411 | 28883327 | Liver | Liver | None | Both | 0.6091
HELZ Liver 17:65109591 65156919 | Liver | Liver Both Ad 0.6é)90
FAMZ210A Liver 18:13725674 | 13725674 | Liver | Liver Both Ad 0.7571
RRBP1 Liver 20:17844684 17844684 Both Ad Both Ad 0.6091
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