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            Abstract
Osteoporosis is a common aging-related disease diagnosed primarily using bone mineral density (BMD). We assessed genetic determinants of BMD as estimated by heel quantitative ultrasound in 426,824 individuals, identifying 518 genome-wide significant loci (301 novel), explaining 20% of its variance. We identified 13 bone fracture loci, all associated with estimated BMD (eBMD), in ~1.2 million individuals. We then identified target genes enriched for genes known to influence bone density and strength (maximum odds ratio (OR)â€‰=â€‰58, Pâ€‰=â€‰1 Ã— 10âˆ’75) from cell-specific features, including chromatin conformation and accessible chromatin sites. We next performed rapid-throughput skeletal phenotyping of 126 knockout mice with disruptions in predicted target genes and found an increased abnormal skeletal phenotype frequency compared to 526 unselected lines (Pâ€‰<â€‰0.0001). In-depth analysis of one gene, DAAM2, showed a disproportionate decrease in bone strength relative to mineralization. This genetic atlas provides evidence linking associated SNPs to causal genes, offers new insight into osteoporosis pathophysiology, and highlights opportunities for drug development.
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                    Fig. 1: Manhattan plot of genome-wide association results for eBMD in the UK Biobank.[image: ]


Fig. 2: Fine-mapping SNPs and target gene selection diagram.[image: ]


Fig. 3: SNPs at genome-wide significant loci are enriched for bone-relevant open chromatin sites.[image: ]


Fig. 4[image: ]


Fig. 5: Reduction of DAAM2 protein resulted in reduced mineralization in SaOS-2 cells.[image: ]


Fig. 6: Biomechanical analyses of mice with Daam2 knockdown.[image: ]
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                Data availability

              
              Human genotype and phenotype data on which the results of this study were based are available upon application from the UK Biobank (http://www.ukbiobank.ac.uk). GWAS summary statistics for eBMD and fracture can be downloaded from the GEFOS website (http://www.gefos.org/). RNA-seq and ATAC-seq data generated for human osteoblast cell lines, including re-called DHS peaks from human primary osteoblasts, can be downloaded from the Gene Expression Omnibus (accession number GSE120755). Mouse phenotype data are available online from the IMPC (http://www.mousephenotype.org) and OBCD (http://www.boneandcartilage.com).
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