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            Abstract
Using genome-wide data from 253,288 individuals, we identified 697 variants at genome-wide significance that together explained one-fifth of the heritability for adult height. By testing different numbers of variants in independent studies, we show that the most strongly associated ∼2,000, ∼3,700 and ∼9,500 SNPs explained ∼21%, ∼24% and ∼29% of phenotypic variance. Furthermore, all common variants together captured 60% of heritability. The 697 variants clustered in 423 loci were enriched for genes, pathways and tissue types known to be involved in growth and together implicated genes and pathways not highlighted in earlier efforts, such as signaling by fibroblast growth factors, WNT/β-catenin and chondroitin sulfate–related genes. We identified several genes and pathways not previously connected with human skeletal growth, including mTOR, osteoglycin and binding of hyaluronic acid. Our results indicate a genetic architecture for human height that is characterized by a very large but finite number (thousands) of causal variants.
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                    Figure 1: Regional association plots for loci with multiple association signals.


Figure 2: Quantifying the variance explained by height-associated SNPs at different levels of significance.


Figure 3: Tissue enrichment combined with pruned gene set network synthesis.
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Integrated supplementary information

Supplementary Figure 1 Overview of the analysis strategy implemented.

Supplementary Figure 2 Quantile-quantile plot showing the P-value distribution of GWAS meta-analysis results after applying a single genomic control.

Supplementary Figure 3 Manhattan plots.
Plots of (a) results obtained from meta-analysis after applying a single genomic control correction and (b) results obtained from performing an approximate conditional and joint multiple-SNP analysis on the meta-analysis results. The red horizontal line in both plots represents the genome-wide significance threshold of P = 5 × 10–8.


Supplementary Figure 4 Examples of loci with multiple signals that cluster around the same gene or are in close proximity to others.

Supplementary Figure 5 Partitioning the variance in the SNP-derived genetic predictor using a within-family analysis.
The variance of the SNP-based genetic predictor was partitioned into components due to real SNP effects (Vg), errors in estimating SNP effects (Ve) and population stratification (Cg + Ce) (Online Methods). The SNPs were selected from the approximate conditional and joint multiple-SNP association analysis with the target cohort being excluded from the meta-analysis. In b, d and f, the SNP-based predictor was adjusted by the first 20 principal components (PCs). The comparison between the results with and without PC adjustment demonstrates clearly the portioning of the variance component due to population stratification (Cg + Ce).


Supplementary Figure 6 Variance explained by the SNPs at known loci.
Details of data and analyses can be found in the Online Methods. (a) Variance explained by all the SNPs within a certain physical distance of the top associated SNPs (including the top SNPs). (b) Variance explained by the SNPs at the known loci excluding the top SNPs divided by the number of these SNPs. Estimates in b are without LD adjustment. Error bars are the standard errors of the estimates.


Supplementary Figure 7 Results from GRAIL analysis.
A subset of the 697 lead height SNPs are arranged along the outer circle alternating with colors. The inner circle represents the individual prioritized (P < 1 × 10–6) genes. Gene names shown in black have literature connections, and the ones in gray do not. The redness and thickness of the lines connecting pairs of genes represent the strength of the connections. Top-ranking keywords prioritized by GRAIL were ‘transcription’, ‘growth’, ‘nuclear’, ‘factor’, ‘binding’, ‘collagen’, ‘differentiation’, ‘promoter’, ‘development’, ‘ribosomal’, ‘bone’, ‘mice’, ‘expression’ and ‘cartilage’.


Supplementary Figure 8 DEPICT cell type enrichment analysis.
Genes in associated height loci tended to be highly expressed in, among other cell types, chondrocytes and mesenchymal stem cells. The analysis was conducted based on the DEPICT method and 37,427 human microarray samples. Significantly enriched (FDR < 0.05) cell types are color coded in violet. The figure also includes tissue enrichment results, which were not shown in Figure 3 of the main text.


Supplementary Figure 9 Partitioning the variance explained by chromosome length.
(a) The proportion of variance explained by the genome-wide significant SNPs on a chromosome plotted against chromosome length. (b) The correlation of the variance explained by the top GWAS SNPs on each chromosome against the estimate from Yang et al. (2011) for that chromosome. Note: the numbers in red circles indicate chromosome number.
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