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            Abstract
We assessed gene expression profiles in 2,752 twins, using a classic twin design to quantify expression heritability and quantitative trait loci (eQTLs) in peripheral blood. The most highly heritable genes (âˆ¼777) were grouped into distinct expression clusters, enriched in gene-poor regions, associated with specific gene function or ontology classes, and strongly associated with disease designation. The design enabled a comparison of twin-based heritability to estimates based on dizygotic identity-by-descent sharing and distant genetic relatedness. Consideration of sampling variation suggests that previous heritability estimates have been upwardly biased. Genotyping of 2,494 twins enabled powerful identification of eQTLs, which we further examined in a replication set of 1,895 unrelated subjects. A large number of non-redundant local eQTLs (6,756) met replication criteria, whereas a relatively small number of distant eQTLs (165) met quality control and replication standards. Our results provide a new resource toward understanding the genetic control of transcription.
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                    Figure 1: Transcriptome-wide estimates of heritability based on 2,752 twins.[image: ]


Figure 2: Gene density and other predictors of heritability, using 2,616 paired twins and 18,392 genes.[image: ]


Figure 3: Apparent heritability and local IBD effects versus true underlying distributions.[image: ]


Figure 4: Comparison and replication of eQTL results.[image: ]


Figure 5: Properties of distant eQTLs.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Effects of covariates and mean expression on heritability and shared environmental effects (n = 2,752).
(a) Adjusted R2 for all covariates (not including hybridization plate) for predicting expression levels for each of 43,628 transcripts. (b) Heritability estimates (h2) from the ACE model applied to all transcripts, before and after covariate correction. Negative values are implausible, reflecting sampling variation, but the entire range is shown for illustration, and the estimates are unbiased. The correction generally strengthens the evidence for the most highly significant transcripts. (c) Shared environment (twinship) effect estimates c2, before and after covariate correction. (d) Covariate-corrected observed versus expected right-tailed P values for h2 show a large number of significant transcripts. (e) The same plot for positive c2 shows that none reaches transcriptome-wide significance, nor did any transcript show significant negative c2 evidence (data not shown).

                          Source data
                        


Supplementary Figure 2 Mean heritability estimates.
(a) Mean heritability as a function of gene proximity to 3,931 NHGRI GWAS catalog SNPs with GWAS P < 5.0 Ã— 10âˆ’8. For each of the NHGRI catalog SNPs, the closest gene was recorded, then the second closest, and so on, and each gene was designated according to whether it was the kth-closest gene to at least one SNP in the catalog. The mean heritability as a function of these ranks shows that genes with higher proximity rank tend to have higher h2. A simple rank correlation of the two axis values gives P = 0.017. For each k, the number of genes included is âˆ¼1,600. (b) Mean heritability as a function of the number of SNPs that are closest to the gene. For each gene, the number of significant NHGRI catalog SNPs for which the gene is closest was recorded, and the mean heritability was displayed for that group. Using all genes, the rank correlation of h2 versus the number of closest GWAS SNPs gives P = 8.2 Ã— 10âˆ’16. For each point, the number of genes included in the calculation is shown.

                          Source data
                        


Supplementary Figure 3 Contribution of components to expression variation for 9,060 genes with h2 > 0.1 (whether or not declared expressed).
(a) Ratio of r2 (variation explained) by best local SNP to overall (twin-based) h2, with medians and means of ratios, as well as the proportion of h2 explained by the best local SNP. (bâ€“d) Analogous plots and values for the best distant SNP (b), local GCTA estimation (c) and local IBD estimation (d) using DZ twins. Analyses using only expressed genes are similar throughout, due to the restriction h2 > 0.1.

                          Source data
                        


Supplementary Figure 4 Effects of sample size on the reliability of h2 estimates in twin-based designs and comparison with additive-only variance components, applied to 18,392 genes.
(a) From the shrunken â€˜trueâ€� estimate of the h2 distribution in NTR, the distribution of estimated h2 was determined, using the twin proportions of the Brisbane Systems Genetics Study (BSGS) and assuming no family effects. These hypothetical h2 estimates from NTR (using the shrunken h2 distribution and computed error variation applicable to the BSGS sample size and analysis approach) very closely matches their published report. BSGS values were obtained by digitizing the plot from the authors' report using WebPlotDigitizer (http://arohatgi.info/WebPlotDigitizer/app/). (b) Using the shrunken 'true' estimate of the h2 distribution from NTR and the standard error of a twin-based design and ACE model (with MZ vs. DZ proportions the same as in NTR), the rank correlation of estimated h2 versus true h2 for the transcriptome as a function of total sample size.

                          Source data
                        


Supplementary Figure 5 Comparison of twin-based heritability to alternate sources of heritability information, using the 18,392 best h2 set of unique genes.
(a) Best local SNP r2 versus twin-based h2. The proportion variance in twin-based h2 explained by the best local SNP in a linear regression model is listed . Each gene was classified as â€˜localâ€™ or â€˜distantâ€™ according to the smaller of the eQTL P values (regardless of genome-wide significance). (b) Local GCTA r2 versus twin-based h2. (c) DZ local IBD analysis versus twin-based h2. The local IBD analysis is less powerful, as it is based on roughly half of the data. (d) A model using the three predictors in aâ€“c produces only a slight improvement in prediction.

                          Source data
                        


Supplementary Figure 6 Reproducibility of GODOT eQTLs.
(a) Local eQTL â€“log10 (q) values for NESDA versus NTR. (b) Inset to highlight less significant local eQTLs. (c) Distant eQTL â€“log10 (q) values for NESDA versus NTR. The values shown are interchromosomal eQTLs, i.e., the SNP and target gene are on different chromosomes, ensuring that they are truly distant. (d) Inset to highlight less significant distant eQTLs.

                          Source data
                        


Supplementary Figure 7 Characteristics of local eQTLs.
The 6,864 SNPs involved in the 6,941 local eQTLs were annotated using Variant Effect Predictor (version 2.8) of Ensembl (see the Supplementary Note). (a) The proportion of local eQTLs located in regulatory regions. The number on the top of each bar is the P value indicating over-representation (red) and under-representation (blue) of the eQTLs located in regulatory regions. (b) The proportion of replicating local eQTLs.


Supplementary Figure 8 P values of SNPs in NTR and NESDA for genes declared significant in Westra et al.
(a) Local eQTL replication P values in NTR. (b) Local eQTL replication P values in NESDA. (c) Distant eQTL replication P values in NTR. (d) Distant eQTL replication P values in NESDA.

                          Source data
                        


Supplementary Figure 9 Properties of replicating distant eQTLs.
The 304 SNPs involved in the 348 distant eQTLs were annotated using Variant Effect Predictor (version 2.8) of Ensembl. Fourteen (26%) of 53 SNPs annotated as intergenic variants were replicated in NESDA, which is significantly lower than the overall replication rate of 47%. There was no significant enrichment or deficiency of replication in other categories.


Supplementary Figure 10 Distant eSNPs are more likely to be local eQTLs.
For each of the 304 SNPs of distant eQTLs, we assessed its association with local genes (> 1 Mb away), and we then grouped these 304 SNPs by their minimum local eQTL P values. The value above each black bar shows the number of SNPs belonging to each significance grouping. For comparison, we randomly selected 10,000 SNPs from the remaining SNPs, matched to the 304 SNPs by minor allele frequency and imputation quality R2, and then grouped analogously by their minimum local eQTL P values.

                          Source data
                        


Supplementary Figure 11 The distribution of 348 distant eQTLs.
A total of 304 SNPs were involved in the 348 distant eQTLs. The SNPs were clustered by genomic position so that a SNP was assigned to a cluster if its distance to any SNP already in the cluster was smaller than 1 Mb. The SNPs grouped into 203 clusters, 160 clusters with only a single SNP. Forty-three clusters with more than one SNP per cluster spanned 2 kb to 2 Mb, with median size of 89 kb. The plot shows the number of eQTLs belonging to each cluster. Eleven clusters with more than five eQTLs are highlighted in the inset table. The number of NESDA eQTLs (q value > 0.01) associated with each cluster is also shown.

                          Source data
                        


Supplementary Figure 12 Distant eQTLs and their associated genes on eight chromosomes.
(a) A distant eQTL on chromosome 19 is associated with the expression of 12 distant genes and a local gene MOY1F. The network plot shows the partial correlation graph of these 13 genes, where an edge indicating a nonzero partial correlation. The partial correlations were estimated by the penalized estimation method cited in the Supplementary Note. (b) A distant eQTL on chromosome 20 is associated with the expression of six distant genes and a local gene, SMOX. Using a likelihood ratio test approach and independent genotype and gene expression data from NESDA (to avoid winner's curse), we found that causal relations, eSNP â†’ SMOX â†’ a distant eQTL gene, are significantly more likely than other possible relations for these six distant eQTL genes, using the likelihood approach described in the Supplementary Note. (c) Distant eQTLs on six other chromosomes.

                          Source data
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