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            Abstract
The plasma proteome can help bridge the gap between the genome and diseases. Here we describe genome-wide association studies (GWASs) of plasma protein levels measured with 4,907 aptamers in 35,559 Icelanders. We found 18,084 associations between sequence variants and levels of proteins in plasma (protein quantitative trait loci; pQTL), of which 19% were with rare variants (minor allele frequency (MAF)â€‰<â€‰1%). We tested plasma protein levels for association with 373 diseases and other traits and identified 257,490 associations. We integrated pQTL and genetic associations with diseases and other traits and found that 12% of 45,334 lead associations in the GWAS Catalog are with variants in high linkage disequilibrium with pQTL. We identified 938 genes encoding potential drug targets with variants that influence levels of possible biomarkers. Combining proteomics, genomics and transcriptomics, we provide a valuable resource that can be used to improve understanding of disease pathogenesis and to assist with drug discovery and development.
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                    Fig. 1: Study design and main results.[image: ]


Fig. 2: The concepts of pQTL, eQTL and colocalization with disease-associated variants.[image: ]


Fig. 3: Overview of pQTL associations with plasma protein levels.[image: ]


Fig. 4: Cis pQTL, cis eQTL and PAVs.[image: ]


Fig. 5: Integration of pQTL with skin and CRC.[image: ]


Fig. 6: Integration of pQTL with AD and psoriasis.[image: ]


Fig. 7: Annotation of cis pQTL artifact status.[image: ]
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                Data availability

              
              GWAS summary statistics for all 4,907 aptamers are available at https://www.decode.com/summarydata/. Sequence variants passing GATK filters that support the findings of this study have been deposited in the European Variation Archive under accession number PRJEB15197. Other data presented in this study are included in this publication (and its Supplementary information). As we have been in the past, we are open to collaboration on this topic. The UK Biobank Resource was used under application number 56270. FinnGen and BioBank Japan data are publicly available and were downloaded from https://www.finngen.fi/ and http://jenger.riken.jp/en/, respectively.

              URLs for other external data used are as follows: the GWAS Catalog (https://www.ebi.ac.uk/gwas/), the STRING database (https://string-db.org/, in the file 9606.protein.actions.v11.txt.gz), the GTEx project (https://gtexportal.org/home/), the Human Protein Atlas (https://www.proteinatlas.org/).

            

Code availability

              
              We used publicly available software (URLs are listed below) in conjunction with the above described algorithms in the sequence-processing pipeline (whole-genome sequencing, association testing and RNA sequencing mapping and analysis): BWA-MEM version 0.7.10, https://github.com/lh3/bwa; GenomeAnalysisTKLite version 2.3.9, https://github.com/broadgsa/gatk/; Picard tools version 1.117, https://broadinstitute.github.io/picard/; SAMtools version 1.3, http://samtools.github.io/; bedtools version 2.25.0-76-g5e7c696z, https://github.com/arq5x/bedtools2/; Variant Effect Predictor (release 100), https://github.com/Ensembl/ensembl-vep; BOLT-LMM version 2.1, https://data.broadinstitute.org/alkesgroup/BOLT-LMM/downloads/; IMPUTE2 version 2.3.1, https://mathgen.stats.ox.ac.uk/impute/impute_v2.html; dbSNP version 140, http://www.ncbi.nlm.nih.gov/SNP/; BiNGO version 3.0.3, https://www.psb.ugent.be/cbd/papers/BiNGO/Download.html; Cytoscape version 3.7.1, https://cytoscape.org/download.html. We used R (version 3.6.0) extensively to analyze data and create plots. Figs. 1 and 2 were created using https://biorender.com/.
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Extended data

Extended Data Fig. 1 Secondary cis and trans pQTL associations.
a) Number of secondary cis associations after conditional analysis for each of the 1,881 sentinel cis pQTL associations for a given protein, b) Number of secondary trans associations after conditional analysis for each of the 16,203 sentinel trans pQTL associations for a given protein.


Extended Data Fig. 2 Effects of cis pQTL in Olink vs SomaScan.
Cis pQTL effects (in units of standard deviations) reported in the SCALLOP study (using Olink cardiovascular 1 panel) vs effects in present study (using SomaScan).


Extended Data Fig. 3 Correlations between SomaScan and Olink protein measurements.
Histogram of correlations between SomaScan and Olink protein measurements for 87 proteins measured using both SomaScan and Olink (cardivascular 1 panel).


Extended Data Fig. 4 Effects of sentinel cis pQTL subdivided by presence or absence of PAV.
Effects (absolute value, SD) of sentinel cis pQTL, subdivided by presence (nâ€‰=â€‰658) or absence (nâ€‰=â€‰1,223) of protein altering variants in high linkage disequilibrium (LD; r2â€‰>â€‰0.80). The boxplots show the median and lower and upper quartiles; whiskers extend to 1.5 times inter-quartile range; points beyond whiskers are plotted individually.


Extended Data Fig. 5 Heatmap based on squared correlation of effects proteins for non-specific loci.
Heatmap and non-supervised hierarchical clustering based on squared correlation (r2) of effects on all 4,907 proteins for all pairs of non-specific loci. The plot shows only the main clusters discussed in the text; detailed results are in Supplementary table 10.


Extended Data Fig. 6 Association of rs6471717-C at CYP7A1 with gallstone risk and FGF19 levels.
Diagram illustrating the association of rs6471717-C at CYP7A1 with gallstone risk and FGF19 levels. Blue arrows show reported relationships, black arrows associations seen in the present study, while the green arrow shows the inference we draw from the analysis. Plus and minus signs indicate the directions of effects.


Extended Data Fig. 7 Effect of TREM2 missense variants on TREM2 measurements by SomaScan and ELISA.
Estimate of the specificity of the sTREM2 levels in SomaScan. TREM2 levels in plasma measured by SomaScan versus TREM2 measured by ELISA on the same sample, coloured by genotype of the TREM2 R47H missense variant, rs75932628, or by genotype of the TREM2 R62H missense variant, rs143332484 (there were no compound heterozygotes). The six individuals that are homozygous for either Arg47His or Arg62His have extremely low levels of TREM2 measured by SomaScan compared to non-carriers inconsistent with the measurements by ELISA. Heterozygotes for either variant also have lower levels that non-carriers when measured by SomaScan but not when measured by ELISA. We conclude that the observed association of Arg47His allele with TREM2 levels based on SomaScan is an artefact due to altered conformation of TREM2 mediated by the coding change leading to a reduced affinity of the SomaScan aptamer targeting TREM2.


Extended Data Fig. 8 MS4A gene cluster locus and associations with Alzheimerâ€™s disease, TREM2 protein levels and RNA expression of MS4A cluster genes.
MS4A gene cluster locus and associations with Alzheimerâ€™s disease, TREM2 plasma protein levels, MS4A4A blood RNA epression, MS4A6A blood RNA expression, and MS4A2 blood RNA expression.


Extended Data Fig. 9 Bidirectional Mendelian Randomization analyses for Alzheimerâ€™s disease and TREM2 level.
Mendelian Randomization (MR) analysis using a) TREM2 levels as exposure and Alzheimerâ€™s disease risk as outcome and b) Alzheimerâ€™s disease risk as exposure and TREM2 plasma protein levels as outcome. Blue lines are estimated MR-IVW effects, the areas between the blue dashed lines show 95% confidence regions for the MR effects.
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