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Supplementary Methods 
In silico sequencing pipeline 
Our locus definition was based on r2> 0.5 as linkage disequilibrium (LD) metric and a physical 
distance of 1 Mb on both sides of the lead SNP. For LD calculations we used PLINK v1.9 (1) 
based on the 1000 Genomes Project phase 3 (2) data, including only subjects of European 
ancestry. For variant annotations, we used ANNOVAR (3) (version 16 April 2018). We then used 
Ensembl variant effect predictor (VEP) (4) release 95 to identify gene names of BP linked non-
synonymous SNPs (nsSNPs) and also to investigate the severity of their functional 
consequences indexed by SIFT and Polyphen scores. 

Transciptome-wide association studies (TWASs) 
In order to identify genes where expression levels are associated with BP free of non-genetic 
confounders, we performed MX analysis for systolic-, diastolic-, and pulse pressure GWASs, 
separately, using gene expression prediction models from whole blood Depression Genes and 
Networks (DGN) data (5). We only included GWAS variants with minor allele frequency (MAF) 
≥0.01 and excluded all SNPs and genes within the MHC region. According to 11,430 genes being 
tested in DGN analysis, a Bonferroni corrected significance level of <4.37×10-06 was applied. We 
then excluded genes with prediction performance p-values larger than Bonferroni corrected 
thresholds i.e. 0.05/nsign (where nsign is the number of MX significant genes for BP) as suggested 
by Barbeira et al. (6). 

To address the LD contamination concern in our MX significant genes, we also tested 
colocalization of association signals for BP and gene expression using the COLOC R package (7). 
The COLOC test is typically based on approximate Bayes factors on five hypotheses of 1) no 
causal variant (H0), 2) causal variant for BP only (H1), 3) causal variant for gene expression only 
(H2), 4) two distinct causal variants (H3) and 5) one common causal variant (H4) for both traits.  

We performed COLOC analysis on SBP, DBP, and PP GWASs separately using the eQTLGen 
whole blood eQTL dataset. This analysis was based on all SNPs in common between GWAS and 
eQTL datasets and no filtering was applied based on p-values. We took a probability of H3<0.5 
and H4>0.5 as acceptable evidence of colocalized signals to filter out MX TWAS association 
results, which can be due to LD, as suggested by Barbeira et al (6). 

Further to investigate gene expression associations with BP using MR causal inference, we ran 
SMR analysis (8) on the three BP GWASs (SBP, DBP and PP). We also conducted the HEIDI test 
to exclude LD confounded results. 

We used the blood cis-eQTL summary data from the eQTLGen consortium (n ~32,000) (9). The 
1000 Genomes Project phase3 data of European population was used for LD calculations   
through SMR (8). We only included GWAS variants with MAF≥0.01 and excluded those variants 
with either inconsistent alleles or MAF differences >0.20 amongst pairs of the three datasets, 
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i.e., GWAS, eQTL, and 1000 Genomes datasets. We also excluded all variants and expression 
probes within the MHC region.  

Considering 15,368 genes being tested, we used a Bonferroni corrected significance level of 
<3.25×10-06 for SMR. We selected a p-value threshold of ≥0.01 for HEIDI as acceptable evidence 
of not being confounded by LD, which is more stringent than a Bonferroni corrected 
significance level. 

Tissue prioritization 
We repeated TWAS analyses using both MX and SMR methods over 48 GTEx datasets to find 
tissues in which gene expression associations with BP traits are stronger. For each tissue, we 
first calculated average squared Z-scores (the below formula) of genes against 3 BP traits and 
two TWAS methods (MX and SMR), i.e. six calculations per tissue. 
 𝑍( ) = ∑ 𝑍𝑛  

 

With t being the tissue, p the BP trait, i each individual gene, and n the total number of tested 
genes. Next, we normalized these 𝑍( )values for each TWAS method and against each BP 
outcome, using the mean and standard deviation of  𝑍( )values across tissues, to get 
harmonized comparable measures. Finally, we calculated for each tissue, the average of the six 
normalized 𝑍( ) values as a measure of tissue priority for BP traits. 

3xSMR analysis 
We ran SMR analyses on the three BP GWASs (SBP, DBP and PP) using blood mQTL summary 
data. We used the mQTL results of a meta-analysis of the Brisbane Systems Genetics Study and 
Lothian Birth Cohorts (combined n = 1,980) reported by McRae et al (10). 

We assessed the novelty of DNA methylation (DNAm) probes according to the Epigenome-Wide 
Association Studies (EWAS) catalog and the recently published multi-omics study of BP in 
kidney (11,12). We also investigated whether the physical distance of DNAm probes to their 
nearest genes is deterministic in the functionality of those genes, by comparing the physical 
distance to DNAm sites between genes with and without biological evidence from our pipeline, 
as well as among genes with different lines of evidence. 

Then for mapping methylation probes to their likely affected genes, we repeated SMR analysis 
on the mQTL data, described above, using eQTL data from the eQTLGen consortium (9). We 
only included GWAS variants with MAF≥0.01 and excluded all variant and methylation probes 
within the MHC region. We applied appropriate Bonferroni corrected significance thresholds for 
SMR tests and a stringent threshold of ≥0.01 for the HEIDI tests. LD reference data and settings 
for all HEIDI tests is the same as previously (see TWAS methods). Finally, merging the three sets 
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of SMR analyses (3xSMR) including GWAS vs. mQTL (MSMR), mQTL vs. eQTL (MESMR) and 
GWAS vs. eQTL (ESMR), enabled us to link DNA to BP through methylation mediated gene 
expression at specific sites (i.e., DNA→Methyla on→Gene expression→BP). 

Afterwards we used the Roadmap Epigenomics Mapping Consortium (REMC) (13) and 
Encyclopedia of DNA Elements (ENCODE) project (14) data based on the Ensembl regulatory 
build (15) to annotate the known regulatory features of the 3xSMR significant loci and 
mediating methylation sites. 
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Supplementary Figures 

 

Supplementary Figure S1. Results of 3xSMR analyses for UTP11L gene. The top plot shows the 
meta-analysis −log10(P-values) of SNPs from the SBP GWAS. The red diamonds represent −log10(P-values) of SMR analysis of 
eQTL data (ESMR) and the blue circles represent −log10(P-values) of SMR analysis of mQTL data (MSMR). Probes which were 
not rejected by the HEIDI test are filled in with solid colors. The second plot shows −log10(P-values) of the association of eQTL 
SNPs for UTP11L and its expression level. The third plot shows −log10(P-values) of the associations of mQTL SNPs and 
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methylation probes for UTP11L. The bottom plot shows chromatin state annotations from REMC and ENCODE for different 
cells/tissue types. 

 

Supplementary Figure S2. Results of 3xSMR analyses for PPL gene. The plot shows results of SMR 
analyses using mQTL, eQTL and GWAS data. The top plot shows the meta-analysis −log10(P-values) of SNPs from the GWAS 
results. The red diamonds represent −log10(P-values) of SMR analysis of eQTL data (ESMR) and the blue circles represent 
−log10(P-values) of SMR analysis of mQTL data (MSMR). Probes which were not rejected by the HEIDI test are filled in with solid 
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colors. The second plot shows −log10(P-values) of the association of eQTL SNPs and their corresponding gene expression levels. 
The bottom plot shows chromatin state annotations from REMC and ENCODE for different cells/tissue types. 

 

Supplementary Figure S3. Results of 3xSMR analyses for ITGA9 gene. The plot shows results of 
SMR analyses using mQTL, eQTL and GWAS data. The top plot shows the meta-analysis −log10(P-values) of SNPs from the 
GWAS results. The red diamonds represent −log10(P-values) of SMR analysis of eQTL data (ESMR) and the blue circles represent 
−log10(P-values) of SMR analysis of mQTL data (MSMR). Probes which were not rejected by the HEIDI test are filled in with solid 
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colors. The second plot shows −log10(P-values) of the association of eQTL SNPs and their corresponding gene expression levels. 
The bottom plot shows chromatin state annotations from REMC and ENCODE for different cells/tissue types. 

 

Supplementary Figure S4. Results of 3xSMR analyses for ERAP2 gene. The plot shows results of 
SMR analyses using mQTL, eQTL and GWAS data. The top plot shows the meta-analysis −log10(P-values) of SNPs from the 
GWAS results. The red diamonds represent −log10(P-values) of SMR analysis of eQTL data (ESMR) and the blue circles represent 
−log10(P-values) of SMR analysis of mQTL data (MSMR). Probes which were not rejected by the HEIDI test are filled in with solid 
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colors. The second plot shows −log10(P-values) of the association of eQTL SNPs and their corresponding gene expression levels. 
The bottom plot shows chromatin state annotations from REMC and ENCODE for different cells/tissue types. 

 

Supplementary Figure S5. Results of 3xSMR analyses for TP53INP1 gene. The plot shows results 
of SMR analyses using mQTL, eQTL and GWAS data. The top plot shows the meta-analysis −log10(P-values) of SNPs from the 
SBP GWAS results. The red diamonds represent −log10(P-values) of SMR analysis of gene expression probes (ESMR) and the 
blue circles represent −log10(P-values) of SMR analysis of methylation probes (MSMR). Probes which were not rejected by the 
HEIDI test are filled in with solid colors. The second plot shows −log10(P-values) of the association of eQTL SNPs and their 
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corresponding gene expression levels. The bottom plot shows chromatin state annotations from REMC and ENCODE for 
different cells/tissue types 
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