Identifying the genetic links between Parkinson’s disease and non-motor symptoms: novel insights into disease mechanisms 
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Supplementary methods
Mendelian randomisation (MR) analysis 
Exposure data for BC-GRN MR analysis
The brain cortex gene regulatory network (BC-GRN) has 1,050,132 spatially constrained expression quantitative trait loci (sceQTLs) associations between 862,963 sceQTLs and 14,427 genes. Given that the number of brain cortex samples used for the eQTL analysis is small (n = 205) and only genetic variant – gene association confirmed by both chromatin interaction and eQTL analysis were included in the analysis, using a stringent association threshold (p < 5 x 10-8) would eliminate most of the sceQTLs and genes. To select valid sceQTLs from the BC-GRN, we used a less stringent p-value threshold 1 x 10-5 as it is shown that eQTLs with association p-value < 1 x 10-5 would greatly minimize the weak instrument bias1. The sceQTLs that had passed this association threshold were selected as instrumental variables (IVs). To obtain independent IV for each gene (exposure), we performed LD clumping using ld_clump() function in the TwoSampleMR package (v0.5.6)3. European super population (EUR) from 1000 genome project (Phase III) was used as reference panel for clumping. In a 10Mb window, two or more SNPs were considered independent only if they are not linked (LD; r2 < 0.001). The exposure data used for MR analysis is provided in Supplementary data 3. 

Outcome data 
The largest PD GWAS reported by Nalls et al2 was used as outcome data for MR analysis. The summary statistics were accessed from the IEU OpenGWAS portal (GWAS ID: ieu-b-7) using the extract_outcome_data() function in the TwoSampleMR package3. Only GWAS summary statistics of publicly available datasets (33,674 cases and 449,056 control 17,891,936 SNPs) were included in this study. 

Sensitivity analysis
Sensitivity analysis was performed only for exposures with more than one IVs. To investigate pleiotropy between IVs, we performed heterogeneity test using the mr_heterogeneity() (Cochrane Q method) function in the TwoSampleMR package3, and removed exposures with significant heterogeneity (Q_pval < 0.05). 

MR analysis
The exposure and outcome data were harmonised to ensure that the effect allele of SNP on the exposure and the effect allele of SNP on the outcome is the same. Harmonisation was done using the harmonise_data() function in the TwosampleMR package3. The
The Wald ratio (also known as the ratio of coefficients) method is the most straightforward way of estimating the causal effect of the exposure on the outcome, so it was used for calculating the causal effect of exposures with only one IV. In short, Wald ratio causal estimate was obtained by dividing the coefficient of the IV-outcome association by the coefficient of the IV-exposure association. The inverse variance weighted (IVW) method was used for exposure with more than one IV. The MR analysis was performed using the mr_singlesnp() function in the TwosampleMR package3. The MR analysis results were corrected using Bonferroni multiple testing correction procedure. The association between an exposure and outcome is deemed strong if the Bonferroni adjusted p < 0.05/number of exposures. The association between an exposure and outcome is considered suggestive if adjusted p > 0.05/number of exposures and < 0.05. 
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Supplementary Figure 1. 
General features of BC-GRN. 
A. Of 42,953,832 SNPs with valid reference rsID genotyped in GTEx (V8), only 8,62,963 (2%) SNPs were found to be associated with the expression of genes via physical interaction (captured using Hi-C data) in adult brain cortex. B.  The large proportion of identified sceQTLs (82%) in the BC-GRN had only one target gene. C. A vast majority of regulatory interactions were identified between sceQTLs and genes that are located within 1Mb (cis) distance. In addition to that, a considerable number of trans (sceQTLs and genes located on different chromosomes (trans-inter), or within the same chromosomes with >1Mb apart) sceQTL-gene regulatory interactions were also identified. D. There is a positive correlation between the number of sceQTLs identified within BC-GRN and the total number of common SNPs on each chromosome. E. However, negative correlation is observed between the number of sceQTLs and the total number of genes on each chromosome. *sceqtls – spatially constrained eQTLs
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Supplementary Figure 2. 
Distribution of genes, SNPs and Traits across expanded PD-outcome and PD-risk-associated networks. 
This figure shows the number of genes, their regulatory loci and traits associated with those loci across L0 to L5 of the PD-outcome-associated network (left) and PD-risk-associated network (right) before and after bootstrapping was performed. Bootstrapping was performed to minimise the risk of including false-positive trait associations. 
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