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Supplementary Methods

[bookmark: _Toc163826145]Identification of the IBD-PD samples in the Danish National Biobank
In Denmark, every resident is assigned a ten-digit identification number either at birth or upon immigration through the Civil Registration System. This system provides basic demographic data such as sex, date of birth, date of death or emigration and is linked to the Danish National Patient registry (NPR). The NPR comprises all hospitalization records since 1977 and all outpatient visits, medical procedures, and surgical interventions since 1995. Using diagnosis codes, we identified all patients diagnosed with both IBD (using ICD-8 codes 563.01, 563.19, 569.04 and ICD-10 codes K50, K51) and PD (using ICD-8 code 342 and ICD-10 code G20) within the NPR. This methodology to identify patients with both IBD and PD has been shown in previous studies to have high validity [1, 2].  Subsequently, we linked this cohort of patients with both IBD and PD diagnoses (IBD-PD cohort) with the Danish National Biobank resource (https://www.danishnationalbiobank.com/), which links nationwide Danish registries with biosamples in Danish biobanks. This process allowed us to identify 76 IBD-PD patients whose whole blood samples were stored in the Copenhagen Hospital Biobank [3]. This biobank has been established from surplus whole blood obtained from patients admitted to Danish hospitals in the Copenhagen region for diagnostic or treatment purposes where blood samples have been drawn for blood type testing or red cell antibody screening. Whole blood (2x850 µL) from these patients was then retrieved from the biobank and included in the present study.

[bookmark: _Toc163826146]Whole genome sequencing of the IBD-PD samples
Whole-genome sequencing (WGS) was performed for a total of 76 IBD-PD cases using the Illumina HiSeq X platform with 2x150 bp paired-end reads. The raw reads were aligned to the GRCh38 reference genome using Burrows-Wheeler Aligner (BWA) [4]. Duplicate reads were removed, and recalibration was performed using Picard tools (http://broadinstitute.github.io/picard/). Sample-level genotype variant calling format (gVCF) files were generated using HaplotypeCaller, following the best practice guidelines of Genome Analysis Toolkit (GATK) [5]. 

[bookmark: _Toc163826147]Genotyping and quality control of the IBD-PD cohort
Joint genotyping of the gVCF files of the 76 IBD-PD samples and the 427 1KGP samples was performed using GATK v.3.7. Insertion-deletion variants (indel) normalization and splitting of multi-allelic variants were carried out using BCFtools [6]. Variant quality score recalibration (VQSR) was performed using GATK, with tranche sensitivities set to 99.5 for single nucleotide polymorphisms (SNPs) and 99.0 for short indels. Variants with a "PASS" filter status were retained for further analysis. Genotypes with a depth less than 8 and a genotype quality below 20 were set to missing. Variants with a missingness rate exceeding 20% and those located in low-complexity regions (LCRs) were filtered out. LCRs were identified using the RepeatMasker track of UCSC table browser (https://genome.ucsc.edu/cgi-bin/hgTables). Furthermore, variants with a high differential missingness rate (>10%) between cases and controls were excluded from the analysis.

Biological sex was determined using PLINK v.1.9 [7]. Sample-level quality control (QC) was conducted using autosomal variants and BCFtools stats by following a similar approach to that of gnomAD v.3.1 [8]. Samples were excluded if they fell outside of 5 standard deviations (SD) from the mean for the following metrics: number of deletions, number of insertions, insertion-deletion ratio, number of heterozygous variants, number of homozygous variants for the alternate allele, number of transitions (Ti), number of transversions (Tv), Ti-Tv ratio, and number of SNPs. Additionally, samples were excluded if the number of singletons or the heterozygote-homozygote ratio exceeded the mean by 5 SD. As a result of sample-level QC, four samples were excluded (Additional file 2: Table S1).

KING analysis to detect second-degree or closer relatives revealed a pair of full siblings within the 1KGP control group, which led to removal of one control sample from the dataset [9]. Additionally, five IBD-PD samples were excluded from the analysis due to their contribution to inflated P values in SKAT-O with synonymous variants (refer to “SKAT-O and Network-based heterogeneity clustering of the IBD-PD cohort”). The final dataset comprised a total of 20,158,023 variants across 67 IBD-PD cases and 426 controls. 40 (59.7%) IBD-PD samples and 214 (50.2%) control samples were males.

[bookmark: _Toc163826148]Determining the genetic ancestries of the IBD-PD cases
To ascertain the genetic ancestries of the IBD-PD cases, we conducted a principal component analysis (PCA) utilizing 1KGP populations as a reference. We first combined the WGS data from the 67 IBD-PD cases and 2,548 samples from the 1KGP [10].  The analysis was performed using PLINK v1.9 with linkage disequilibrium (LD)-pruned variants (r2 = 0.2) with a minor allele frequency (MAF) greater than 5% and not exceeding Hardy-Weinberg equilibrium (HWE) with a P < 1x10-6 [7]. 

We also conducted an ADMIXTURE analysis using the same variants included in the PCA [11]. ADMIXTURE was run for the K from 2 to 10 where K = 8 revealed the lowest cross-validation error. Based on the results of the analysis with K=8, the genetic ancestries of all IBD-PD cases were identified as European. Specifically, 52 cases exhibited ancestral components similar to Northwestern European populations (CEU and GBR), while 15 cases displayed a closer resemblance to Southern European populations (IBS and TSI).

[bookmark: _Toc163826149]Identification of IBD and PD samples with European descent from BioMe and UK Biobank 
In both BioMe BioBank and UK Biobank, individuals of European descent were genetically determined by the following steps: first, autosomal variants from biobank participants were merged with those from Utah residents (CEPH) with Northern and Western European ancestry (CEU), Han Chinese in Beijing, China (CHB), Japanese in Tokyo, Japan (JPT) and Yoruba in Ibadan, Nigeria (YRI) populations of HapMap3 [12]. Then, variants were pruned according to LD using an r2 = 0.2 threshold and filtered for those with a MAF > 2%. Admixture analysis was conducted using fastSTRUCTURE [13] with a K = 3 to represent individuals with African, East Asian and European ancestries. Subsequently, individuals with a European ancestry fraction greater than 0.8 were retained. 

Cases and controls were identified based on ICD9 and ICD10 diagnoses of BioMe BioBank and UK Biobank participants. For defining CD cases, diagnostic codes 555.* (ICD-9) and K50.* (ICD-10) were used, and for defining UC cases, diagnostic codes 556.* (ICD-9) and K51.* diagnosis codes were used. The IBD cohort included both CD and UC cases. Instances where individuals exhibited both CD and UC-related ICD codes were excluded from both case groups but were included within the IBD cohort (n = 37 for BioMe BioBank and n = 196 for UK Biobank). PD cases were defined by the presence of codes 332.0 (ICD-9) and G20 (ICD10). Individuals diagnosed with both IBD and PD were removed from the dataset, as their number was insufficient for conducting a separate IBD-PD analysis (n = 6 in BioMe BioBank and n = 13 in UK Biobank). The control groups were generated by randomly selecting 800 (BioMe BioBank) and 3,000 (UK Biobank) European participants who had not received diagnoses for any gastrointestinal disease (ICD-9: 520-579 and ICD-10: K*) or neurological disease (ICD-9: 320-359 and ICD-10: G*).

[bookmark: _Toc163826150]Methods used in biological relatedness, pathway and gene enrichment analysis

ToppGene
We utilized ToppGene to prioritize candidate genes by evaluating their functional similarity to known IBD and PD genes [14]. The default training parameters of ToppGene, which include Gene Ontology (GO) terms, pathways, diseases, and PubMed records, were employed. Candidate genes with a Benjamini-Hochberg (BH)-adjusted P value of less than 0.05 were retained.

Ingenuity pathway analysis (IPA)
We performed Ingenuity Pathway Analysis (IPA) network analysis (QIAGEN Inc., version 01-21-03 
https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis) on 120 candidate genes. Specifically, we selected causal networks related to PD and inflammation of the gastrointestinal tract to calculate the network scores. Candidate genes were prioritized based on the identified networks associated with ‘Cell Signaling, Post-Translational Modification, Protein Synthesis’ (network score = 67) and ‘Cell Cycle, Cell Death and Survival, Cellular Growth and Proliferation’ (network score = 55).

HumanBase
We utilized HumanBase for functional module discovery, specifically employing the global network option [15]. Gene clusters identified within the functional modules were then utilized to prioritize IBD-PD candidate genes.

The human gene connectome
We employed the human gene connectome (HGC) to detect candidate genes that have the shortest biological distances to known IBD and PD genes [16]. For each candidate gene, we calculated the average distances to all known IBD and PD genes (Dcandidate) as we previously described [17]. Additionally, we calculated the average distances within the known IBD and PD genes (DIBD and DPD). We retained genes with a Dcandidate value lower than both DIBD and DPD as prioritized IBD-PD candidates.

Furthermore, we conducted resampling tests to demonstrate that the candidate gene set has a shorter average biological distance to known IBD and PD genes compared to randomly selected genes (Drandom). Resampling was performed through 10,000 iterations using random gene sets containing 120 genes, which were equivalent in size to the candidate gene set. The number of random sets that showed a shorter average distance to known genes than the candidate genes (Drandom < Dcandidate) was determined to calculate an empirical P value.

[bookmark: _Toc163826151]Supplementary information regarding 14 prioritized genes

The candidate genes identified in this study are primarily related to autophagy and inflammation, two interconnected mechanisms, suggesting a potential shared pathogenic mechanism between the two conditions [18]. ATP11B encodes a member of the P4-type phospholipid transferase family and is involved in immunity and signal transduction [19]. It is implicated in the gut-brain axis, as its deletion in mice resulted in alterations in gut microbiota and accelerated brain aging [20]. ATP11B deficiency has also been associated with synaptic dysfunction, which is linked to PD [21]. EPS15 is another interesting candidate, functioning in epidermal growth factor receptor (EGFR) trafficking and signaling together with parkin, thereby linked it to PD [22]. Considering the role of EGFR in maintaining mucosal and epithelial barrier integrity of gastrointestinal tract, EPS15 is a plausible candidate for IBD-PD [23]. IFNAR1, IL10RA, IL6ST and JAK1 are involved in the JAK-STAT signaling, which is targeted in the treatment of malignancies, immune-mediated diseases including IBD, and PD [24]. Besides, several genes in this pathway are associated with IBD [25]. Moreover, deficiency of neuronal IFN-β-IFNAR has been linked to Lewy body- and PD-like dementia, indicating the role of inflammation in the pathogenesis of neurodegeneration [26].

NOD2, PIK3C3, PIKFYVE, RB1CC1 and ULK2 are involved in autophagosome assembly and endosomal activity. Reduced autophagy leading to accumulation of protein aggregates and subsequent cell degeneration is a pathological hallmark of PD [18]. Moreover, autophagy contributes to pathogenesis and progression of both CD and UC. Several autophagy-related genes were identified in GWAS of CD, including NOD2, ATG16L1 and ULK1 [27]. LRRK2 variants have been shown to alter autophagy-lysosome response to cellular stress thereby contributing to the pathogenesis of CD [28]. NOD2 is a well-established CD-associated gene and has also been found to contribute to dopaminergic neuron degeneration [25, 29]. Consistently, a previous GWAS identified an association between the p.G908R variant in NOD2 and PD [30]. PIK3C3 is another autophagy-related gene whose function has been implicated in PD and IBD. Studies have shown that the p.R768W variant in PIK3C3 is associated with PD [31], and PIK3C3 knockout in zebrafish resulted in IBD [32]. 

TRIM22 and ZFYVE16 are two other candidate genes that were prioritized in this study. TRIM22 encodes an antiviral factor induced by interferons that interacts with NOD2 signaling. Variants in TRIM22 have been shown to be associated with very early onset IBD due to increased inflammation [33]. ZFYVE16 encodes an endosomal protein that regulates endosomal trafficking, thereby facilitating transforming growth factor-β (TGF- β) signaling. Dysregulated TGF- β is a key player in intestinal fibrosis in IBD [34]. Furthermore, impaired neuronal TGF- β signaling causes neurodegeneration in the nigrostriatal system in mice [35].
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[bookmark: _Toc163826153]Fig. S1. Cross-validation errors of the ADMIXTURE analysis of IBD-PD cases and the 1KGP populations.
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[bookmark: _Toc163826154]Fig. S2. ADMIXTURE analysis of IBD-PD cases and the 1KGP populations. 
67 IBD-PD cases and 2,548 samples from 1KGP were included. The plot was generated using K=8, determined as the most optimal number of ancestral components by ADMIXTURE. Each vertical bar represents the ancestral proportions of a single individual. Descriptions of the 1KGP subpopulations can be obtained from the International Genome Sample Resource: https://www.internationalgenome.org/data-portal/population. 
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[bookmark: _Toc163826155]Fig. S3. Scree plot of principal components. 
Eigenvalue Scree plot depicting the principal component eigenvalues for each cohort.
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[bookmark: _Toc163826156]Fig. S4. QQ plots of the SKAT-O results. 
A. SKAT-O for testing the neutral model. Analysis with 72 cases and 426 controls using synonymous variants resulted in inflated P values. B. SKAT-O using presumably deleterious variants of the 72 cases and 426 controls, showing inflated P values similar to the neutral model. C. SKAT-O for testing the neutral model after detecting and excluding 5 samples resulting in inflated P values. Inflation seen in the previous analysis was resolved except for one gene, EPHA4, which displayed an increased burden on synonymous variants in cases. D. SKAT-O using presumably deleterious variants of the 67 cases and 426 controls after the exclusion of the 5 samples.
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[bookmark: _Toc163826157]Fig. S5. STRING PPI network of the Cluster73 from NHC analysis. 
Genes identified in the Cluster 73 are shown in red. The size of the nodes is proportional to the number of variant carriers. Known IBD- and PD-associated genes in the extended PPI network are highlighted in blue and navy blue, respectively. 
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[bookmark: _Toc163826158]Fig. S6. Heatmap of the combined biological importance scores. 
A. Scores generated using known PD-associated genes. B. Scores generated using known PD-associated genes. A higher score indicates a higher number of shared pathways, ontologies or modules with known PD and IBD genes. The colors represent the magnitude of the scaled scores calculated by each method. The highest scaled scores are depicted in red, whereas the lowest scores are shown in blue. The top 40 genes are shown in the plot.
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