Supplementary Methods

Phenotypic Assessment of PD cases
All the cases involved in the study were diagnosed with PD by a qualified neurologist, according to published diagnostic criteria, which included rigidity, postural instability, resting tremor and positive response to levodopa treatment (1). Where diagnosis was uncertain, dopaminergic loss observed through neuroimaging techniques (PETscan or DaTscan) was used to confirm PD diagnosis. PD patients underwent a detailed phenotypic assessment, which included neurological examination and evaluation of non-motor domains (see below). Information about family history, demographic characteristics, anamnesis, and pharmacological therapy was also collected.
The Movement Disorder Society revised version of the Unified Parkinson’s Disease Rating Scale Part III (18 items, maximum score 72; hereafter called UPDRS) (2) was used to assess clinical motor symptoms. These included language, facial expressions, tremor, rigidity, agility in movements, stability, gait and bradykinesia. Cognitive abilities were tested through an Italian validated version of the Montreal Cognitive Assessment (MoCA) (3). Cognitive domains assessed include short-term memory (5 points); visuospatial abilities via clock drawing (3 points), and a cube copy task (1 point); executive functioning via an adaptation of Trail Making Test Part B (1 point), phonemic fluency (1 point), and verbal abstraction (2 points); attention, concentration, and working memory via target detection (1 point), serial subtraction (2 points), digits forward and backward (1 point each); language via confrontation naming with low-familiarity animals (3 points), and repetition of complex sentences (2 points); and orientation to time and place (6 points). The total score was given by the sum of these domains, then divided by the maximum score which could be obtained (30). Where one or more domains could not be tested (e.g. visuospatial tasks, due to unavailability of optical devices), the corresponding score was subtracted from the maximum total score. Non motor symptoms were assessed through an Italian validated version of Non Motor Symptoms Scale (NMS) for Parkinson Disease (4). This scale tests 9 items, including cardiovascular domain, sleep/fatigue, mood/cognition, perceptual problems/hallucinations, attention/memory, gastrointestinal, urinary, sexual function, and ability to taste or smell. For each item, both severity and frequency of symptoms is measured, so that the scale accounts for both aspects. This scale is available in (4) (esupp. File 1). Here, the sleep domain was slightly modified by adding a further question on the occurrence of vivid dreams. This question was treated as all the others, i.e. the severity of impairment was scored from 0 (no symptoms) to 3 (severe impairment), and the frequency of impairment was scored from 0 (less than once a week) to 4 (daily impairment), then the total score of the sub-item was computed as the product of severity by frequency, and added to the scores of the other sub-items. For this reason, and due to the high missing rate of sub-items in the sexual domain, we computed the NMSS total score as the sum of all the items which were answered, divided by the maximum total score which could be obtained. This produced a continuous score ranging between 0 and 1 (hereafter called NMS).

Whole Exome Sequencing (WES): protocol and quality control
162 PD cases, including 90 familiar cases (FPD, 42 from Neuromed and 48 from ICP) and 72 sporadic cases (SPD, from Neuromed), underwent Whole Exome Sequencing (WES), which was carried out at Helmotz Zentrum, Munich, Germany. Genomic DNA was isolated from peripheral blood lymphocytes by Blood and Cell Culture DNA Midi Kit (QIAGEN, Hilden, Germany). Exonic regions were enriched using the SureSelect All Exome kit v6 (Agilent® Technologies, Santa Clara, CA, USA) based on DNA fragmentation and capture. Exomes were barcoded and sequenced using the Illumina® HiSeq2000 platform (Illumina, San Diego, CA, USA). Average exome coverage was 148x and at least 20x for 98.9% of the target, with transition-to-transvertion (Ts/Tv) ratio of 3.14.
After removal of samples with high intraspecific contamination rate (> 7%), raw Whole Exome Sequencing data underwent the following genotype calling and quality control (QC) pipeline, using Burrows Wheeler Aligner (BWA) v0.7.5 (5), Genome Analysis Toolkit (GATK) v3.5-0-g36282e4 and Picard software (6). More specifically, we followed the GATK best practice guidelines (available at https://software.broadinstitute.org/gatk/best-practices/), as described below:
I. alignment of the 100-bp paired-end reads to the GRCh37/hg19 human reference genome through bwa-mem command, then merging with samtools ;
II. removal of duplicate reads through Picard MarkDuplicates (standard options);
III. genotype calling per sample through HaplotypeCaller (BP_RESOULTION option) and GenotypeGVCFs in GATK.
IV. joint genotyping of samples through GenotypeGVCFs commands in GATK;
V. Variant Quality Score Recalibration (VQSR) of genotypes, which in turn consisted of i) building a gaussian mixture model based on several quality parameters of variants from specific training sets (VariantRecalibrator) and then recomputing the quality score of the variants called in our callset, based on such models (ApplyRecalibration). VQSR was conducted separately on SNPs and Indels, using a truth sensitivity threshold of 99.0 for SNPs and 90.0 for indels, respectively.
VI. variant calls with total depth (DP) < 8 and genotype quality (GQ) < 50 were set to missing (in vcftools);
VII. genotype posterior probability of variants was then computed using 1000G phase 3 v4 sites as supporting callset (CalculateGenotypePosteriors in GATK).
Then, we performed additional QC steps to ensure high quality of genetic data, through dedicated software vcftools v0.1.12b (7) and PLINK v1.90b3.45 (8), as described below:
VIII. Variants with MAC = 0, nr of alternative alleles ≠ 2 and call rate < 95% were filtered out (in vcftools);
IX. Samples were filtered out when they showed:
i. IBD sharing fraction (AJK) > 0.65 and coefficient of relantionship (ϕ) > 0.35 (computed through –relatedness and –relatedness2 in vcftools);
ii. relationships discrepant with the pedigree-based info - namely AJK ≥ 0.1, ϕ ≥ 0.083 and not showing the same family IDs, or AJK < 0.1, ϕ > 0.083 and showing the same family, maternal and paternal IDs;
iii. sample call rate < 90%;
iv. mismatch between sex reported in the pedigree and sex inferred from genetic data (through PLINK --check-sex command, default settings); 
v. genome-wide homozygosity outliers (|F| > 3 SDs from the mean of the distribution in the callset). F was computed through –het command in vcftools;
vi. samples showing an excess/depletion of singletons (absolute value of singletons count > 3 SDs from the mean of the distribution in the callset). Singletons were detected through –singletons command in vcftools.
123 PD cases (52 FPD + 71 SPD) and 334,671 variants (321,967 SNPs + 12,704 indels) passed QC. A multidimensional scaling (MDS) analysis carried out in PLINK confirmed the ancestry of the different subsets in our callset. After QC, mean (SD) depth per sample was 131 (26), while mean depth per locus was 131 (87). Variants passing QC were annotated to genes within 10 kb from transcription start/stop site, through Annovar version 1-2-2016 (9) and Ensembl Variant Effect Predictor (VEP) v88 (10). Variant annotation contained information concerning variant type, alternative allele frequency in the general population, and predicted effect on gene function.

Molecular validation and genotyping of prioritized variants
Prioritized variants were validated through Sanger sequencing or, alternatively, Polymerase Chain Reaction (PCR). For the case-control analysis, we genotyped the most represented variants in our cohort of patients for each of the VEP functional annotation class selected, namely rs772162369 in MFSD6L and rs56407180 in KALRN among HIGH variants (AF=2.03%), and rs201330591 in GTF2H2 among MODERATE variants (AF=4.66%). Genotyping was performed using custom TaqMan® assays (Bio-Rad, USA) and analysed in a Bio-Rad® CFX96TM Real Time PCR detection system. We performed a general quality control of genotyped samples and variants, in PLINK. Samples showed good call rates, with only seven (out of 657) samples showing one missing call, out of three variants analysed. Similarly, variants were checked for call rate and Hardy Weinberg Equilibrium, both in all and in unaffected subjects only. None of these variants showed a call rate < 99.5%. This suggested the good quality of genotyping and justified the genetic association analysis of all the genotyped variants.

Replication attempt in the IPDGC cohort
We attempted a replication of the significant association observed in our dataset, in an independent case-control WES study of 1,148 young-onset unrelated PD cases (average age at onset 40.6 years; range 35–56 years) and 503 control participants of European ancestry, from the International Parkinson’s Disease Genomics Consortium (IPDGC) (11). We computed reference and alternative allele counts of rs201330591 and performed an allelic Fisher Exact Test on these counts, as above. Then we meta-analysed the resulting association with that observed in the Italian cohort, through a Mantel-Haenszel meta-analysis (meta.MH function of rmeta package in R; see URLs). This fixed-effect method shows optimal properties for comparing the OR of rare events (12), such as alternative allele counts in WES analyses.

Genetic association test with continuous scales assessing PD symptoms
UPDRS, MoCA and NMS scales elaborated as above were used for genetic association analysis of common variants. To this purpose, we removed subjects recruited in the ICP-Milan center (for whom no continuous measure was available), and for each of the scores analysed we set to missing phenotypic outliers, defined as samples showing a Z-score > 3 SDs below or above the mean of each measure. We carried out an additional quality control to filter out variants with Minor Allele Frequency < 5%, Hardy Weinberg Equilibrium p < 10-6, and those located in non-autosomal chromosomes. No sample showed an individual call rate below 5%. After QC, we tested for association 110,803 autosomal variants in 113 PD cases, with UPDRS (N=100), MoCA (N=96) and NMS scales (N=98). Association testing was performed in two steps. First, we performed univariate linear mixed effect models in EMMAX (version March 2010) (13), using cross-samples kinship (Balding-Nichols) matrix as random effect and different covariates as fixed effects, which included PD familiarity, sex, age, pharmacological treatment state at the time of phenotypic assessment (ON/OFF), duration of disease (years since diagnosis), daily L-Dopa dosage (mg/day) and the first 10 genetic ancestry (MDS) components, computed in the dataset which was involved in this analysis. Then, we carried out a multivariate genetic association study on all the three scales together, through TATES (14). This software combines the p-values obtained in univariate genetic association analysis on multiple (correlated) phenotypes, to produce one multivariate association p-value per SNP, while correcting for their cross-trait correlations (Table S5b). This method is optimal for detecting multivariate genetic associations affecting some, but not necessarily all, of a set of correlated phenotypes, and is also powerful in the detection of contrasting genetics effects (e.g. to identify SNPs affecting some phenotypes positively, some negatively) (14).
To follow-up on the results of the exome-wide association study, we genotyped the top hit identified in the exome-wide analysis (rs3835072) through a custom TaqMan® assay, as above, and carried out a quality control of the genotype calls generated, through PLINK. This variant showed a call rate > 99%, a Minor Allele Frequency of 37%, and was in Hardy-Weinberg Equilibrium (p = 0.46). Then we performed association analyses with continuous PD-related scales in the full Neuromed cohort (N=472), through linear association models with adaptive permutations in PLINK, using the same covariates as above except for genetic ancestry (since no genome-wide genetic data were available in the whole cohort). As above, we then combined the results of the univariate association tests into a multivariate association analysis through TATES.
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a)
	Recruiting
Center
	Set
	N
(families)
	Age
(mean ± SD)
	AAO
(mean ± SD)
	Disease duration
(mean ± SD)
	Sex ratio
(M/F/missing)
	Familiarity
(FPD/SPD/missing)
	PD Phenotype
(rigid-bradykinetic/tremorigenic/mixed/missing)

	IRCCS
Neuromed
	Total
	472 (458)
	66.63 ± 8.82
	58.28 ± 9.98
	8.27 ± 6.28
	288/184/0
	196/273/3
	304/72/77/19

	
	FPD
	196 (183)
	66.20 ± 8.97
	57.60 ± 10.50
	8.58 ± 6.87
	118/67/0
	-
	127/34/35/10

	
	SPD
	273 (273)
	67.00 ± 8.66
	58.82 ± 9.59
	8.05 ± 5.83
	161/112/0
	-
	176/48/41/8

	ICP Milan
	Total
(FPD)
	82 (42)
	66.7 ± 10.39
	60.69 ± 10.62
	6.32 ± 4.59
	41/40/1
	82/0/0
	Not available




b)
	Recruiting
Center
	Set
	N
(families)
	Age
(mean ± SD)
	AAO
(mean ± SD)
	Disease duration
(mean ± SD)
	Sex ratio
(M/F/missing)
	Familiarity
(FPD/SPD/missing)
	PD Phenotype
(rigid-bradykinetic/tremorigenic/mixed/missing)

	IRCCS Neuromed
	Total
	114 (110)
	65.08 ± 8.83
	55.89  ± 9.98
	9.22 ± 5.41
	70/44/0
	72/42/0
	57/24/26/6

	
	FPD
	42 (38)
	63.31 ± 8.39
	53.68 ± 10.57
	9.75 ± 6.54
	25/17/0
	-
	21/7/11/3

	
	SPD
	72 (72)
	66.13 ± 8.98
	57.16 ± 9.46
	8.91 ± 4.67
	45/27/0
	-
	36/17/15/3

	ICP Milan
	Total
(FPD)
	46 (23)
	68.31 ± 8.56
	61.71 ± 8.57
	6.46 ± 4.90
	21/24/1
	46/0/0
	Not available




Table S1. Descriptive of a) the PD cohorts recruited and of b) the participants actually involved in the WES analysis presented in the paper. Age, Age at Onset and disease duration are reported in years. Abbreviations: FPD/SPD = Familal/Sporadic Parkinson Disease; AAO = Age at onset.

	Severity Rank
	Name
	Description
	IMPACT

	1
	Transcript ablation
	A feature ablation whereby the deleted region includes a transcript feature
	HIGH

	2
	Splice acceptor variant
	A splice variant that changes the 2 base region at the 3' end of an intron
	HIGH

	3
	Splice donor variant
	A splice variant that changes the 2 base region at the 5' end of an intron
	HIGH

	4
	Stop gained
	A sequence variant whereby at least one base of a codon is changed, resulting in a premature stop codon, leading to a shortened transcript
	HIGH

	5
	Frameshift variant
	A sequence variant which causes a disruption of the translational reading frame, because the number of nucleotides inserted or deleted is not a multiple of three
	HIGH

	6
	Stop lost
	A sequence variant where at least one base of the terminator codon (stop) is changed, resulting in an elongated transcript
	HIGH

	7
	Start lost
	A codon variant that changes at least one base of the canonical start codon
	HIGH

	8
	Transcript amplification
	A feature amplification of a region containing a transcript
	HIGH

	9
	Inframe insertion
	An inframe non synonymous variant that inserts bases into in the coding sequence
	MODERATE

	10
	Inframe deletion
	An inframe non synonymous variant that deletes bases from the coding sequence
	MODERATE

	11
	Missense variant
	A sequence variant, that changes one or more bases, resulting in a different amino acid sequence but where the length is preserved
	MODERATE

	12
	Protein altering variant
	A sequence variant which is predicted to change the protein encoded in the coding sequence
	MODERATE



Table S2. Classification of variants of HIGH and MODERATE impact on protein function, by the Ensembl Variant Effect Predictor (VEP) v88 (10).




a)
	Variant
(Chr:bp)
	REF
allele
	ALT
allele
	AF 
(%)
	AC
	AN
	HOM.REF
	HET
	HOM.ALT
	Location
(consequence)
	Gene
	1000G EUR
(%)
	ESP EA
(%)
	ExAC NFE
(%)

	rs772162369 (17:8701167)
	CA
	C
	2.03
	5
	246
	119
	3
	1
	exonic
(frameshift deletion)
	MFSD6L
	0.00
	0.22
	0.15

	rs56407180 (3:124303696)
	C
	T
	2.03
	5
	246
	118
	5
	0
	exonic
(stop gain)
	KALRN
	0.10
	0.15
	0.39

	rs766441817 (19:43420567)
	GA
	G
	1.63
	4
	246
	119
	4
	0
	exonic
(frameshift)
	PSG6
	0.00
	0.00
	0.2

	rs759514260 (16:1779569)
	CCGGGGCGGAGG
TACGCGGGGCGCG
GCGGGGTGGAGG
TACGCGGGGCGCGG
	C
	1.63
	4
	246
	119
	4
	0
	exonic
(splicing)
	MAPK8IP3
	0.00
	0.00
	0.2

	rs147792046 (2:175263171)
	G
	T
	1.63
	4
	246
	119
	4
	0
	intronic
(splicing)
	SCRN3
	0.00
	0.07
	0.08

	rs146935160 (4:77230620)
	A
	T
	1.22
	3
	246
	120
	3
	0
	exonic
(stop gain)
	FAM47E-STBD1,
STBD1
	0.10
	0.00
	0.15

	rs376367532 (15:101601485)
	GCCACCGAGGTAAGCAC
TGCCCGCAGGCCTGC
	G
	1.22
	3
	246
	120
	3
	0
	exonic
(splicing)
	LRRK1
	0.10
	0.00
	0.09




b)
	Variant (chr:bp)
	REF
	ALT
	AF
(%)
	AC
	AN
	HOM.REF
	HET
	HOM.ALT
	Location
(consequence)
	Gene
	1000G EUR
(%)
	ESP EA
(%)
	ExAC NFE
(%)

	rs201330591
(5:70351261)
	A
	T
	4.66
	11
	236
	109
	7
	2
	exonic
(missense)
	GTF2H2
	0.20
	0.32
	0.50

	rs143022124
(11:96117520)
	C
	T
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	CCDC82
	0.10
	0.30
	0.34

	[bookmark: _Hlk25255083]rs535061628
(14:39901257)
	CGTCGCAGCT
	C
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	FBXO33
	0.20
	0.00
	0.00

	rs34080825
(5:38933482)
	C
	G
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	OSMR
	0.60
	0.72
	0.81

	rs146569565
(19:43433676)
	G
	C
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	PSG7
	0.80
	0.74
	0.78

	rs79737301
(10:73121779)
	T
	C
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	SLC29A3
	0.70
	0.64
	0.72

	rs180870155
(19:4499597)
	A
	G
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	HDGFRP2
	0.80
	0.52
	0.60

	rs146685560
(6:30997275)
	C
	G
	4.07
	10
	246
	113
	10
	0
	exonic
(missense)
	MUC22
	0.70
	0.00
	0.55

	rs45609739
(11:114400991)
	G
	C
	3.66
	9
	246
	114
	9
	0
	exonic
(missense)
	NXPE1
	0.50
	0.51
	0.60

	rs75209396
(10:124330421)
	C
	G
	3.66
	9
	246
	114
	9
	0
	exonic
(missense)
	DMBT1
	0.70
	0.62
	0.55

	rs112908035
(3:48419957)
	A
	G
	3.66
	9
	246
	114
	9
	0
	exonic
(missense)
	FBXW12
	0.50
	0.57
	0.65

	rs79879036
(2:141092084)
	T
	G
	3.25
	8
	246
	116
	6
	1
	exonic
(missense)
	LRP1B
	0.50
	0.59
	0.48

	rs2231370
(6:3152760)
	T
	C
	3.25
	8
	246
	116
	6
	1
	exonic
(missense)
	BPHL
	0.50
	0.36
	0.35

	rs61744879
(5:79054599)
	C
	T
	3.25
	8
	246
	115
	8
	0
	exonic
(missense)
	CMYA5
	0.10
	0.26
	0.36

	rs12407578
(1:12337667)
	C
	T
	3.25
	8
	246
	115
	8
	0
	exonic
(missense)
	VPS13D
	0.50
	0.56
	0.43

	rs144315661
(7:91503914)
	G
	A
	3.25
	8
	246
	115
	8
	0
	exonic
(missense)
	MTERF
	0.50
	0.55
	0.54

	rs150030843
(16:30004819)
	C
	T
	3.25
	8
	246
	115
	8
	0
	exonic
(missense)
	HIRIP3
	0.20
	0.29
	0.39

	rs74514616
(14:106845487)
	C
	G
	3.25
	8
	246
	115
	8
	0
	exonic
(missense)
	IGHV3-35
	0.20
	0.24
	0.30

	rs140756827
(14:68250147)
	C
	T
	2.85
	7
	246
	116
	7
	0
	exonic
(missense)
	ZFYVE26
	0.40
	0.37
	0.40

	rs139092247
(15:78783019)
	G
	A
	2.85
	7
	246
	117
	5
	1
	exonic
(missense)
	IREB2
	0.20
	0.34
	0.34



Table S3. Prioritized a) HIGH and b) MODERATE variants validated in our PD callset (N=123). Variants which were selected for targeted genotyping and case-control association testing in the whole Neuromed cohort are highlighted in bold.
Abbreviations: REF/ALT = reference/alternative allele; AF/AC = alternative allele frequency/count; AN = total allele number; HOM REF/ HET/ HOM ALT = reference homozygous / heterozygous / alternative homozygous genotype count; 1000G EUR = European Sample of the 1000 Genomes project, phase 3 (N=503) (15); ESP EA = NHLBI Exome Sequencing Project 6500 release si-v2, European ancestry (N=4,300) (16); ExAC NFE = Exome Aggregation Consortium version 0.3.1, Non-Finnish Europeans (N= 33,370) (17).




	Chr
	Bp
	Variant
(dbSNP147)
	REF
	ALT
	AF
(%)
	AC
	AN
	HOM 
REF
	HET
	HOM
ALT
	Location
(Consequence) 
	Gene
	1000G 
EUR
(%)
	ESP 
EA
(%)
	ExAC 
NFE
(%)
	VEP Impact

	17
	8701167
	rs772162369
	CA
	C
	2.03
	5
	246
	119
	3
	1
	Exonic
(frameshift deletion)
	MFSD6L
	0.00
	0.22
	0.15
	H

	3
	124303696
	rs56407180
	C
	T
	2.03
	5
	246
	118
	5
	0
	Exonic
(stop gain)
	KALRN
	0.10
	0.15
	0.39
	H

	5
	70351261
	rs201330591
	A
	T
	4.66
	11
	236
	109
	7
	2
	Exonic
(missense) 
	GTF2H2
	0.20
	0.32
	0.50
	M



Table S4. Most frequent genetic variants detected through the bioinformatics pipeline in each of the two VEP functional annotation classes, namely HIGH and MODERATE impact variants (see Figure 1 and Variants prioritization, validation and genetic association analysis with PD status in the Methods section). 
Abbreviations: REF/ALT = reference/alternative allele; AF/AC = alternative allele frequency/count; AN = total allele number; HOM REF/ HET/ HOM ALT = reference homozygous / heterozygous / alternative homozygous genotype count; 1000G EUR = European Sample of the 1000 Genomes project, phase 3 (N=503) (15); ESP EA = NHLBI Exome Sequencing Project 6500 release si-v2, European ancestry (N=4,300) (16); ExAC NFE = Exome Aggregation Consortium version 0.3.1, Non-Finnish Europeans (N= 33,370) (17); M/H = moderate/high impact on protein function (as predicted by VEP v88 (10)).


a)
	Descriptive
	UPDRS
	MoCA
	NMS

	N
	441
	452
	456

	missing
	31
	20
	16

	min
	0
	0
	0

	max
	72
	30
	203

	mean
	22.46
	22.65
	56.83

	median
	21
	24
	52.5

	SD
	11.47
	5.96
	35.34

	SE
	0.55
	0.28
	1.66




b)


	PD scale
	UPDRS
	MoCA
	NMS

	UPDRS
	1
	-0.41
	0.34

	MoCA
	[-0.49; -0.33]
	1
	-0.40

	NMS
	[0.26; 0.43]
	[-0.47; -0.31]
	1




Table S5. a) General descriptive statistics and b) cross-trait correlations of scales assessing motor and non-motor symptoms of PD in the Neuromed cohort (see Phenotypic Assessment of PD cases above for details). In b), point Pearson´s r coefficients and the relevant 95% Confidence Intervals are reported in the upper and lower triangle of the matrix, respectively.
Abbreviations: UPDRS = Movement Disorder Society revised version of the Unified Parkinson’s Disease Rating Scale - Part III (2); MoCA = Montreal Cognitive Assessment (3); NMS = modified version of the Non Motor Symptoms Scale for Parkinson Disease (see above) (4); SD = standard deviation; SE = standard error.
Supplementary Results


	Study
	N (cases/controls)
	OR
	Low
	Up
	Variant (Gene)
	Heterogeneity

	Neuromed
	655 
(445/210)
	8.16
	1.08
	61.52
	rs201330591 
(GTF2H2)
	χ21 = 3.36 (0.067)

	IPDGC
	714 
(545/169)
	1.12
	0.41
	3.04
	
	

	Meta-analysis
	1369 
(990/379)
	2.18
	0.92
	5.15
	
	




[bookmark: _GoBack]Table S6. Association with PD status of rs201330591 (GTF2H2; effect allele T). Here, we report association statistics (OR and 95% Confidence Interval) observed in the Neuromed and in the IPGDC study (11), along with Mantel-Haenszel meta-analysis results.
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Figure S1. Manhattan and QQ plots of the Exome-Wide Association Scans (EWAS) carried out in the present study. a-b) UPDRS (Movement Disorder Society revised version of the Unified Parkinson’s Disease Rating Scale - Part III) (2); c-d) MoCA (Montreal Cognitive Assessment (3); e-f) NMS (modified version of Non Motor Symptoms Scale for Parkinson Disease; see Phenotypic Assessment of PD cases above for details) (4); g-h) multivariate association analysis of the three scales. Blue and red lines indicate suggestive (α = 10-5) and exome-wide significance thresholds (α = 2.95x10-7 and 8.84x10-7, for univariate and multivariate EWAS, respectively). The latter is corrected for the number of LD-independent SNPs tested in the multivariate EWAS (56,588, as computed by the Genetic Type I error calculator) (18), and also for the number of independent scales tested (3) in the univariate EWAS analyses.


















	SNP
	UPDRSa
	MoCAa
	NMSa
	Multivariateb

	rs3835072
	0.03
(-0.038)
	6.7 x 10-7 
(0.090)
	0.42
(-0.011)
	1.9 x 10-6

	rs1864492
	0.37
(-0.018)
	3.0 x 10-6  (0.094)
	0.73
(-0.005)
	8.5 x 10-6

	rs2288631
	0.09
(-0.030)
	3.1 x 10-6 (0.084)
	0.54
(-0.008)
	8.6 x 10-6

	rs1053329
	0.09
(-0.030)
	3.1 x 10-6 (0.084)
	0.54
(-0.008)
	8.6 x 10-6

	rs7851
	0.09
(-0.030)
	3.1 x 10-6 (0.084)
	0.54
(-0.008)
	8.6 x 10-6

	rs909065
	0.09
(-0.030)
	3.1 x 10-6 (0.084)
	0.54
(-0.008)
	8.6 x 10-6



Table S7. Most significant genetic associations (p < 10-5) detected in the multivariate Exome Wide Association Scan of three continuous scales assessing PD-related symptoms (see abbreviations below). No variants met exome-wide significance thresholds, neither in the univariate (α = 2.95x10-7), nor in the multivariate EWAS (α = 8.84x10-7).
a Univariate association p-values as computed by EMMAX linear mixed model are reported, along with betas (β) values referring to major allele (A1) in brackets.
b Multivariate association p-values as computed by the software TATES are reported (no β value was produced in the output).

	Scale
	P
	Beta
	SE
	N
	Multivariate P

	UPDRS
	0.17
	-0.013
	0.010
	394
	0.19

	MOCA
	0.07
	0.018
	0.010
	395
	

	NMS
	0.67
	-0.003
	0.006
	410
	



Table S8. Univariate and multivariate association statistics of rs3835072 with the three PD-related scales analysed in the paper. Univariate p-values, betas (β) and relevant Standard Errors (SE) are reported, along with the actual sample size of the analysis for each scale. For multivariate analysis, only the p-value is reported, as per TATES output (14).
Abbreviations: UPDRS = Movement Disorder Society revised version of the Unified Parkinson’s Disease Rating Scale - Part III (2); MoCA = Montreal Cognitive Assessment (3); NMS = modified version of the Non Motor Symptoms Scale for Parkinson Disease (see above) (4).
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