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Parkinson’s disease (PD) is anincurable, progressive and common
movement disorder thatisincreasing inincidence globally because
of population aging. We hypothesized that the landscape of rare,
protein-altering variants could provide further insights into disease

pathogenesis. Here we performed whole-exome sequencing followed by
gene-based tests on 4,298 PD cases and 5,512 controls of Asian ancestry.
We showed that GBAI and SMPD1 were significantly associated with PD
risk, with replicationin a further 5,585 PD cases and 5,642 controls. We
further refined variant classification using in vitro assays and showed that
SMPD1 variants with reduced enzymatic activity display the strongest
association (<44% activity, odds ratio (OR) =2.24, P=1.25 x10™) with

PD risk. Moreover, 80.5% of SMPDI carriers harbored the Asian-specific
p.Pro332Arg variant (OR =2.16; P = 4.47 x 107®). Our findings highlight the
utility of performing exome sequencing in diverse ancestry groups to
identify rare protein-altering variants in genes previously unassociated

with disease.

Parkinson’s disease (PD) is a common neurodegenerative disease
that is unrelenting and progressive. It presents as a movement dis-
order characterized by slowness of movement, tremors, stiffness
and difficulty with balance, together with abroad array of non-motor
symptoms"* Although levodopa and other adjunctive medications
alleviate the symptoms of PD, no cure has yet been found. Theincidence
of PDis expected torise rapidly in the coming decades because of the
aging population. There is, thus, a pressing need for new therapeu-
tic approaches, with the hope that biological insights arising from
molecular genetic studies could illuminate these otherwise elusive
drug targets.

Owing to reports of positive family histories in many affected
individuals, PD haslongbeen suspected tobe heritable. Genome-wide
association studies (GWASs) of PD have identified close to 100 loci
associated with disease risk®°. Although these studies highlighted key
genes and biological pathways that play a role in the pathogenesis of
PD, they also underscore the very heterogeneous nature of the disease
in terms of causative mechanisms.

The genomic/risk loci identified by GWASs of PD mostly have
modest effect sizes (odds ratios (ORs) < 1.4) and were often located in
non-coding regions of the human genome’. Their non-coding nature
makes pinpointing the effector genes challenging. In contrast, analysis
of protein-altering genetic variants using whole-exome sequencing
(WES) has identified causative genes and facilitated advances in the
treatment of other diseases through the identification and develop-
ment of new drug targets'”". In studies on familial, early-onset PD,
several genes containing rare functionally deficient genetic variants
have been found'>?°. Such variants were highly penetrant and were
seldom seen in patients with sporadic PD”. In the case of adult-onset
sporadic PD, the effect of individual rare genetic variants remains dif-
ficultto assess, but the aggregation of rare variant counts withineach
gene could allow for detection of statistically significant differences
inmutational ‘burden’ between cases and controls. These gene-based
tests of mutational burden are often limited by constraintsinaccuracy
of pathogenicity prediction using bioinformatic algorithms*because
not all variants that are predicted to impair protein function actually
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Fig.1| Exome-wide significant association of GBA1, HLA-DRB1 and SMPD1in
the Discovery exome sequencing study. a, Quantile-Quantile plot of observed
and expected CMH Pfor autosomal genes with OR > 1. b, Forest plot of SMPD1
association in assessed populations. CMH without continuity correction was

used across strata. Data are presented as OR and 95% CI. All Pvalues presented are
unadjusted. Exome-wide significance was set at P < 2.5 x 107® (two-tailed), taking
into account multiple hypothesis testing correction for an estimated 20,000
protein-coding genes in the human genome.

doso. Conversely, variants that are predicted to be benign could result
inaloss of function of the encoded protein.

The objective of this study was to assess the contribution of rare
coding sequence genetic variants to the pathogenesis of PD. We per-
formed WES on 9,810 participants of Asian ancestry (4,298 PD cases
and 5,512 unaffected controls) from Singapore (SG), Malaysia (MAL),
Hong Kong (HK), South Korea (KR) and Taiwan (TW). We attempted to
replicate twosignificantly associated genesinafurther 11,227 partici-
pants (5,585 PD cases and 5,642 controls) from three independently
ascertained collections of Asian and European ancestry. We used func-
tional assays to validate and refine gene-based mutational burden tests.

Results

Rare coding variants identified by WES

We recruited 4,915 PD cases together with 5,971 ancestry-matched
and geographically matched controls from five regions across East
Asia (SG, MAL, HK, KR and TW) and analyzed a total of 4,298 PD cases
and 5,512 controls by WES after stringent quality control filtering
(total n=9,810; Supplementary Tables 1-3 and Supplementary Fig. 1).
Only samples confirmed by principal component analysis (PCA)

to be of Han Chinese and South Korean ancestries were retained
(Supplementary Figs. 2 and 3). We identified a total of 721,643 non-
synonymous variantsacross 17,396 autosomal genes, of which 701,048
were rare (minor allele frequency (MAF) <1%) in the sequenced
dataset as well as in publicly available datasets (Genome Aggrega-
tion Database (gnomAD) East Asian samples). After annotation with
the PolyPhen-2 and LOFTEE algorithms, 367,878 potentially patho-
genic variants (hereafter termed ‘qualifying variants’) remained for
further analysis.

Gene-level association testing revealed exome-wide significant
PD associations with carriage of qualifying variants in GBA1, HLA-DRB1
and SMPDI (Fig.1,Extended DataFig.1and Supplementary Table 4). All
three genes were expressed in the human midbrain (Supplementary
Results, Supplementary Tables 5-7 and Supplementary Figs. 4-6).

GBA1 and SMPDI1 qualifying variants are associated with
higher PDrisk

At GBA1,128 0f 4,298 PD cases (2.98%) carried qualifying variants com-
paredto16 of 5,512 controls (0.29%; OR =10.28, 95% confidence interval
(Cl)=5.96-17.75, P= 4.07 x 10 %; Supplementary Table 8 and Extended
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DataFig. 2). The carriage of 22 East Asian-specific rare deleterious
GBAIvariants was strongly and consistently associated with increased
risk of PD (OR =25.83, P=6.19 x 10™") compared to non-carriers (Sup-
plementary Table 9).

Turning to SMPD1,100 of 4,298 PD cases (2.33%) carried qual-
ifying variants compared to 69 of 5,512 controls (1.25%; OR =2.32,
95% Cl=1.68-3.20, P=1.37 x107; Table 1, Fig. 1 and Supplementary
Tables 10 and 11). The SMPD1 association was driven by one particu-
lar variant (p.Pro332Arg) in the Discovery cohort (allele frequency:
PD cases = 0.8%, controls = 0.4%; OR =2.39; P=5.01x107°). When we
excluded p.Pro332Arg from the analysis, the significant association
between burden of SMPDI qualifying variants and increased PD risk
remained (OR =2.31, P=0.00369), suggesting that the association
betweenrare, independent genetic variantsin SMPDI was not confined
to p.Pro332Argalone.

We did not observessignificant differencesin effect sizesbetween
males and females at GBAI (males: OR =10.03, 95% CI = 4.53-22.21;
females: OR =9.90,95% Cl = 4.75-20.62; Phet = 0.981) or SMPDI (males:
OR=2.63,95% Cl=1.68-4.12, females: OR=1.96, 95% Cl =1.22-3.14;
Phet = 0.376).

We did not observe significant association at genes previously
implicated in autosomal dominant, recessive? ' or X-linked PD* (Sup-
plementary Tables 12and 13) or genesidentified by arecent WES study
inindividuals of European ancestry” (Supplementary Table 14). We also
did not observe significant PD associations (P < 0.00058, Bonferroni
correction for 86 tested genes) in genes involved in lysosomal storage
disorders (Supplementary Table 15)****,

Validation of qualifying SMPDI1 variants associated with
increased PD risk

Astheassociation between rare GBAI variants and increased PDrisk has
been confirmed?, we focused on evaluating whether the association
betweenrare SMPDI1 variants and PD could bereplicated in additional
independent samples. We pursued validation in 5,585 PD cases and
5,642 controls from three studies of Asianand European ancestry (Sup-
plementary Table 16). Participants fromthese three studies have under-
gone whole-exome or whole-genome sequencing, with documented
equal re-sequencing of cases and controls®, and had SMPDI data availa-
ble. Stratified meta-analysis of the three Replication collections showed
that carriers of SMPDI qualifying variants remain overrepresented in
PD cases (139 carriers in 5,585 PD cases, 2.5%) compared to controls
(87 carriers in 5,642 controls, 1.5%) (OR =1.45, P= 0.0071). When all
Discovery and Replication samples were meta-analyzed (9,883 PD cases
and 11,154 controls across seven independent strata), genome-wide
significant association between carriage of SMPDI qualifying variants
and susceptibility to PD was observed (OR=1.77, P=4.94 x107%; Fig. 1
and Supplementary Table 17).

We observed significant heterogeneity (I index for heterogene-
ity =79.6%, P=0.027) in OR between the Discovery (OR =2.32) and
Replication (OR =1.45) cohorts, which could be due to misclassifi-
cation of qualifying variants by the PolyPhen-2/LOFTEE algorithm.

Fig.2|ASM activity levels of SMPD1 variants in Discovery and Replication
datasets. a, Activity levels are presented as percentage of wild-type ASM
activity; error bars represent standard deviation. Each variant was assayed in
technical replicates of 3-6. b, Predicted deleterious variants (75 variants) have
significantly lower ASM activity than predicted benign variants (47 variants).
Median, 25th-75th quartiles; whiskers of 1.5x IQR shown in boxplot. *** Two-sided
t-test P< 0.001. Red dotted line:100% activity of wild-type variants. Blue dotted
line: activity level (43.58%) significantly associated with variant carrier frequency
in case and control. Details are provided in Supplementary Table 17. ¢, SMPD1
wild-type protein localizes to the lysosome. Representative image from three
captured fields of view is shown (Supplementary Fig. 11). Yellow signal: SMPD1.
Magenta signal: lysosome. Cyan signal: nuclei. Scale bar, 10 pm.IQR, interquartile
range; WT wild-type.

Resolving this would necessitate the design of functional assays to
measure the activity of each SMPDI allele for comparison against
wild-type SMPD1. Alleles that demonstrate significant loss of function
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compared to wild-type would be included in the revised gene-based
burden test. Conversely, alleles that show indistinguishable functional
activity from wild-type SMPDI would be excluded from gene-based
burden tests regardless of PolyPhen-2/LOFTEE prediction. SMPD1
encodes foracid sphingomyelinase (ASM), an enzyme responsible for
breaking down sphingomyelin to ceramide and phosphorylcholine®.
Complete deficiency of ASM leads to Niemann-Pick disease type A/B
(NPD-A/B). We designed enzymatic assays to measure ASM activity
for 125 SMPDI genetic variants detected across Discovery and Repli-
cationsamples (Fig.2a,b, Supplementary Figs. 7-10, Supplementary
Table 17 and Supplementary Results). For the assays, we created 126
HEK293T stable cell lines expressing each SMPDI genetic variant and
‘wild-type’ ASM. Confocal microscopy confirmed correct localization
of wild-type ASM to the lysosomes inthe HEK293T cell line (Fig. 2c and
Supplementary Fig.11).

The functional spectrum of ASM activity for all tested SMPD1
variants ranged from normal (>90% of wild-type activity) to severe
loss of function (<20% of wild-type activity). Two of the variants tested
are causative of NPD-A/B (SMPDI1 p.Leu304Pro (or p.Leu302Pro*)
and p.Arg498Leu’®) and, thus, served as positive controls for our
experiment. Unsurprisingly, both variants ranked in the bottom 10th
percentile of ASM activity (p.Leu304Pro: 8.7% activity, p.Arg498Leu:
5.6% activity) in our assay. Across 125 variants tested, we observed
that PolyPhen-2/LOFTEE-predicted damaging variants correlated
significantly, albeitimperfectly, with lower ASM activity levels com-
pared to predicted benign variants (¢-test P=1.11 x 10~°). We observed
that carriage of SMPDI variants with less than 44% enzymatic activity
(correspondingto >56% loss of function) showed the strongest asso-
ciation with PD risk in both the Discovery (OR=2.37, P=4.35x107)
and Replication (OR =2.18, P=4.80 x 10°) cohorts and the combined
Discovery and Replication cohorts (OR =2.24, P=1.25x107"; Fig. 3a,
Extended Data Figs. 3 and 4, Supplementary Fig. 12 and Supplemen-
tary Results). In our East Asian Discovery cohort, the p.Pro332Arg
variant (30.4% activity) was the most prevalent, observed in 70 of 87
(80.5%) SMPDI case carriers with less than 44% enzymatic activity rela-
tive to wild-type (Fig. 3b). p.Pro332Arg alone showed genome-wide
significant association with PD risk (OR =2.16; P=4.47 x107®) in
the Discovery and Replication cohorts combined (Supplementary
Results).

Forty-four of the 125 SMPD1 variants assayed were reported in
patients with NPD-A or NPD-B and were also classified in ClinVar
as pathogenic (n =18), benign (n = 5) or uncertain significance
(n=21) (Supplementary Table 17). Fourteen of 18 (77.78%) ClinVar
pathogenic variants reported in patients with NPD-A/B had less
than 44% enzymatic activity relative to wild-type SMPD]1, thus con-
firming that the functionally deficient set is enriched for pathogenic
variants.

PD onset age and polygenicrisk scores of SMPD1 and

GBAI carriers

We sought to determine if carriers of SMPDI or GBA1I variants from
our Discovery samples had an earlier age of PD diagnosis compared
to non-carriers. Carriers of GBAI qualifying variants were diagnosed
with PD almost 7 years younger than non-carriers, but the effect was
smaller for carriers of SMPDI qualifying variants and carriers of func-
tionally deficient SMPDI variants (activity levels <43.58%; carriers:
median = 60 years of age, range = 32-86 years of age; non-carriers:
median = 62 years of age, range = 22-92 years of age; t-test P= 0.216)
(Extended Data Fig. 5). We examined the polygenic risk score profile
of 87 SMPD1 functionally deficient variant carriers calculated using 67
GWAS-identified single-nucleotide polymorphisms (SNPs) selected in
our East Asian GWAS* and observed nosignificant difference between
PD cases and controls, suggesting that polygenic risk score was not a
modifier of risk among SMPDI functionally deficient variant carriers
(Extended DataFig. 6).

Rare coding variantsin genes associated with decreased
PDrisk

We observed exome-wide significant association of qualifying variants
in HLA-DRBI with decreased PD risk. Qualifying variants in HLA-DRB1
were observedin15 of 4,298 PD cases (0.35%) compared to 73 of 5,512
controls (1.32%; OR = 0.20, 95% Cl = 0.11-0.35, P=1.05 x 10”%; Sup-
plementary Table 18 and Extended Data Fig. 7). This association was
largely driven by lead variant p.Alal4Pro (OR = 0.13,95% CI = 0.07-0.26,
P=4.71x10™")located in the signal peptide of the full length HLA-DRB1
protein and notlinked to any classical HLA-DRBI allele. This variant was
presentin10 PD cases (0.23%) and 68 controls (1.23%) in our Discovery
cohortand appeared to beindependent of GWAS-associated SNPs***
at the HLA-DRBI locus, including rs601945, rs504594 or rs3104413,
and amino acid 13 (* = 0). However, given the difficulty in calling and
validating variantsin the HLA region by short-read sequencing, further
work will be needed to ascertain the association of altered epitope
binding or antigen presentation effects of these HLA-DRBI variants
with reduced PD risk*®*'. We also observed a nominally significant
association at ATPSB (OR = 0.19, 95% Cl = 0.08-0.43, P=9.46 x107%),
but this association was not consistent in the South Korean dataset
(Extended Data Fig. 7).

Monogenic gene mutations are rare in East Asian sporadic
PD cases
Weinvestigated how many East Asian sporadic PD cases carried known
or likely pathogenic variants (ClinVar) in monogenic PD genes. In auto-
somal recessive PD genes, only one PD case (onset age = 44 years)
was homozygous for pathogenic variant PRKN p.Cys441Arg, which
was reported for autosomal recessive juvenile PD (ClinVar acces-
sion: VCV000963190). Sixteen PD cases and six controls (OR = 3.845,
P=0.00375) were homozygotes or compound heterozygotes for
qualifying variants excluding those listed as non-pathogenic in Clin-
Var (benign, conflicting interpretations or uncertain significance)
in PRKN (two cases), ATP13A2 (one case), DNAJC6 (one control) and
VPS13C (13 cases and five controls) (Supplementary Table 12). These
carriers had PD onset ranging from 28 years to 79 years of age (aver-
age =59.5 + 14.1 years, median = 60 years; n = 14; two missing).
Although there was no significant enrichment of qualifying
variants in autosomal dominant PD genes, we identified carriers of
pathogenic LRRK2 variants p.Argl441Cys (four cases, disease onset
age =56 + 4.3 years) and p.Argl067GIn (four cases and two controls) that
activate Rabl10 phosphorylation* (Supplementary Tables 12 and 13).
Seven of the 4,298 cases in our study carried known or potential
pathogenic variants in known monogenic PD genes, and another 15
were potential homozygotes or compound heterozygotes for qualify-
ing variants in monogenic PD genes. This is consistent with previous
reports that these monogenic PD mutations account for a very small
percentage (-0.5%) of sporadic PD cases.

Protein-truncating variantsin East Asian PD cases

and controls

Inaccurate functional prediction of missense variants may dilute the
association signals in genes with highly penetrant loss-of-function
variants with large effects. To assess this, we conducted gene-based
association testing in the Discovery cohort on protein-truncating
variants (PTVs) predicted to cause loss of function*’. No gene reached
exome-wide significance, although GBAI remained strongly associated
(OR=10.8, P=0.0024; Supplementary Results and Supplementary
Table 19). We observed PTVs in the recently reported ITSNI gene** in
only three cases in our Discovery cohort (P=0.093).

Discussion

Our observations from WES, replicationinindependent, cross-ancestry
samples and functional enzymatic assays suggest that heterozygous
carriage of deficient SMPD1 alleles is associated with 2.2-fold higher
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Fig. 3 | Replication of SMPD1 association in Chinese and European datasets for rare variants with <43.58% ASM activity level. a, Forest plot of SMPDI in assessed
populations. CMH without continuity correction was used across strata. Data are presented as OR and 95% CI. b, Distribution of rare variants with <43.58% ASM activity

levelin case and control from the Discovery cohort.

odds of PD. The top two genes emerging from WES, GBA1 and SMPD1,
are both involved in lysosomal storage diseases (Gaucher’s disease*
and NPD*®) that present early in life with severe clinical symptoms.

GBAI has been extensively evaluated since its identification as a
PD risk gene®®, with patients carrying rare, protein-altering variants
robustly associating with increased PD risk and more severe clinical
phenotype®’. Conversely, the association between protein-altering
SMPD1 variants and PD had been inconsistent. The first study link-
ing SMPD1 with PD reported that carriage of the p.Leu304Pro vari-
ant was associated with nine-fold increased odds of disease*. SMPD1
p.Leu304Pro was a loss-of-function, founder mutation in individuals
of AshkenaziJewish ancestry***° and was not presentin nearly all other
ancestry groups, including East Asians*°. Since then, other smaller
studies have shown equivocal evidence in support for other SMPD1
variants®>**%5132 and others have reported no significant association
between SMPDI variants and susceptibility to PD****"5°, SMPD1 was not
identified inthe largest WES study of European ancestry samples, which
reported strong association at GBAI and LRRK2 (driven by the rare
p.Gly2019Ser variant that is absent in Asian populations)”. We suspect
that these inconsistent SMPDI reports were due to the limitations of
the bioinformatic algorithms used to predict and identify ‘damaging’
genetic variants. Indeed, incorrect functional classification of genetic
variants markedly reduces statistical power for rare variant burden
tests®®. The different SMPDI rare variants represented at different
allele frequency spectra between Asian and European cohorts may
also explain the heterogeneity observed in the combined Discovery
and Replication analysis.

We used laboratory assays based on ASM activity to evaluate
the functional effect of all 125 SMPDI alleles detected in this study.
This assay was adequately controlled for, as it was able to correctly
classify mutations known to cause NPD-A/B. The inclusion of only
functionally impaired variants in the gene-based burden test is a
major step forward from the current use of predictive bioinformatic
algorithms to distinguish variants thatimpair protein function from
‘benign’ variants. Our analysis suggests that carrying one function-
ally defective copy of SMPDI was sufficient to associate with more
than two-fold increased risk of sporadic, adult-onset PD. In contrast,
complete loss of SMPDI function causes childhood-onset NPD-A/B.
Bearing in mind that ASM encoded by SMPDI catalyzes the conver-
sion of sphingomyelin to phosphocholine and ceramide®, previous
investigators observed significant differences in sphingomyelin
and ceramide lipid species between postmortem brains from PD
cases compared to brains from non-PD donors**”’. Taken together,
the spectrum of functional SMPD1 alleles detected in our large-scale
sequencing study affirm a role for ASM in the pathobiology of neu-
rodegenerative diseases.

Limitations

Our study has several limitations. First, we were unable to assess
the effects of co-carrying functionally deficient variants in both
GBAI and SMPD1, as we observed only eight individuals who car-
ried protein-altering variants in both GBAI and SMPDI. Of these,
two were PD cases who carried a known pathogenic variant in GBAI
(p.Leu483Pro) withSMPD1 (p.Pro332Arg). Their variable age of disease
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onset (48 years and 62 years) is in keeping with the high genetic het-
erogeneity observed insporadic PD. Future work involving more par-
ticipants carrying mutations in both genes will be needed to resolve
the question of possible interaction between both genes. Second,
the concordance between our in vitro ASM activity assays and pre-
viously reported measurements based on dried blood spots was
approximately 50%°®. This discordance could reflect variability in
laboratory techniques as well as opportunities to perform experiments
in multiple biological replicates for more accurate ascertainment of
enzymatic activity. Reassuringly, one such discordant variant (SMPD1
p.Ala487Val) was re-assayed by a third party, and their conclusions
agreed with our findings that this variant does not qualify as func-
tionally deficient®. Finally, large sample sizes are typically required
for rare variant association studies. In our current Discovery cohort,
we had more than 90% power (Extended Data Fig. 8) to detect genes
such as GBAI with large effect sizes (OR > 5) and at combined carrier
frequencies of approximately 0.5% in the population and also genes
such as SMPD1 with smaller effect sizes (OR -~ 2) but at higher combined
carrier frequencies of 1-1.5% in the population (contributed, in part,
by the p.Pro332Arg variant). Larger multi-center studies will facilitate
the discovery of genes with similar effect sizes to GBAI and SMPDI but
present at lower carrier frequencies in the population.

Conclusion

From our study, we suggest that rare independent alleles in SMPD1
thatimpair ASM activity are associated with increased risk of PD. Our
findings will inform further work on understanding the role of sphin-
golipid and ceramide metabolismas well asthe role of rare, functionally
deficient alleles in associated genes in PD pathogenesis.

Methods

Study design and participants

Discovery exome sequencing. PD cases together with ancestry-
matched and geographically matched controls were recruited by six
independent study groups from five regions across East Asia (SG,
MAL, HK, KR and TW). A total of 4,298 PD cases and 5,512 controls
wereincluded inthe final analysis (Supplementary Tables1and 2). A
diagnosis of PD was reached using the United Kingdom Parkinson’s
Society Brain Bank Criteria. The controls were healthy individuals
who do not have any overt neurological diseases. Written informed
consent was obtained from each participant in strict adherence to
the Declaration of Helsinki. This study was approved by the ethics
committees or institutional review boards of the respective insti-
tutions (SingHealth Centralized Institutional Review Board CIRB
2002/008/A and 2019/2334 and Nanyang Technological University
Institutional Review Board IRB-2016-08-011). The study was con-
ducted from1January 2016 to 31 December 2022. This study followed
the Strengthening the Reporting of Genetic Association Studies
(STREGA) guidelines.

Replication datasets. Published sequencing datafrom 5,585 PD cases
and 5,642 controls from China, the United States and the International
PD Genomics Consortium (IPDGC, samples from the United States and
Europe) were evaluated for replication of significant findings from the
Discovery WES analysis (Supplementary Table 16).

For the Chinese dataset, a total of 1,440 sporadic early-onset PD
cases, 477 autosomal dominant or autosomal recessive PD cases, 1,962
sporadic late-onset PD cases and 2,931 controls from Changsha were
included® (referred to as the ‘Zhao’ dataset/stratum). For the IPDGC
dataset, atotal of 691 sporadicearly-onset PD cases, 465 early-onset PD
cases with positive family history of PD and 1,679 controls of Northern
and Western European ancestry were included® (referred to as the
‘Robak’ stratum). For the United States dataset, atotal of 550 PD cases
and 284 controls from New York were enrolled*. This dataset was
enriched with an additional 748 controls from neighboring Boston®

(referred to as the ‘Alcalay-Boston’ stratum). SMPDI1 variants analyzed
inall11,227 Replication samples were from sequencing data obtained
using similar experimental methods fromboth PD cases and controls.
No population databases (for example, gnomAD or UK Biobank) were
usedinlieuof sequenced controls, which circumvented the introduc-
tion of bias in coverage and variant calling.

Whole-exome capture and sequencing

Peripheral venous blood was drawn from each consenting par-
ticipant, and DNA extraction was performed using routine labo-
ratory methods. DNA for WES was sheared using a Covaris LE220
Focused-ultrasonicator, and libraries were prepared using NEB-
Next Ultra Il DNA Library Prep Kit for Illumina (New England Bio-
labs (NEB)). Exomes were captured using SeqCap EZHuman Exome
Library version 3.0 kits or KAPA HyperExome Probes (both from
Roche NimbleGen). Libraries from PD cases and controls were
barcoded and sequenced together in batches of 96 samples using
2 x151-bp paired-end reads on Illumina instruments (HiSeq 4000
and NovaSeq 6000 systems) to achieve an average of 63x coverage
depth across captured target regions, with at least 95% of targeted
exons covered by at least 10 reads. All samples were processed in
the samelaboratory.

Bioinformatics processing, variant calling and quality
controlfiltering

Forthe Discovery WES dataset, raw DNA sequence reads from all sam-
ples (with case-control status blinded) were mapped to the human
reference genome build hgl9 (GRCh37) using the Burrows-Wheeler
Aligner MEM algorithm (BWA version 0.7.17) (Supplementary Fig. 1).
Variant calling was performed using the Genome Analysis Tool Kit
(GATK, version 3.7)% and the Picard software package (version 2.21.7,
http://broadinstitute.github.io/picard/) following GATK Best Practices
Guidelines®. Variant quality score recalibration (VQSR) was performed
to exclude low-quality variant calls.

Additional quality control procedures were performed using
VCFtools (version 0.1.16)%*, BCFtools (version 1.9)°, PLINK (version
1.9)° and the Fratools PERL package (version 1, https://github.com/
atks/fratools) at genotype, variant call and sample quality check levels.
Low-quality genotype calls (read depth (DP) < 8 and genotype qual-
ity score (GQ) < 20) were excluded. Variants with low call rates in PD
cases/controls/all samples (<95%), failed tests for Hardy-Weinberg
equilibrium (P <1x107°) and high differential missingness between
PD cases and controls (P <1x10™*) were excluded from further analy-
ses. We removed PD cases with sex discordance between genetically
inferred sex from WES and patient records and samples showing poor
genotyping concordance (<95% concordance) between WES dataand
genome-wide association arrays. Samples with excessive heterozygo-
sity (>3.5 s.d. frommean), unusually high exome-wide singleton counts
and low genotyping completion rate (<95%) were also excluded. We
used identity-by-descent (IBD) analysis to identify related sample
pairs up to the third degree (IBD > 0.125). For these pairs, the sample
with the lower call rate was removed. Lastly, samples with outlying
genetic ancestry as visualized using ancestry PCA with 2,141 samples
from the 1000 Genomes Project reference panel®” and 268 samples
from the Singapore Genome Variation Project reference panel®® were
alsoremoved. Variant calling and filtering was done across all samples
equally regardless of affection status. All steps related to sample quality
checks are summarized in Supplementary Table 3.

Identification of rare damaging genetic variants

Single-nucleotide variants and small insertions/deletions were anno-
tated using Ensembl Variant Effect Predictor (VEP) software (version
104)®. Variant annotation was based on canonical transcripts defined in
Ensembl VEP. Rare variants were defined based on <1% allele frequency
in the WES dataset and the gnomAD East Asian population®’. Functional
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predictions for missense variants were derived from PolyPhen-2 (ver-
sion2.2.3r406)’°, and the VEP plugin LOFTEE (version 1.0.3)"' was used
for functional prediction of stop-gain/loss, splice site and frameshift
variants. Rare variants predicted to be pathogenic (probably or possibly
damaging) by PolyPhen-2/LOFTEE were termed ‘qualifying’ variants.
Rare variants predicted as loss of function (LOFTEE ‘high confidence’
prediction) weretermed PTVs. For the Replication datasets, published
variant lists fromwhole-exome and whole-genome sequencing of GBA1
and SMPDI1 were re-annotated based on the listed variant position in
the same way as the Discovery dataset using PolyPhen-2/LOFTEE and
Ensembl VEP software.

Validation by Sanger capillary sequencing

DNA samples from rare SMPDI allele carriers were polymerase chain
reaction (PCR) amplified and capillary sequenced to confirm the
rare allele calls from WES. PCR primers were designed using Primer3
(https://primer3.ut.ee/; Supplementary Tables 11and 20).

ASM activity assay

To assess ASM activity associated with SMPDI variants observed, we
generated HEK293T cell lines that contain individual SMPDI variants
(Supplementary Table 21 and Supplementary Methods) and conducted
afluorescence-based assay to measure ASM activity.

We transduced HEK293T cell lines with individual SMPDI variants
cloned into the lentiviral pLVX-CMV vector containing a puromycin
selection marker’” by standard lentiviral transduction methods. Frag-
ments containing SMPDI variants were generated by one of the three
approaches. In the first approach, SMPDI allele was generated from
two separate overlapping fragments containing the variant-specific
mutation. These two fragments were amplified from the open reading
frame of the SMPDI canonical transcript ENST00000342245.4 using
primer pairs (Supplementary Table 21). One fragment will be gener-
ated from amplification with the forward end primer (SMPD1_FWD)
and variant-specificreverse primer, whereas the other fragment willbe
generated from amplification with the variant-specific forward primer
andreverse end primer (SMPD1_REV). Both fragments and the linearized
pLVX-CMV vector were joined by Gibson assembly (NEB, E2621S).In the
second approach, asingle fragment for SMPDI alleles close to the 3’ or 5’
ends of the SMPDI open reading frame was produced by incorporating
the variant-specific mutation into the variant-specific primer by PCR.
The single fragment and the linearized pLVX-CMV vector were joined
by Gibson assembly (NEB, E2621S). In the third approach, fragments
for SMPD1 alleles that were technically challenging to generate with the
PCR-based approach were synthesized using the GenBrick synthesis
service from GenScript, before restriction digestion and ligation with
thelinearized pLVX-CMV vector. Sanger sequencing was conducted on
all generated plasmids to confirm variant sequences before transduc-
tioninto HEK293T cells.

Transduced cells underwent selection in puromycin-containing
media for 4 d. Western blotting was conducted with anti-SMPD1 anti-
body (R&D Systems, MAB5348) to verify successful transduction by
ascertainment of SMPD1 expression. A total of 126 cell lines expressing
wild-type SMPDI and 125 individual protein-altering SMPDI genetic
variants were made (122 rare variants and three common variants;
Supplementary Table 17).

To measure ASM activity associated with each SMPDI1 genetic
variant, cells were sonicated with protease inhibitor (Roche,
05056489001). Then, 10 pg of extract was tested for ASM activity
inreplicates (n = 3-6) using a fluorescence assay with synthetic sub-
strate HMU-PC (Biosynth, EH31028)">. We measured the ASM activity
of each SMDPI allele as the amount of fluorescent signal generated
over1hat37°C. Measured activity for each variant was presented as
percentage reductioninactivity as compared to wild-type SMPDI that
was calculated based onlog, fold change of signal per replicate by the
average wild-type signal.

Insilico structural analysis of p.Pro282Thr, p.Tyr500His and
p.-Asnl77Tyr variants

Steric clashes due to p.Pro282Thr, p.Tyr500His and p.Asn177Tyr
mutations were evaluated using the mutagenesis toolbox in PyMol
(version2.5.2) based on the atomic coordinates of human ASMbounded
with zinc and phosphocholine (Protein Data Bank (PDB) ID: 5185).

Expression of PD-associated genes in single-cell
transcriptomics dataset

Single-nuclei transcriptomics data from four midbrain or substantia
nigrastudies, which consisted of 17 PD cases and 27 controls™ "7, were
downloaded from the Gene Expression Omnibus (Supplementary
Table5).

Quality control and filtering were conducted with Seurat (version
4.3.0.1)"® to retain cells with mitochondrial gene content less than
5%,200-5,000 total genes expressed and singlets as identified with
scDbIFinder (version1.15.2)°. A total of 117,338 single cells from 17 PD
cases and 156,035 single cells from 27 controls remained after quality
control and filtering. Gene expression measurements for retained
cells were normalized with the SCTransform function and integrated.
Dimensionality reduction by PCA and Uniform Manifold Approxima-
tion and Projection (UMAP) embedding was performed, followed by
visualization of clustering stability with clustree (version 0.5.0). Cell
clusters were annotated with known cell type markers for neuronal,
glial, endothelial celland immune cell types (Supplementary Table 7).
The expression of PD-associated genes was assessed across the anno-
tated cell types. Differential gene expression between PD and control
for each cell type was assessed with the Seurat FindMarkers function
using the Wilcoxon rank-sum test.

Postmortem midbrain samples

Snap-frozen human postmortem brain tissue samples were acquired
fromthe Multiple Sclerosis and Parkinson’s Tissue Bank (Imperial Col-
lege London, Hammersmith Campus). Samples from the substantia
nigra pars compacta (SNpc) region were obtained from two PD cases
and one control (no PD clinical history and no PD-associated neuropa-
thology). Writteninformed consent was obtained fromeach donorin
strictadherence to the Declaration of Helsinki. All neuropathological
diagnoses were made based on the BrainNet Europe protocol® %,
This research was approved by the Nanyang Technological University
Institutional Review Board (IRB-2016-12-029 and IRB-2018-09-052) and
the National Research Ethics Committee (08/MRE09/31and National
Health Service REC no. 18/SW/0029).

Protein expression of GBAl1and SMPD1in brain tissues

Western blotting and immunohistochemistry were conducted for
SMPD1 and GBA1 on snap-frozen postmortem SNpc sections from
two PD cases and one control by lysis in RIPA buffer (Thermo Fisher
Scientific) containing protease and phosphatase inhibitors (Thermo
Fisher Scientific) onice for 20 min, followed by 15-min centrifugation
at12,000g at 4 °C. Then, 5% 2-mercaptoethanol (Sigma-Aldrich) and
2x Laemmlisample buffer (Bio-Rad) were added to the protein lysates
before heating at 95 °C for 5 min. Western blotting was then conducted
on 35 pg of tissue lysate with anti-SMPD1 antibody (1:1,000 dilution;
R&D Systems, MAB5348), anti-GBA1 antibody (1:100 dilution; Santa
Cruz Biotechnology, sc-166407) and anti-GAPDH antibody (1:1;,000
dilution; Bio-Rad, VMA00046).

Immunohistochemistry was conducted on snap-frozen post-
mortem SNpc tissues from the same two PD cases and one control
by fixing snap-frozen tissue sections (10 pm thick) with 10% neu-
tral buffered formalin for 30 min and cold methanol for 10 min.
Blocking was conducted for 1 hwith 2.5% normal goat serum (Vector
Laboratories) before incubation with anti-SMPD1 antibody (1:500
dilution; R&D Systems, MAB5348), anti-GBA1 antibody (1:50 dilu-
tion; Santa Cruz Biotechnology, sc-166407), anti-GAPDH antibody
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(1:1,000 dilution; Bio-Rad, VMA00046), anti-TH (1:200 dilution;
Abcam, ab137869) and anti-HuC/D (1:500 dilution; Life Technolo-
gies, A-21271) overnight at 4 °C. Sections were incubated in 0.3%
hydrogen peroxide for 10 min before adding ImmPRESS horseradish
peroxidase polymer reagent (Vector Laboratories) for 1 h. The slides
were subsequently developed with an InmPACT-DAB substrate kit
(Vector Laboratories) with Mayer’s hematoxylin as counterstain.
Sequential dehydration in 70%, 90% and 100% IMS was done, fol-
lowed by clearing in 100% xylene. The sections were then mounted
with DPX mountant (Sigma-Aldrich).

Immunostaining for SMPD1 co-localization with lysosomes
Immunostaining for SMPD1 was conducted on LysoTracker Red-
stained HEK293T wild-type SMPD1 cells and HEK293T cells contain-
ing empty vector. HEK293T wild-type SMPD1 cells and HEK293T cells
containing empty vector were seeded on Cell-Tak-coated coverslips
(Corning, 354240) and cultured for 48 h. Cells were then treated with
5nMLysoTracker Red DND-99 (Thermo Fisher Scientific, L7528) for
45 min and fixed with 4% (v/v) paraformaldehyde (Thermo Fisher
Scientific, FBO02) for 15 min at room temperature. Cells were per-
meabilized with 0.1% Triton X-100 (Sigma-Aldrich, T9284) for 10 min
and blocked with 5% BSA (Sigma-Aldrich, SRE0036) for 1 h (both at
room temperature). Incubation with anti-SMPD1 antibody (1:500
dilution; R&D Systems, MAB5348) was conducted overnight at
4 °C, followed by incubation with goat anti-mouse Alexa Fluor Plus
488 (1:500 dilution; Thermo Fisher Scientific, A32723) for 2 h at
room temperature. DAPI counterstaining was conducted, and cov-
erslips were mounted for confocalimaging ona Zeiss LSM 800 con-
focal laser scanning microscope, with image acquisition with the
x63 objective.

Statistics and reproducibility

Gene-based association testing. We tested whether any of the 17,396
autosomal genes across the human exome bear an excess or deficit of
‘damaging’ mutational burden in PD cases compared to controls. For
the Discovery cohorts, astratified Cochran-Mantel-Haenszel (CMH)
test without continuity correction was used to evaluate gene-based bur-
denacross the exomes of participants from the five countries studied
(Supplementary Table 2). Singapore and Malaysia (SG/MAL) samples
were considered as one stratum due to the similarity in genetic back-
ground (as evidenced by PCA of SG/MAL samples; Supplementary
Figs. 2 and 3). Haldane-Anscombe correction on OR was applied on
carrier count matrices with at least one zero count®>**, We also evalu-
ated gene-based burden with SKAT-O% after adjustment for per-sample
variant counts, average per-sample coverage and principal compo-
nents (PC1-PC3) as covariates.

Exome-wide significance was preset at P< 2.5 x 107 (two-tailed),
based on multiple hypothesis testing correction for an estimated
20,000 protein-coding genes in the human genome. Genome-wide
significance threshold was set at 5 x 10°%, following the standard thresh-
oldin GWASs.

Replication of SMPDI and GBA1 association. For the Replication
cohorts, the same CMH test without continuity correction was con-
ducted on atotal of 5,585 PD cases and 5,642 controls from China, the
United States and the IPDGC (Supplementary Table 16) in a stratified
meta-analysis as performed for the Discovery cohorts. Gene-based
testing of SMPDI qualifying variants was conducted across seven
strata consisting of four Discovery cohorts (SG/MAL, HK, KR and TW)
and three Replication cohorts (Zhao, Robak and Alcalay-Boston) with
SMPD]1 data available. Gene-based testing of GBAI qualifying variants
was conducted across six strata consisting of four Discovery cohorts
(SG/MAL, HK, KR and TW) and two Replication cohorts (Zhao and
Robak) with GBAI data available. Data are presented as OR and 95% Cl.
All Pvalues presented are unadjusted.

Association of variant carrier status with PD onset. Association test-
ing of SMPD1, HLA-DRBI and GBA1 variant carrier status with age of PD
onset was conducted with two-tailed t-tests on 4,149 of 4,298 PD cases
that have available information on PD onset age.

Association of SMPDI1 variant carrier status with polygenic risk
score. Associationtesting of SMPDI variant carrier status with polygenic
risk score was also conducted using a two-tailed ¢-test. Polygenic risk
scorewas based on atotal of 67 genome-wide significantloci fromboth
East Asian and Europeanstudies presented in our analysis. Thisincluded
11locireaching genome-wide significance in the East Asian GWAS*’ and
78 Europeanrisk loci fromNalls et al.”. At nine loci that overlap between
East Asianand European, the East Asian risk SNP was used, as described
inFooetal.”. Ofall 80 (78 + 11 - 9) unique SNPs that were considered, 67
were polymorphicand passed genotyping/imputation quality control
filtering in the PD case and control samples analyzed in this study***°.

ASM activity assay. Cell lines bearing SMPDI variant alleles were
assayed across different plates. To correct for plate-to-plate variation,
areference cell line expressing wild-type SMPDI alleles was always
assayed together with the cell lines bearing SMPD1 variant alleles.
This allowed for direct comparison of fluorescent signal from SMPD1
variant-containing cell extracts with that from the SMPD1 wild-type
reference cell line within each batch of experiment.

To assess passage-to-passage activity variation, we randomly
selected eight cell lines containing eight different SMPDI variants and
measured their resultant ASM activities using the same ASM activity
assay in technical triplicates. The measured ASM activity of all eight
variants relative to wild-type SMPDI remained highly concordant
between passages (Supplementary Fig. 7).

Association of SMPDI1 variant ASM activity levels with domain
localization. Rare SMPDI variants were classified by their localization
to proteindomains across the ASM protein and their effect on protein
tertiary structure integrity based on protein crystallography studies
(PDB: 5181). Two-sided t-tests were used to compare ASM activity levels
across each category.

Statistical analysis of ASM activity in Discovery and Replication
cohorts. Because ASM enzymatic activity was measured as a continu-
ous variable, we used iterative linear discriminant analysis to explore
enzymatic activity thresholds in which variants below atested thresh-
old would be classified as ‘impaired function’. This was done to obtain
the best discrimination (in terms of P value) between PD cases and
controls. Only functionally impaired variants with enzymatic activities
below the defined threshold were included in the revised stratified
CMH test for SMPDI.

Immunostaining for SMPD1 co-localization with lysosomes. Each
cellline was plated forimmunostaining assay on coated coverslips in
three wells across asix-well plate. After culturing and immunostaining
procedures described above, one field of view was captured from each
well, resulting in three fields of view captured per condition.

Protein expression and immunostaining of GBA1 and SMPD1 in
brain tissues. The substantia nigra region was present in only 2-3
slices (10 pm) in each brain tissue block. As such, one slice per sample
(two PD cases and one control) was lysed for western blotting for GBA1,
SMPD1and GAPDH protein expression, and one other slice per sample
(two PD cases and one control) was used for immunohistochemistry
for SMPD1, GBA1, TH and HuC/D.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

Allunrestricted dataare available fromthe corresponding author upon
reasonable request. Summary statistics canbe found in Supplementary
Table 22. Western blots are provided as Supplementary Data. Acid
sphingomyelinase (ASM) enzymatic activity assay absorbance read-
ings are provided as Source Data. Individual-level genotype data are
not publicly available because of consent and privacy issues but will be
madeavailable uponreasonable request to].N.F. (jianee.foo@ntu.edu.
sg; response timeframe of 1 month) and after approval by the relevant
institutional review board. Midbrain single-nuclei RNA sequencing
datasets used are available from the Gene Expression Omnibus as
detailed in Supplementary Table 5. Protein crystallography of ASM
tertiary structure is available from the Protein Data Bank (ID: 5185).

Code availability

The codes used in this study can be found on GitHub (https://github.
com/fjnlab/PD_exome-seq). Software and software packages used
includethe following:R (version4.0.2) and R packages data.table (ver-
sion1.14.0), dplyr (version1.0.5), tidyr (version1.1.2), ggplot2 (version
3.3.6), forestplot (version2.0.1), stats (mantelhaen.test, version 4.3.1)
and SKAT (version 2.2.5); BWA (version 0.7.17); GATK (version 3.7);
Picard (version 2.21.7); VCFtools (version 0.1.16); BCFtools (version
1.9); PLINK (version 1.9); Fratools PERL package (version 1, https://
github.com/atks/fratools); Ensembl Variant Effect Predictor (VEP)
software (version 104); ANNOVAR (version dated 2020-06-07); VEP
plugin LOFTEE (version1.0.3); PolyPhen-2 (version 2.2.3r406); dbNSFP
(version 3.5a); Seurat (version 4.3.0.1); scDblFinder (version 1.15.2);
clustree (version 0.5.0); and PyMol (version 2.5.2).
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Extended Data Fig. 1| Quantile-Quantile plot of all autosomal genes from the burden after adjustment for principal components (PC1-PC3), per sample variant
Discovery dataset. A stratified CMH test without continuity correction was used counts and average per sample coverage (“P,;”) indicated by red circles. Details in
to evaluate gene-based burden across the exomes of the study participants from Supplementary Table 22.
the 5 countries studied (“P.yy”) and indicated by blue circles. SKAT-O gene-based
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Extended Data Fig. 2| Replication of GBAI association in Chinese and European datasets based on rare predicted pathogenic variants. CMH without continuity

correction used across strata. Data presented as OR and 95% confidence interval (Cl).
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Extended Data Fig. 3| Distribution of ASM enzymatic activity levels of rare
SMPD1 variants inrelation to protein domain localisation and tertiary
structure integrity. (a) Each rare SMPDI variant was classified by its localization
to protein domains across the ASM protein, namely the signalling peptide

(12 variants), saponin (12 variants), proline linker (7 variants), metallophosphate
(70 variants), and C terminus (19 variants). (b) Each rare SMPDI variant was
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classified by its effect on ASM protein tertiary structure integrity as benign

(15 variants), deleterious (27 variants) and uncertain (7 variants). Analysis for both
panels are based on protein crystallography of ASM tertiary structure (PDB: 5i81).
Median, 25th-75th quartiles, whiskers of 1.5x IQR shown in boxplot. Two-sided
t-test: P< 0.05indicated by *, P < 0.01lindicated by **; P< 0.001indicated by ***.
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Extended DataFig. 4 | Forest plot of PD associations with rare SMPD1 variants metallophosphate domain, and (f) localized to the C terminus. Effect of variants
from Discovery and Replication datasets that (a) affect ASM tertiary onASMtertiary structure and localisation based on protein crystallography of
structure, (b) localized to the signaling peptide, (c) localized to the saponin ASMtertiary structure (PDB: 5185). CMH without continuity correction used across
domain, (d) localized to the proline-rich linker, (e) localized to the catalytic strata. Data presented as OR and 95% confidence interval (CI).
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Extended Data Fig. 5| See next page for caption.
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Extended Data Fig. 5| Onset ages of Parkinson’s disease cases that carry (carriers:median=60.0 years of age, range = 32-86 years of age; non-carriers:
rare deleterious variantsin GBA1and SMPD1. (a) Carriers of GBAI qualifying median=62.0 years of age, range = 22-92 years of age; t-test P= 0.426). (c) Onset
variants were diagnosed with Parkinson’s disease almost 7 years younger than agesin carriers of both GBAI and SMPDI qualifying variants. Median, 25th-75th

non-carriers (carriers: median = 55.0 years of age, range = 29-78 years of age; non- quartiles, whiskers of 1.5x IQR shown in boxplot. ***indicates two-sided ¢-test
carriers: median = 62.0 years of age, range = 22-92 years of age; t-test P=3.32 x10™). P=3.32x10™,
(b) Carriers of SMPD1 qualifying variants had similar onset age as non-carriers
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Extended DataFig. 6 | Polygenicrisk scores of individuals based on SMPDI functionally deficient variant carrier status. Polygenic risk scores of 60 cases and
27 controls which carry SMPDI functionally deficient variant shown. Median, 25th-75th quartiles, whiskers of 1.5x IQR shown in boxplot.
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Extended Data Fig. 7 | Forest plots of PD associations with (a) HLA-DRBI qualifying variants and (b) ATP5B qualifying variants. CMH without continuity
correction used across strata. Data presented as OR and 95% confidence interval (CI).
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Extended Data Fig. 8 | Statistical power to identify Parkinson’s disease-
associated genes at exome-wide significance. Statistical power to identify
PD-associated genes at exome-wide significance (alpha=2.5x10) is dependent
onsamplesize, the combined carrier frequency in the population and effect size
(oddsratio) of the variants in each gene. Based on our current Discovery cohort
size 0f 4,298 PD cases and 5,512 controls, we had >90% power to detect genes like
GBA1with large effect sizes (OR > 5) and at combined carrier frequencies ~ 0.5% in

the population, and also genes like SMPDI with smaller effect size (OR - 2) but at
higher combined carrier frequencies of 1-1.5% in the population (contributed in
part by the SMPD1 p.Pro332Arg variant). Genes with similar variant effect sizes as
SMPDI may be missed if they are present at lower combined carrier frequencies
of 0.9% or less. Similarly, genes with variant effect sizes comparable with GBAI
willbe missed if they are present at combined carrier frequencies of 0.1% or less.
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Reporting on sex and gender Sex of discovery samples were genetically inferred from exome sequencing data (sequencing coverage of X and Y
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Reporting on race, ethnicity, or All discovery samples were recruited from countries in East Asia and the majority self-reported as Chinese or South Korean

other socially relevant ethnicity/ancestry. Principal components analysis was carried out using genotypes from sequencing data to remove genetic

groupings outliers from admixed or minority ancestry groups for the final analysis (Supplementary Figure 2). Samples from the
replication cohorts were from published datasets and specified as samples of Chinese or European ancestry by the authors.

Population characteristics Participants in this study were from resident East Asian populations in Singapore, Malaysia, Hong Kong, Taiwan and South
Korea. All samples in the final analysis was confirmed to be of East Asian (Chinese/South Korean) ancestry by principal
components analysis using genotypes derived from exome sequencing data. Subsequent analysis was adjusted on principal
components (PC1-PC3), per sample variant counts and average per sample coverage as covariates.
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males. Population characteristics of 5,512 neurologically normal controls are as follows: 65.2+9.4 years, 46.88% males.
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Recruitment sites are detailed in Supplementary Table 1.

Ethics oversight This study was approved by the ethics committees or institutional review boards of the respective institutions (SingHealth
Centralized Institutional Review Board CIRB 2002/008/A and 2019/2334 and Nanyang Technological University Institutional
Review Board IRB-2016-08-011). Research with post-mortem human brain tissues was approved by the Nanyang
Technological University Institutional Review Board (IRB-2016-12-029 and IRB-2018-09-052) and National Research Ethics
Committee (08/MRE09/31 and NHS REC No 18/SW/0029).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The discovery cohort consists of 4,298 cases and 5,512 controls from five regions across East Asia (Singapore, Malaysia, Hong Kong, South
Korea and Taiwan). We had >90% power to detect genes with large effect sizes (OR>5) and at combined carrier frequencies ~0.5% in the
population, and also genes with smaller effect size (OR ~2) but at higher combined carrier frequencies of 1-1.5% in the population. Refer to
Extended Fig. 8 for statistical power calculations.

Data exclusions 4,915 cases and 5,971 controls were recruited for this study. 617 cases and 459 controls did not pass sample quality control and were
excluded from the final analysis. 4,298 cases and 5,512 controls remained after sample quality control. Details of sample numbers that failed

each step of sample quality control is listed in Supplementary Table 3.

Replication Published sequencing data from a total of 5,585 PD patients and 5,642 controls from China, United States, and the International PD Genomics
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Replication Consortium (samples ascertained from the United States and from Europe) were evaluated for replication of significant findings from the
discovery exome sequencing analysis. See Supplementary Table 15 for details of replication cohorts. The association of rare SMPD1 variants
with less than 43.58% of acid sphingomyelinase activity level was successfully replicated in the replication cohort.

Randomization  Sample allocation into case and control groups was not random and based upon Parkinson's disease diagnosis. A diagnosis of Parkinson's
disease was reached using the United Kingdom Parkinson’s Society Brain Bank Criteria. Conversely, the controls were healthy subjects that do
not have any overt neurological diseases.

Blinding Variant calling/identification and annotation was carried out blinded to affection status of samples. Functional testing of SMPD1 variants was

also carried out blinded to affection status of the sample in which they were identified. Blinding was not possible during the association
analysis as samples had to be classified into case or controls for the analysis process.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Antibodies

Antibodies used Primary Antibodies:
SMPD1 antibody (R&D Systems, Catalog number: MAB5348, Clone name: 563418, Lot number: CEIM0121101)
GBA1 antibody (Santa Cruz, Catalog number: sc-166407, Clone name: B-6, Lot number: 10122)
GAPDH antibody (Bio-rad, Catalog number: VMA00046, Clone name: NA, Lot number: 151149)
TH antibody (Abcam, Catalog number: ab137869, Clone name: EP1532Y, Lot number: GR3370594-6)
HuC/D antibody (Life Technologies, Catalog number: A-21271, Clone name: 16A11, Lot number: 1963099)

Secondary Antibodies:
Goat anti-mouse Alexa Fluor Plus 488 (ThermoFisher Scientific, Catalog number:A32723, Lot number: YH376193)

Validation All primary antibodies were used according to manufacturer's recommended dilutions for immunohistochemistry or Western
blotting, and validated for compatibility with Human by the manufacturer or previous publications as documented by the
manufacturer.

Primary Antibody / Published Species / Application / Citations

SMPD1 antibody (MAB5348) (https://www.rndsystems.com/products/human-smpd1-antibody-563418_mab5348) / Human /
Immunoprecipitation / Cited in 1 publication for western blotting

GBA1 antibody (sc-166407) (https://www.scbt.com/p/beta-glucosidase-antibody-b-6?
srsltid=AfmBOoqL9Y7boaemTSx-9WWa2LGlakluiCWI7JdbFrbgtmDug2LNrEFJ) / Mouse, Rat and Human / WB, IP, IF, IHC(P), ELISA /
Cited in 7 publications

GAPDH antibody (VMAQ0046) (https://www.scht.com/p/gapdh-antibody-04117?
gad_source=1&gclid=CjOKCQjwsJO4BhDoARISADDvAvAnhtOrIT_tVdOfFbOCPjhF3mhkv2OcTItk1flJrI6TAbXc65UKKYOaA084EALW_wcB)
/ Human / WB, IP, IF and IHC(P) / Cited in 3,228 publications

TH antibody (ab137869) (https://www.abcam.com/en-us/products/primary-antibodies/tyrosine-hydroxylase-antibody-ep1532y-
neuronal-marker-ab137869) / Mouse, Rat, Human / IHC-P, WB, ICC/IF / Cited in 69 publications

HuC/D antibody (A-21271) (https://www.thermofisher.com/antibody/product/HuC-HuD-Antibody-clone-16A11-Monoclonal/
A-21271) / Avian, Chicken, Human, Zebrafish / WB, IHCC, IF, Flow, ELISA / Cited in 15 publications for western blotting and 323
publications for IHC

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) 293T from ATCC, catalog number ATCC CRL-3216

Authentication STR profiling conducted by ATCC
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Mycoplasma contamination All cell lines tested negative for mycoplasma contamination

Commonly misidentified lines No commonly misidentified lines were used in this study

(See ICLAC register)

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. ) )
Describe-any-atithentication-procedtres foreach seed stock tised-ornovel- genotype generated—Describe-any-experiments-tsed-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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