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Abstract

Obijective: This work was undertaken in order to identify Parkinson’s disease (PD) risk variants
in a Latino cohort, to describe the overlap in the genetic architecture of PD in Latinos compared to
European-ancestry subjects, and to increase the diversity in PD genome-wide association (GWAS)
data.

Methods: We genotyped and imputed 1497 PD cases and controls recruited from nine clinical
sites across South America. We performed a GWAS using logistic mixed models; variants with a
p-value < 1x107> were tested in a replication cohort of 1,234 self-reported Latino PD cases and
439,522 Latino controls from 23andMe, Inc. We also performed an admixture mapping analysis
where local ancestry blocks were tested for association with PD status.

Results: One locus, SNCA, achieved genome-wide significance (p-value < 5x1078); rs356182
achieved genome-wide significance in both the discovery and the replication cohorts (discovery,
G allele: 1.58 OR, 95% CI 1.35-1.86, p-value 2.48x1078; 23andMe, G allele: 1.26 OR, 95% ClI
1.16-1.37, p-value 4.55x1078). In our admixture mapping analysis, a locus on chromosome 14,
containing the gene S7T.XBP6, achieved significance in a joint test of ancestries and in the Native
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American single-ancestry test (p-value < 5x107°). A second locus on chromosome 6, containing
the gene RPS6KAZ, achieved significance in the African single-ancestry test (p-value < 5x107°).

Interpretation: This study demonstrated the importance of the SNCA locus for the etiology of
PD in Latinos. By leveraging the demographic history of our cohort via admixture mapping, we
identified two potential PD risk loci that merit further study.

Introduction

Parkinson disease (PD) is truly a global disease, impacting all ethnic groups and imposing
an increasing social and economic burden worldwide.12 Despite this, GWAS efforts to

date have been limited to individuals of European and East Asian ancestry.1:3-5 This under-
representation is not limited to PD; nearly 80% of all study participants represented in the
GWAS Catalog are of European descent.6 As of 2018, only 1.3% of study participants in the
GWAS Catalog are Hispanics/Latinos, 0.03% are Native American, and 2.4% are African.5
This risks missing population-specific variation, and creating biased polygenic risk scores
due to differences in linkage disequilibrium structure.5-8

PD incidence rates are rising in nearly every global region?, highlighting the need for greater
diversity in PD consortiums. In the United States, studies of Medicare beneficiaries and

of a private insurance company’s members found the age-adjusted PD incidence rate to be
highest in Hispanics/Latinos among the surveyed ancestries.®10 Furthermore, few genetic
studies have been done in Latino and the existing studies have exclusively utilized candidate
gene approaches.1112 The Latin American Research Consortium on the Genetics of PD
(LARGE-PD) formed in 2009 to fill this gap.13 LARGE-PD is an ongoing effort of 35
institutions in 12 countries across the Americas and the Caribbean. Here we performed the
first GWAS of Latino PD patients from South America composed of 1,497 subjects from
LARGE-PD and 8.7 million variants obtained using a genotyping array and an imputation
reference panel optimized for diverse subjects.1

Materials and Methods

Sample Recruitment and Genotyping

1,504 LARGE-PD samples from Uruguay, Peru, Chile, Brazil, and Colombia were recruited
from 2007 to 2015 and genotyped using the Multi-Ethnic Genotyping Array (MEGA)

from Illuminal4 at the Genomics Core at the University of Washington. The MEGA array
was designed to accurately genotype diverse samples and provides suitable coverage for
imputation. After quality control (see below), the discovery cohort consisted of 807 PD
cases and 690 controls (see Table 1). PD patients were evaluated by a local movement
disorder specialist using the UK PD Society Brain Bank clinical diagnostic criteria
(UKPDSBB).1® Individuals who did not exhibit neurological symptoms were selected as
controls. All participants provided written informed consent according to their respective
locale’s national requirements.
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Quality Control

Imputation

We converted the raw genotype data to PLINK format and carried out quality control (QC)
steps using PLINK 1.9.16 We removed unaligned, duplicated, non-autosomal, monomorphic
variants prior to filtering. We also filtered for HWE using a p-value threshold of less than
1x1078 in controls and 1x10710 in cases'” and a genotype missingness filter of 5%. No
samples failed due to missing greater than 5% of genotyped sites and the ascertained sex
of all samples matched the sex inferred from the X chromosome. Overall, 1,497 samples
and 1,240,909 bi-allelic variants passed QC with an overall genotyping rate of 0.999. Out
of these samples, 1481 (798 cases) have complete age and sex records. Though initially
removed from the data set to ensure the highest quality variants were used for imputation,
the 79 variants with a p-value less than 1x10710 in cases for the HWE exact test were later
included in our GWAS.

We imputed the LARGE-PD dataset using the TOPMed Imputation Server (version rl)
which utilizes MINIMAC4 and a reference panel of 125,568 haplotypes from diverse
samples.18 This imputation panel has been shown to improve imputation for Hispanics/
Latinos.18:19 Variants unable to be lifted over to GRC38 or rectified via strand flips were
removed by the Imputation Server pipeline. We retained imputed variants if they had a
minimum imputation R? greater than 0.3.

Characterization of LARGE-PD Population Structure

To improve inference of LARGE-PD population structure, we merged LARGE-PD
genotyped variants with sequenced variants from the 1000 Genomes Project?0; the
intersection consisted of 606,977 variants. We then filtered the merged dataset for a
minimum minor allele frequency (MAF) of 1% and linkage disequilibrium (LD) pruning
using PLINK’s indep-pairwise with a window of 50 variants, a step of 5 variants and

a maximum R2 of 0.2 as its parameters. For the admixture analysis, we resolved pairs

of relatives by randomly removing one relative from each pair using KING’s unrelated
algorithm? and a threshold of second-degree relatedness. We ran ADMIXTURE?2Z with K
equal to 5, repeating the analysis 20 times using the random seed option and retaining the
repetition with the highest log-likelihood.

We performed principal component analysis (PCA) on all LARGE-PD subjects using the
PC-AiR23 and PC-Relate?4 methods that are implemented in the GENESIS package (https:/
www.bioconductor.org/packages/release/bioc/html/GENESIS.html). We first estimated a
kinship matrix using KING-robust?1, which PC-AIR then utilizes to partition the samples
into a mutually unrelated and ancestry-representative set of subjects, as well as a related

set. PC-AIR performs standard PCA on the set of unrelated individuals and then projects

the components of variation for the related set. We then estimated a kinship matrix using
PC-Relate with adjustment of the ancestry-representative PCs derived by PC-AIR. Finally,
we performed a second round of analyses of PC-AiR and PC-Relate using the kinship matrix
obtained in the previous step in order to generate the final PCs.
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Estimation of Additive Heritability (h?)

We estimated heritability using GCTA25 and imputed LARGE-PD variants and a method
developed by Yang et al. to correct for the bias due to LD.28 Imputed variants with a MAF
of at least 1% are stratified into four groups based on their LD score, followed by the
estimation of genetic relatedness matrices (GRMs) corresponding to each of the strata. We
restricted our heritability analysis to the unrelated subset of LARGE-PD up to the second
degree, as determined via KING?! in the same manner described in the admixture analysis.
We then estimated narrow-sense heritability using AI-REML in GCTA and the four stratified
GRMs, assuming a prevalence of 0.5% and including age, sex, the first five PCs, and
recruitment site as fixed effects.

Genome-Wide Association Study

We conducted a GWAS utilizing all samples from the imputed LARGE-PD cohort and
logistic mixed models implemented in the GENESIS R package.?” We included age, sex, the
first five PCs, and the GRM estimated using GCTA in our null model. We tested imputed
dosages against the null via a score test.

Fine Mapping
We identified the variants previously associated with PD in the GWAS Catalog.28 For novel
loci, we used FUMA to gather annotations and perform an eQTL mapping analysis with
GTEx data.2?-30 We determined the LD structure of the chromosome 4 peak using PLINK
1.9. We also utilized this LD information to create custom LocusZoom-style plots. We
determined the 95% credible set using PAINTOR 3.031 with neuronal and brain annotations.

Conditional Analysis

We performed a conditional analysis where we adjusted for rs356182, the lead SNCA
variant in European-ancestry PD analyses along with age, sex, and the first 5 PCs using
logistic mixed models implemented with the GMMAT package3? in R. We evaluated
p-values using two different p-value thresholds: the number of GWAS-significant variants
and the number of independent tests in the SNCA region.33 We then performed a stepwise
conditional analysis, adjusting for rs356182 and additional significant SNPs until no SNPs
remained statistically significant.

23andMe Replication of LARGE-PD GWAS Primary Results

We provided 23andMe with a list of variants to test as per their replication pipeline
guidelines. We selected 180 variants for replication with a minimum p-value of 1x107°
provided they met one of the following criteria: the top variant at a genomic locus (+/-
500 KB) or in the 95% credible set at the NRROS and SNCA loci. 23andMe tested

the set of identified variants via their replication pipeline and an independent cohort of
1,234 Hispanic/Latino subjects with self-reported PD status and 439,522 controls. All self-
reported PD cases and controls from 23andMe provided informed consent and answered
surveys online according to 23andMe’s protocol, which was reviewed and approved

by Ethical & Independent Review Services, a private institutional review board (http://
www.eandireview.com). Samples were genotyped on one of five genotyping platforms;
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for inclusion, samples needed a minimal call rate of 98.5%. Genotyped samples were
then phased using either Finch or Eagle234 and imputed using Minimac3 and a reference
panel of 1000 Genomes Phase 1114 and UK10K data.3> For this replication study, samples
were classified as Latino using a genotype-based pipeline36 consisting of a support vector
machine and a hidden Markov model, followed by a logistic classifier to differentiate
Latinos from African Americans. Unrelated individuals were included in the analysis, as
determined via identity-by-descent (IBD). Variants were tested for association with PD
status using logistic regression, adjusting for age, sex, the first five PCs, and genotyping
platform. Reported p-values were from a likelihood ratio test.

Replication of Previously Identified PD Risk Variants

We attempted to test 90 independent PD risk variants, previously identified by Nalls et

al. 20191, in LARGE-PD for association with PD. We successfully imputed 84 of the 90
variants. Five of the six variants that we were unable to impute were absent from the
TOPMed imputation reference panel due to failing TOPMed’s QC protocol; the remaining
variant was absent from the dataset. For this variant look-up, we applied the approximation
of the Wald test to the score test results from our primary GWAS in order to obtain beta
coefficients. In order to ensure fair comparisons, we removed strand ambiguous (CG/AT)
sites with a MAF greater than 30%. We also removed rare variants with a minor allele
count (MAC) of less than or equal to 10 in LARGE-PD. Beta coefficient correlations were
performed using Pearson’s method. In addition to the variants from Nalls et al. 2019, we
also performed a variant look-up of additional PD GWAS results from European and East
Asian-ancestry studies.3°

Quality Control- Admixture Mapping

For the admixture mapping, we employed a slightly modified quality control pipeline. We
converted the lllumina files to binary PLINK37 format. We excluded SNPs with missing
genotype > 0.10, HWE p-value <0.0001, and monomorphic SNPs, with a final genotyping
rate of 0.998. We did not need to exclude any of the subjects for low genotyping (maximum
missing genotype data of 0.10). The final admixture mapping analysis included all 1,497
subjects with both genotype and phenotype data, and 1,294,079 SNPs that passed quality
control filtering.

Admixture Mapping Analysis

We selected 63 unrelated individuals from CEU (Utah residents with Northern and Western
European ancestry from the CEPH collection) and YRI (Yoruba in Ibadan, Nigeria) samples
from the HapMap project phase 11138 (International HapMap Consortium, 2003), and

Native American (Pima, Maya and Colombian) samples from the HGDP project (https://
www.hagsc.org/hgdp/) to be used as references for European, African, and Native American
ancestral populations. We then merged the HapMap and HGDP reference datasets with our
1,497 LARGE-PD samples using PLINK, keeping 164,651 autosomal SNPs in common

to all datasets with an overall genotyping rate of 0.999. We performed a joint phasing of
LARGE-PD and reference samples using Shapeit23° and an additional reference panel of
phased haplotypes from 1000 Genomes project, phase IlI.
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We performed the local ancestry estimation using RFMix4?, version 1.5.4, considering the
trihybrid ancestry (European, African, and Native American) of the samples. We prepared
the input files for RFMix using auxiliary Python scripts of the Ancestry Pipeline developed
by Martin et al. 2017.8

We performed admixture mapping through a joint test implemented in the GENESIS

R package (https://github.com/UW-GAC/GENESIS), in which all European, African, and
Native American ancestries are tested jointly in an admixture mapping logistic mixed model.
We fit a null model including sex, age, and the first five PCs as fixed effects and the GRM

as random effects. Then, we tested the joint ancestry term at each locus against the null
using a multivariate score test. Secondary admixture mapping analyses were performed for
each European, African, and Native American ancestry separately in order to identify which
ancestral population was driving the significant signal.

Based on previous studies, a p-value of 5x107° controls the type | error at level of

0.05.41 Recent admixture, such as observed in Latinos, creates long-range LD and thus

the significance threshold does not need to be as stringent as that used for the association
mapping. We also estimated the significance level empirically by fitting an autoregressive
model to the admixture mapping p-values, summing the results across each chromosome.*2
From the empirical autoregression model, we obtained a significance level of 7.7x10°. We
elected to utilize the more conservative p-value threshold of 5x10~°-

We fine mapped the suggestive admixture peaks by overlaying our GWAS results (as
described above) with admixture mapping peaks. Significance levels were determined via
Bonferroni’s correction for the number of imputed SNPs with minimum MAF of 1% in each
peak.

Cohort Description and Ancestry Analysis

Genotyped LARGE-PD samples came from PD cases and healthy controls across nine sites
in five countries: Uruguay, Brazil, Colombia, Peru, and Chile (see Table 1). PD cases were
53% male and had a mean age of 61.7 years (+12.8 years) and a mean age at onset of 54.1
years (x 14.4 years); controls were 33% male and had a mean age of 56.5 years (+ 14.6
years). Though the sex ratio of PD cases is lower in LARGE-PD than that of U.S.-based
Hispanic/Latinos,1° it appears to be concordant with that of other studies in the region.4344
Hispanic/Latino populations tend to have a three-way admixture pattern with contributions
from African, European, and Native American ancestry. Restricting LARGE-PD to unrelated
subjects, the mean proportion of Native American ancestry was 0.47, European ancestry was
0.47, African ancestry was 0.0517, and other ancestries were 0.0076 (see Figure 1; Table 1).

Additive Heritability of PD

Using GCTA and all imputed SNPs with a minor allele frequency (MAF) of at least 1%, we
estimated the additive heritability (h?) of PD in LARGE-PD to be 0.38 (SE 0.068) with an
assumed prevalence of 0.5% (see Methods).
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Genome-wide Association Study

One locus achieved genome-wide significance: the SNCA locus on chromosome 4 (see
Figure 2A) with rs356225 achieving the lowest p-value (0.62 OR, 95% CI 0.53-0.73,
p-value 4.22x1079). The SNCA locus is well-characterized in PD literature and a number of
SNPs have been put forth as contributing to PD risk.1:33 In LARGE-PD, 28 SNCA SNPs
achieved genome-wide significance (see Table 2, supplementary table 1). By utilizing LD
information, we observed three LD blocks. An overall pattern of higher LD was observed

in the Peruvian subset than in the entire LARGE-PD cohort. The lead SNP, rs356225,

is in strong LD with known PD risk SNPs, including an R? of 0.63 with rs356182, the

lead variant in large-scale European meta-analyses (see Figure 2B). Overall, we observed
minimal inflation (GC lambda 1.017) and did not correct for this inflation factor (see Figure
2C).

A second locus in chromosome 3 approached genome-wide significance with rs78820950
achieving the lowest p-value (2.11 OR, 95% CI 1.61-2.77, 8.25 x1078). This locus is located
in an intergenic region between FBX045 and NRROS and has not been previously reported
in the PD literature. Out of the 46 SNPs with a GWAS p-value < 1x1076, 44 were mapped to
NRROS using eQTL (mean p-value 8.5x107%) using FUMA and GTEXx expression data.2%30
The SNP rs78820950 has a MAF of 10.3% in LARGE-PD. However, this variant was more
than three times as frequent in Peru than other LARGE-PD sites (16.8% vs. 4.5%).

Conditional Analysis

Using a logistic mixed model, we performed a conditional analysis adjusting for rs356182
to test if this known PD risk variant was driving the observed signal. When correcting for
the number of GWAS-significant variants, 8 SNPs remain significant, though attenuated,
after adjusting for rs356182, with rs6830166 having the smallest adjusted p-value (0.012).
None of the SNPs remain statistically significant when adjusting for both rs356182 and
rs6830166, despite LD patterns showing evidence of three blocks. However, if we utilized
a more stringent threshold, such as the regional correction implemented by Pihlstrem

et al. (n=220) in their conditional analysis of SNCAS33, we found minimal evidence of
independence from rs356182.

23andMe Replication

23andMe tested 171 variants (p-value < 1x107° in the LARGE-PD GWAS) using their
replication pipeline (see Methods) in a cohort of 1,234 self-reported PD cases and
439,522 controls, all identified as Latinos in a genotype-based manner (see Methods).
Only the chromosome 4 locus replicated in the 23andMe cohort with 20 SNCA variants
that replicated (p-value < 0.00029) and one, rs356182, that also achieved genome-wide
significance (see Table 2, supplementary table 2).

Replication of Known PD Loci

The largest PD-GWAS meta-analysis to date identified 90 independent GWAS-significant
PD risk variants in subjects of European ancestry.! To determine whether these SNPs
conferred risk in the LARGE-PD cohort, we looked up 84 of the 90 SNPs in our primary
GWAS (see supplementary table 3). Seventy-six of these variants passed our frequency
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and CG/AT filters (see Methods). Sixty-three of the 76 variants (82.9%) had concordant
direction of effect with a Pearson’s correlation of 0.82 (p < 2x10716; see Figure 3A). Ten
variants were nominally significant (p < 0.05 and > 5.95x1074), and two were significant
after correction for 84 tests (SNCA-s356182 and CRHR1-s117615688, p < 5.95x1074). All
variants with a difference in beta coefficient greater than one standard deviation from the
mean had a MAF less than 4.52% (Figure 3B). If we remove these variants, the concordance
rate improves to 86.3%.

In addition to the replication of Nalls et al. 2019, we also looked up variants of particular
interest regarding the genetic etiology of PD (see Table 2, Supplementary Table 3). Foo et
al. 2020 performed the largest PD GWAS of East Asian ancestry to date and described two
novel loci.® Both variants were consistent in their direction of effect, though neither were
nominally significant (p > 0.05). We also looked up the three independent PD risk variants
in SNCA that were identified by Pihlstrgm et al.33 One, rs356182, was already included

in our replication study. The other two, rs2870004 and rs763443, were not genome-wide
significant (p=0.5 and p=0.0015) but were consistent in effect size direction. Neither were
in LD with rs356182 in LARGE-PD (R2 0.08 and 0.01, respectively). The MAPT locus
did appear to play a role in the etiology of PD in LARGE-PD, with rs1800547 nominally
significant (p < 0.05) and rs117615688 (p= 2.29x10~%) replicating from the Nalls et al. 2019
study. Other rare coding variants such as rs2230288 (p.E326K) in GBA and rs34637584
(p.G2019S) in LRRKZ2are too rare in LARGE-PD to reliably estimate effect sizes via
GWAS and were not directly genotyped.

Admixture Mapping

Admixture mapping can be employed if a phenotype shows evidence of differential risk
by ancestral background or if we observe allele frequency differences across ancestral
populations. For PD, we do see global patterns of PD incidence and prevalence suggestive
of differential PD risk.2:9 We found that African ancestry was significantly associated
with lower PD risk (OR 0.85, 95% CI 0.75-0.97, p-value 0.017). Given this result, we
performed admixture mapping to test local ancestry blocks for associations with PD risk
by employing a joint test of ancestries followed by a single-ancestry analysis to determine
the ancestry driving each signal (see Methods). In the joint test, a locus on chromosome
14 was significantly associated with PD status (p-value < 5x107°; see Figure 4A). In the
single-ancestry tests, the chromosome 6 locus was significant in the African-ancestry model
and the chromosome 14 locus was significant in the Native American model (see Table 3).

To fine map the admixture mapping signal, we performed a look-up of the GWAS summary
statistics of variants co-localized within each peak (see Table 3). The chromosome 6
admixture mapping peak contains RPS6KAZ (Figure 4B); an intronic variant, rs75880521,
achieved the lowest p-value (6.05x10~4). This variant had a MAF of 22% in Africans

in 1000 Genomes but is virtually absent in populations without African ancestry. The
chromosome 14 locus encompasses STXBP6 (Figure 4C) and rs79647551 achieved the
lowest p-value (4.5 x107°). This variant is intergenic with a frequency of 31% in Admixed
Latin American populations in 1000 Genomes but was considerably less frequent in other
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populations. Neither SNP remained statistically significant when performing a Bonferroni
correction.

Discussion

To our knowledge, we have conducted the first GWAS of PD in Latinos, giving the most
comprehensive examination of PD genetics in this population to date. In LARGE-PD, we
estimated the additive heritability of PD to be 0.38 (SE 0.068). The heritability estimate is
higher than that of European cohorts14°, though this has a number of potential explanations.
Nalls et al. utilized LD score regression for their heritability estimate, which is known to

be conservative compared to GCTAZ, the software we utilized. Keller et al. used GCTA to
estimate the heritability of PD in European-ancestry cohorts; the 95% confidence interval

of their overall estimate overlapped with the heritability estimated in LARGE-PD, while
several cohorts had point estimates that were even higher than that estimated in LARGE-
PD.#> This suggests that the estimated heritability in LARGE-PD was reasonable. In
addition, the choice of relatedness threshold could have impacted the heritability estimates.
We removed relatives up to the 2"d degree, as did Keller et al., while Nalls et al. used a more
conservative 3™ degree threshold.24 Finally, it is possible that PD heritability is somewhat
higher in Latinos than that of European cohorts. This is concordant with a study where
more familial aggregation of PD was observed in Hispanics/Latinos that in other population
classifications.46

The SNCA locus in chromosome 4 achieved genome-wide significance in both LARGE-PD
and the 23andMe replication cohort (Figure 2A, supplementary table 2). In large-scale PD
GWAS and meta-analyses, the strongest associations were consistently within the SNCA
locus, though such studies have been limited to populations of European and East Asian
ancestry.1® In LARGE-PD, 28 variants in SNCA achieved genome-wide significance, with
20 replicating in 23andMe. This includes rs356182, the lead variant at the SNCA locus in
the European-ancestry studies. The differences in the GWAS summary statistics at this locus
between cohorts is likely attributable to variation in sample size, allele frequencies, and

LD. Worth noting is the higher LD between SNCA variants in the Peruvian subjects who
made up over half of LARGE-PD subjects (see supplementary table 1). Fourteen of the 28
significant variants were tightly correlated with rs356182 (R? > 0.8) and all tested variants
were at least moderately correlated with rs356182 in Peruvian subjects (R% > 0.41). This
suggests that the signal we observed in the SNCA locus was primarily driven by rs356182.
In addition, rs356182 was the only genome-wide significant variant in both LARGE-PD (G
allele: 1.58 OR, 95% CI 1.35-1.86, p-value 2.48x1078) and the 23andMe replication cohort
(G allele: 1.26 OR, 95% CI 1.16-1.37, p-value 4.55x1078).

A second locus on chromosome 3 approached genome-wide significance in our GWAS
(Figure 2A); this signal was driven by Peruvians of primarily Amerindian ancestry where
cases had an allele frequency of 18.8% compared to 9.7% in controls for the lead SNP.
Variants at this locus were mapped to NRROS via an eQTL analysis (see Methods).
NRROS, is biologically plausible as a potential PD risk gene. NRROS knockout mice
display neurological abnormalities including motor deficits*’ and a neurodegenerative
phenotype has recently been identified in patients who are homozygous for loss-of-function
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NRROS variants.*® In addition, NRROS appears to be critical for microglial development.4’
This locus did not replicate in the 23andMe cohort and the lead SNP was not significant in
European-ancestry cohorts*? (p > 0.05), so this may be a false positive. However, we must
still consider the possibility of population-specific variation that was not captured by either
the array or the subsequent imputation. In addition, the mean ancestral proportions differ
between 23andMe (19% Native American) and LARGE-PD (46.9% Native American; see
Table 1). Consequently, an additional replication in a cohort with greater Native American
ancestry coupled with a sequencing of the region might be necessary.

In our replication of the independent GWAS-significant variants identified by Nalls et al.1,
we found that 82% of the tested variants were concordant in their effect size direction in
LARGE-PD. Two of the variants, rs356182 (SNVCA) and rs117615688 (nearest gene CRHR1
in the MAPT locus), replicated, with rs356182 achieving genome-wide significance. Though
we were able to identify that MAPT and SNNCA loci contribute to etiology of PD in LARGE-
PD, negative results do not necessarily mean other loci, such as for the TMEM175locus,

do not contribute to PD risk in Latinos due to our sample size limitations. Nevertheless, we
found evidence of a substantial overlap in the genetic architecture of PD between Latinos
and Europeans even with sample size limitations.

In our exploration of the relationship between ancestry and PD risk, we found evidence that
African ancestry was protective against PD risk and there was a statistically significant locus
on chromosome 6 in the African-ancestry admixture mapping model (see Table 3). Fine
mapping the chromosome 6 locus found rs58837225, an intronic variant in RPS6KAZ that
was common in individuals of African ancestry but rare in other populations. A variant in
RPS6KAZwas recently shown to be in an three-way epistatic relationship with variants in
SNCA and RPTOR in an age at PD onset study.>? However, this admixture peak did not
achieve significance in the joint test nor was the fine-mapped variant regionally significant
(see Methods). The mean proportion of African ancestry in LARGE-PD was under 0.06,
which suggests that we were underpowered to detect African-specific variation. A second
locus on chromosome 14 achieved significance in the joint test and in the Native American-
ancestry model (Figure 3A, Table 3). This locus contains the gene ST.XBP6 which is highly
expressed in the brain.1 While our admixture mapping results provide information for
hypothesis generation, replication of our results is necessary, ideally in a cohort enriched

in African ancestry for the chromosome 6 result and a cohort enriched in Native American
ancestry for our chromosome 14 result.

A limitation of this study was its sample size. In the case of our heritability estimate, further
refinement is necessary with a larger cohort. In our GWAS, we currently lack the power

to identify rare variants and variants of small effect size. At the SNCA locus, we also lack
the power to definitively distinguish independent signals. A regional stepwise conditional
analysis in a large diverse dataset is necessary to determine the number of independent PD
risk variants in SNCA. Finally, replicating the admixture mapping proved challenging due
to the lack of available replication pipelines and genotyped Latino PD cohorts of sufficient
sample size.
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LARGE-PD is a significant step towards increasing the diversity in PD GWAS data. This
project is an ongoing effort; in addition to a parallel study investigating familial forms of
PD, 6000 more individuals will be genotyped over the course of two years in order to refine
the results presented here and increase our overall power. Increasingly, GWAS summary
statistics have been used in the form of polygenic risk scores to construct disease risk
models and clinical applications have been proposed.>2 The GWAS summary statistics from
LARGE-PD could improve such models in Latino populations. Our findings in SNCA and
the results of our look-up of known PD risk variants are notable, especially considering our
sample size limitations. Through LARGE-PD, we provide critical insights into the genetic
architecture of PD in Latino populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary for Social Media if Published

Twitter handles: @nachogenePD, @OcOutlier, @doug_loesch,
@LARGE_PD

What is the current knowledge on the topic? Large-scale GWAS meta-
analyses have identified 90 Parkinson disease (PD) risk variants, but an
overwhelming European-ancestry bias persists in GWAS data.

What question did this study address? This study addressed two major
questions: are there population-specific variants conferring risk to PD and
to what degree is European-ancestry PD GWAS data concordant in Latinos.

What does this study add to your knowledge? This study characterizes for the
first time the overlap in genetic architecture between Latino and European-
ancestry cohorts, affirms the importance of SNCA in the etiology of PD
across ancestries, and identified several potential novel risk loci.

How might this potentially impact on the practice of neurology?
Representation in research is critical for the practice of neurology to ensure
both the generalizability and equitable clinical translation of research.
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A: Mean ancestry proportions by LARGE-PD site. \We estimated ancestry proportions
using ADMIXTURE and a K of 5 in a joint dataset that included LARGE-PD and

1000 Genomes Project samples. Using 1000 Genomes super-population codes to infer the
ancestry underlying each cluster, C1 represents East Asian, C2 represents South Asian, C3
represents Native American, C4 represents African, and C5 represents European ancestry

B: PCA plot of LARGE-PD subjects.

We conducted a principal components analysis using

PC-AIR in the merged 1000 Genomes-LARGE-PD dataset. Note the preponderance of
individuals with high Amerindian and European ancestries. Principal components were
calculated using the PC-AIR algorithm from the GENESIS package in R.
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Figure 2: LARGE-PD GWAS results.
A. Manhattan plot of log-transformed p-values by chromosome. P-values were obtained via

a logistic mixed model adjusting for age, sex, and the first five principal components using
the GENESIS package in R. The significant peak is located within SVCA on chromosome
4. The suggestive peak one near chromosome 3 is near NRROS. B. QQ-plot of GWAS
p-values. GC lambda was 1.017. C. Locuszoom-style plot of the chromosome 4 locus using
LARGE-PD linkage disequilibrium data.
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Figure 3: Replication of GWAS significant results from Nalls et al. 2019.
A: Beta-beta plot of study beta coefficients. On the scatterplot of beta coefficients, the

X-axis corresponds to betas obtained from LARGE-PD and the y-axis corresponds to beta
coefficients from Nalls et al. 2019 for 76 of the 90 GWAS significant variants. In LARGE-
PD, we successfully imputed 84 of the 90 variants; this figure excludes three variants with
a MAC less than 10 and five strand ambiguous (CG/AT) sites that did not pass our filters
(see Methods). The color scheme represents p-values obtained from LARGE-PD. Significant
(p-value < 5.9x1074) and nominally significant (p-value < 0.05) variants are labeled by
their respective nearest genes. B: Difference in study beta coefficients by MAF. Six variants
demonstrated a difference in beta coefficients from LARGE-PD and Nalls et al.! greater
than one standard deviation of the mean. All of the variants have a MAF lower than 4.52%;
three have a MAC lower than 10. This was partially due to the larger effect sizes of rare
variants, but also could be attributed to inaccurate beta estimates due to insufficient sample
size.

Ann Neurol. Author manuscript; available in PMC 2022 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Loesch et al.

4 .

s

. o

33 g
g : :
o : { .

oS bR}
2 1 L M
g | & i

S
3

Page 20

* CES MNP W 0000 B o o
s

| N
N .. .
SRR ..

i 2 3 4 5 6 7 8 9 1011121314 16 19 2
Chromosome

N

PR . v X
; R4 St
RPSsKA2ES N EREm
< .
166.0 166.5 167.0 ) !
Position (MB) Position (MB)

Figure 4: LARGE-PD Admixture mapping results.
A: Admixture mapping result of a joint test as implemented

The significance level of 5x10-5 is indicated by the dashed

by the GENESIS package in R.
line. B and C: The admixture

mapping results are fit using spline interpolation (solid line) and overlaid on the GWAS
results in that region. The gene co-localized with the admixture mapping peak is labeled and

highlighted.
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Table 1:
Cohort description
SITE N N MEAN SEX MEAN MEAN MEAN MEAN (SD) | MEAN
CASES | (SD)AGE | RATIO | (SD)AAO | (SD)AFR | (SD)EUR | NAT_AM (SD)
OTHER

Brazil: Porto 13 3 64.46 0.15 64.33 0.080 0.821 0.095 (0.12) | 0.004 (0.01)

Alegre (9.12) (10.02) (0.15) (0.21)

Brazil: Ribeirao | 195 | 126 57.15 0.49 51.13 0.092 0.825 0.063 (0.06) | 0.020 (0.11)

Preto (15.12) (14.13) (0.12) (0.18)

Brazil: Sao 19 19 59.37 0.74 50.21 0.143 0.757 0.096 (0.07) | 0.004

Paulo (9,04) (9.93) (0.19) (0.22) (0.008)

Chile 13 13 63.67 0.75 56.83 0.016 0.614 0.340 (0.17) | 0.030 (0.07)
(9.59) (10.06) (0.008) (0.16)

Colombia: 23 23 49.09 0.39 40.70 0.025 0.596 0.374 (0.14) | 0.005

Bogota (10.18) (10.22) (0.03) (0.14) (0.006)

Colombia: 328 | 134 60.34 0.44 51.83 0.095 0.645 0.260 (0.10) | 0.001

Medellin (12.44) (15.70) (0.09) (0.15) (0.002)

Peru: Lima 670 | 437 60.15 0.46 56.77 0.021 0.188 0.783(0.18) | 0.009 (0.05)
(13.57) (13.68) (0.05) (0.15)

Peru: Puno 45 0 43.00 0.24 NA 1x1075 (0) | 0.0067 0.993 (0.02) | 2.00E-05
(19.80) (0.02) (0)

Uruguay 191 | 52 61.13 0.35 50.77 0.051 0.825 0.120 (0.11) | 0.004 (0.01)
(12.62) (14.51) (0.06) (0.13)

TOTAL 1497 | 807 59.30 0.44 54.09 0.052 0.472 0.469 (0.35) | 0.008 (0.06)
(13.90) (14.35) (0.08) (0.33)

TOTAL: 807 | NA 61.70 0.53 54.09 0.05 (0.08) | 0.44(0.32) | 0.50 (0.34) 0.01 (0.07)

CASES (12.81) (14.35)

TOTAL: 690 | NA 56.48 0.33 NA 0.06 (0.08) | 0.50(0.33) | 0.43(0.35) 0.004 (0.02)

CONTROLS (14.59)

Description of LARGE-PD cohort. SITE, recruitment site. N, sample size from each site. N CASES, number of cases from each site. MEAN (SD)
AGE, mean and standard deviation of age at data collection. SEX RATIO, the proportion of the cohort that is male. MEAN (SD) AGE ONSET,

the mean and standard deviation of age at disease diagnosis. MEAN (SD) AFR, the mean and standard deviation of African ancestry proportions.
MEAN (SD) EUR, the mean and standard deviation of European ancestry proportions. MEAN (SD) NAT_AMR, the mean and standard deviation
of Native American ancestry proportions. MEAN (SD) OTHER, the mean and standard deviation of the combination of the inferred East Asian and
South Asian components.

Ann Neurol. Author manuscript; available in PMC 2022 September 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Loesch et al. Page 22
Table 2:
LARGE-PD GWAS results
SNP GENE AF IMPR2 | BETA | SE PVAL CHR | POS Effect Allele | AA
rs356182 SNCA 0.557 | 0.948 -0.460 | 0.083 | 2.48x1078 | 4 89704960 A
rs356225 SNCA 0.470 | 0.985 -0.471 | 0.080 | 4.22x107° | 4 89722606 G
rs6830166 SNCA 0.326 | 0.988 0.504 0.088 | 9.35x107° | 4 89823842 T
rs2870004 SNCA 0.846 | 0.965 0.077 0.114 | 0.499 4 89550094 A
1s763443 MMRN1 0.580 | 0.990 0.266 0.084 | 0.001 4 89898810 C
rs78820950 NRROS 0.104 | 0.976 0.746 0.139 | 8.25x1078 | 3 196630255 | T
(nearest)
rs1800547 MAPT 0.127 | 1.000 -0.432 | 0.127 | 0.001 17 45974480 G
rs34311866 TMEM175 0.102 | 0.970 0.045 0.139 | 0.748 4 958159 C p.M383T
rs34637584 LRRK2 0.002 | 0.978 12 40340400 A p.G2019S
rs421016 GBA 1 155235252 | C/G p.L444P
1s76763715 GBA 0.003 | 0.817 1 155235843 | C/G p.N370S
1s2230288 GBA 0.005 | 0.944 1 155236376 | T p.E326K
rs773409311 | GBA 1 155238186 | C p.K198E
1s149171124 | GBA 0.000 | 0.988 1 155235790 | A/IT p.E388K
rs439898 GBA 1 155238630 | A p.R120W
rs398123530 | GBA 1 155238597 | A p.R131C
rs35749011 GBA (nearest) 0.005 | 0.998 1 155162560 | A

SNP, rs ID. GENE, gene or nearest gene. AF, effect allele frequency in LARGE-PD. IMP R2, imputation R2 of SNP. BETA, beta effect size.
SE, standard error of the beta. PVAL, p-value. CHR, chromosome. POS, physical position (build hg38). Effect Allele, effect allele (or Al) in the
association test. AA, amino acid change, if applicable. Note: variants without data in AF-PVAL columns were not imputed or genotyped. Variants

that have AF and IMP R2 data and lack BETA-PVAL data were too rare to test in LARGE-PD.
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Table 3:
Admixture mapping results
CHR | PEAK P (ADJ) AFR PVAL NAM PVAL | SNP GENE P_SNP MAF
(ADJ) (ADJ) (ADJ)
6 166465311 — 1.11 x10™ 2.02x107° 0.11 (1.00) rs75880521 | RPS6KA2 | 6.1 x10™4 AFR:0.22;
166607482 (0.111) (0.02) (0.352) EUR: 0.0;
AMR: 0.014
14 24713480 — 3.57x107° 0.012 (1.00) 1.9 x107° rs79647551 | STXBP6 45x107° AFR:0.007;
25147976 (0.036) (0.02) (0.070) EUR:0.11;
AMR:0.31
17 33970400 - 3.22 x10* 0.346 (1.00) 9.2 x107% rs4795926 NA 1.7 x1072 AFR:0.09;
34509873 (0.322) (0.09) (1.00) EUR:0.22;
AMR:0.412
21 44767470 - 2.21x107* 0.073 (1.00) 6.9 x107° rs183517 ITGB2 1.66 x1074 AFR:0.67;
46068473 (0.221) (0.07) (0.112) EUR: 0.55;
AMR: 0.37

LARGE-PD Admixture mapping (AM) results. CHR, the chromosomal local of the AM peak. PEAK, the physical position in build hg38. P (ADJ),
the p-values from the joint test. AFR_PVAL (ADJ), the p-values for the African single-ancestry test; NAM_PVAL (ADJ), the p-values for the

Native American single-ancestry test. All adjusted p-values (ADJ) are corrected for a significance threshold of 5x1072 (see methods). SNP, the
variant with the lowest p-value within the AM peak. GENE, the gene co-localized with the peak. POS, the variant position in hg38 coordinates.
P_SNP (ADJ), the p-value from the LARGE-PD GWAS for the top variant, with the ADJ the p-value adjusted for the number of imputed variants

in the peak. MAF, the super-population frequencies of the variant from the 1000 Genomes Project.
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