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Genome-wide contribution of common
short-tandem repeats to Parkinson’s
disease genetic risk

Bernabe I. Bustos,”' Kimberley Billingsley,*' ®Cornelis Blauwendraat,?

J. Raphael Gibbs,* ®Ziv Gan-Or,*>° @Dimitri Krainc,> Andrew B. Singleton,? and

Steven J. Lubbe?; for the International Parkinson’s Disease Genomics Consortium
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Parkinson’s disease is a complex neurodegenerative disorder with a strong genetic component, for which most
known disease-associated variants are single nucleotide polymorphisms (SNPs) and small insertions and deletions
(indels). DNA repetitive elements account for >50% of the human genome; however, little is known of their contribu-
tion to Parkinson’s disease aetiology. While select short tandem repeats (STRs) within candidate genes have been
studied in Parkinson’s disease, their genome-wide contribution remains unknown. Here we present the first gen-
ome-wide association study of STRs in Parkinson’s disease. Through a meta-analysis of 16 imputed genome-wide as-
sociation study cohorts from the International Parkinson’s Disease Genomic Consortium (IPDGC), totalling 39 087
individuals (16 642 cases and 22445 controls of European ancestry), we identified 34 genome-wide significant STR
loci (P<5.34x107°), with the strongest signal located in KANSL1 [chr17:44 205 351:[T];1, P=3x 107>, odds ratio=
1.31 (95% confidence interval =1.26-1.36)]. Conditional-joint analyses suggested that four significant STRs mapping
nearby NDUFAF2, TRIML2, MIRNA-129-1 and NCOR1 were independent from known risk SNPs. Including STRs in her-
itability estimates increased the variance explained by SNPs alone. Gene expression analysis of STRs (eSTRs) in RNA
sequencing data from 13 brain regions identified significant associations of STRs influencing the expression of mul-
tiple genes, including known Parkinson’s disease genes. Further functional annotation of candidate STRs revealed
that significant eSTRs within NUDFAF2 and ZSWIM?7 overlap with regulatory features and are associated with change
in the expression levels of nearby genes. Here, we show that STRs at known and novel candidate loci contribute to
Parkinson’s disease risk and have functional effects in disease-relevant tissues and pathways, supporting previously
reported disease-associated genes and giving further evidence for their functional prioritization. These data re-
present a valuable resource for researchers currently dissecting Parkinson’s disease risk loci.
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Introduction

Parkinson’s disease (PD) is a complex neurodegenerative disease
with an established genetic component. Studies over the years
have identified several rare variants that cause or significantly in-
crease the risk of disease in carriers, and genome-wide association
studies (GWAS) have recently uncovered 90 common variants that
influence PD risk.! It is estimated that common GWAS variants ac-
count for 16-36% of the overall genetic heritability of the disease,"?
highlighting that a large proportion of the missing heritability re-
mains to be identified.

The vast majority of PD genetics studies have focused on the
role of single nucleotide polymorphisms (SNPs), meaning that con-
tributions of other genetic elements such as structural variants and
repetitive elements have largely been ignored. Repetitive elements
represent more than 55% of the human genome.? Short tandem re-
peat expansions (STRs) are small repetitive units ranging from one
to seven base pairs in length that vary among individuals and ac-
count for ~10% of all repetitive elements.* STRs are the cause of sev-
eral neurological diseases and are associated with genes such as
those associated with fragile X syndrome (FMR1),>® Huntington’s
disease (HTT),” amyotrophic lateral sclerosis and frontotemporal
dementia (C90rf72)%° and spinocerebellar ataxia (SCA1)'® and
have also been linked to numerous complex neurological and psy-
chiatric traits.'* A role for STRs as drivers of GWAS signals have
been identified,'” where a risk SNP connects adjacent GGAA repeats
by converting an interspaced GGAT motif into a GGAA motif, there-
by increasing the number of consecutive GGAA motifs and modify-
ing the activity of its sequence and functional impact. STRs have
also been shown to regulate gene expression significantly and con-
tribute to phenotypic plasticity.'® STRs therefore represent a poten-
tial source of unexplored genetic variation that may account for
some of the missing heritability of PD. In this regard, other repeti-
tive elements, such as satellite repeats, have been shown to alter
gene expression in blood of patients with PD.'* However, no
genome-wide assessment of STRs in large population studies has
yet been performed in this disease. Due to their more complex
and highly repetitive structure compared to SNVs, STRs have
been difficult to assess. Despite the recent explosion of genetic
data stemming from next generation sequencing, STRs are still dif-
ficult to genotype. Recent advances in PCR-free deep sequencing
methods and STR genotyping tools now allow for the simultaneous
assessment of STRs genome-wide.” Studies have shown high

linkage disequilibrium (LD) between STRs and SNPs across the gen-
ome.® Exploiting this high LD, Saini et al.’” generated a phased
SNP-STR haplotype panel based on the 1000 Genomes Project sam-
ples that allows for the accurate genome-wide imputation of com-
mon STRs into array-based genotype data. To assess the role of
common STRs in PD risk, we imputed and interrogated STRs across
16 independent PD case-control cohorts, totaling 39 087 individuals
available through the International Parkinson’s disease Genomics
Consortium (IPDGC).

Materials and methods

A summary diagram for the methodological steps followed in the
present study is shown in Supplementary Fig. 1.

All genotyping data was obtained from previously generated IPDGC
datasets, consisting of 39087 individuals (16642 cases and 22445
controls) of European ancestry." All individuals provided informed
consent for participation in genetics studies, which was approved
by the relevant local ethics committee for each of the datasets
used. Detailed demographic, sample sizes and PD status are given
in Supplementary Table 1. Further information along with detailed
quality control (QC) methods have been previously published.™*®
Briefly, for sample QC prior to imputation, individuals with low
call rate, discordance between genetic and reported sex, heterozy-
gosity outliers and ancestry outliers were removed. For genotype
QC, variants with a missingness rate of >5%, minor allele fre-
quency (MAF)<0.01, exhibiting deviations from Hardy-Weinberg
Equilibrium (HWE) < 1x 10> and palindromic SNPs were excluded.

STR genotypes were imputed into the IPDGC SNP unimputed geno-
typing datasets using Beagle v.5.1" with the 1000 Genomes
SNP-STR Haplotype reference panel.” In brief, STR genotypes in
the reference panel were imputed from STRs called from the
catalog-based STR caller hipSTR™® and supplemented using a se-
cond STR caller, TREDPARSE.?° STRs were phased with correspond-
ing SNPs creating a final panel in the 1000 genomes project data
that contained 27185239 SNP and 445725 STR markers. Once
STRs were imputed into all IPDGC SNP genotype datasets, the STR
calls were filtered to facilitate downstream association analysis.
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First STRs were split from multi-allelic variants to single biallelic
variants using the vt variant tool.?* Finally SNPs and STRs with a
dosage R-squared (DR2) < 0.3 were removed to filter out low quality
imputed variants.

To estimate PD risk, imputed dosages (i.e. genotype probabilities for
a variant to be A/A, A/B or B/B from 0 to 2) were analysed using a lo-
gistic regression model adjusted for sex, age at onset (AAO) for
cases or examination for controls, and the first 10 principal compo-
nents. Of note, AAO could not be included as a covariate for the
Myers-Faroud®? and Vance (dbGap phs000394) studies, as no AAO
information was available. Summary statistics were generated
using the RVTESTS package®® and filtered for a MAF>1%. A
meta-analysis was conducted based on the fixed-effect model as
implemented in METAL?* by combining summary statistics across
all 16 IPDGC datasets. All variants with a meta-analysis heterogen-
eity value of less than 80% (I* < 0.80) were kept for further analysis.

Comparative concordance analysis of imputed STRs was done using
whole-genome sequencing (WGS) data from 646 Parkinson’s
Progression Markers Initiative (PPMI) samples. We aligned the
paired-end fastq reads to the GRCh37 genome reference using the
Burrows-Wheeler Aligner v.0.7.17.% After marking duplicates and per-
forming a base quality recalibration score step with GATK 4.1.8%° on
the resulting bam files, we used gangSTR v.2.4.2% to call STRs for
each sample using the hipSTR reference bed file in the GRCh37 ver-
sion,'® applying the following recommended parameters: —frrweight
0.25, —enclweight 1.0, -spanweight 1.0, —flankweight 1.0, -ploidy 2,
-numbstrap 50, -minmatch 5 and -minscore 80. We generated a se-
cond STR call-set using hipSTR v.0.6.2," using the recommended
parameters -lib-from-samp, -def-stutter-model, -max-str-len 1200
and -min-reads 15. We next filtered each resulting variant call format
file (VCF) using dumpSTR within the TRTools package,? using level 1
and 2 filters as described elsewhere.” Briefly, for gangSTR, we
used -max-call-DP 1000, -min-call-DP 10, -filter-spanbound-only,
—filter-badCI and -min-call-Q 0.9. For both gangSTR and hipSTR calls,
we removed STRs falling within regions enriched in segmental
duplications according to the UCSC table browser database (hs37_seg-
mentalduplications.bed.gz) using the commands -filter-regions and
—filter-regions-names SEGDUP in dumpSTR. Then, we merged the
filtered VCFs using mergeSTR within TRTools. We overlapped the sam-
ples present in the imputed, gangSTR and hipSTR PPMI call sets, ob-
taining 515 individuals in common. Next, we compared the STR
variants between the imputed, gangSTR and hipSTR PPMI VCFs by
splitting multiallelic sites with BCFTools v.1.10.1%° and intersecting
the variants with BEDTools v.2.29.°° We then plotted the length of
the overlapping variants and calculated a regression using Pearson’s
coefficient with ggplot2 in R.3! Genotype concordance of STRs between
the imputed, gangSTR and hipSTR calls was done with SNPSIFT con-
cordance,®? using a set of shared variants between cohorts.

To select candidate variants, we used the Genome-wide Complex
Trait Analysis software (GCTA)*® to perform conditional and joint
analysis (COJO) STRs from the meta-analysis summary statistics.
In order to differentiate associations between STRs and SNPs, we
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performed two COJO analyses, first with STRs only, and second
with STRs and SNPs together. As an LD reference for GCTA, we
used a sample subset of merged imputed genotypes (hard call
threshold of 0.8) from the IPDGC GWAS cohorts®* totalling 4397
PD cases and 9137 controls. Additionally, we performed LD calcula-
tions between top STRs with the previously reported list of 90 PD
variants® using PLINK v.1.9°° to determine highly linked STRs to
known PD risk variants. A Hudson plot showing the genome-wide
association results for STRs and SNPs separately was done with
the hudson R package (https:/github.com/anastasia-lucas/
hudson). Regional plots for the GCTA-nominated independent
STRs were done with the Locuszoom standalone version.?

Using sample level genotypes and gene expression data from the
North American Brain Expression Consortium (NABEC)*” and the
Genotype-Tissue Expression project,’® we carried out an expres-
sion quantitative trait loci analysis with imputed STRs (eSTRs).
The NABEC data was composed of 343 individuals with genotypes
obtained from high-coverage Illumina WGS. Corresponding gene
expression data were generated from frontal cortex tissue by RNA
sequencing (RNASeq) and normalized gene counts were used. The
Genotype-Tissue Expression Project (GTEx) v.8 data (dbGaP:
phs000424.v7.p2) comprises high-coverage (30x) Illumina WGS
data from 838 unrelated samples. We downloaded the fully pro-
cessed, filtered and normalized gene expression matrices (in BED
format) for each of the 13 brain tissues including: amygdala, anter-
ior cingulate cortex (BA24), caudate (basal ganglia), cerebellar hemi-
sphere, cerebellum, cortex, frontal cortex (BA9), hippocampus,
hypothalamus, nucleus accumbens (basal ganglia), putamen (basal
ganglia), spinal cord cervical (c-1) and substantia nigra (https:/
gtexportal.org/home/datasets). WGS genotypes from GTEx and
gene start-end coordinates for expression data for GTEx and
NABEC were converted from hg38 reference to hgl9 using UCSC lift-
over tool.* STRs were imputed as described above. eSTR analysis
was performed using the FastQTL software®® correcting for princi-
pal components 1-10, sample age, sex (if available) and probabilis-
tic estimations of expression residuals factors (PEER) generated
using the PEER software*’: 45 factors for NABEC and 15 for GTEx
(as indicated in the GTEx documentation). The 34 top STRs from
the meta-analysis along with variants with LD > 0.5 (105 STRs total)
were used to conduct the eSTR analysis. QQ-plots and box plots
were done using ggplot2 R package.®

We used the GCTA-LDMS method®**? to estimate the heritability of
STRs only, both SNPs and STRs together and SNPs only. The method
corrects for LD bias in the estimated variant-based heritability from
WGS or imputed data. Heritability estimates and their correspond-
ing standard errors are shown in the liability scale.

To functionally characterize the top associated STRs, we carried out loci
connectivity analyses across gene-ontologies and gene-expression
datasets using FUMA*? and protein-protein interaction networks
using Webgestalt.** We ran MAGMA gene-wise analysis*® using
the meta-analysis summary statistics for all STRs, and used the
1000 Genomes SNP-STR dataset as out reference panel.” Gene lists
were analysed for functional enrichments using (i) FUMA
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gene2func tool; (ii) Biogrid PPI Network Topology-based Analysis
(NTA) in Webgestalt; and (iii) gene property analysis for tissue spe-
cificity, using 23 675 genes from GTEx RNASeq data®® across the 30
general and 54 specific tissues. Data preprocessing and gene ex-
pression normalization methods are presented in the FUMA tutor-
ial section (https:/fuma.ctglab.nl/tutorial). Bonferroni and
Benjamini-Hochberg false discovery rate (FDR) corrections for mul-
tiple testing were performed for MAGMA gene-wise results and
functional enrichment analyses, respectively.

Full STR GWAS summary statistics for the 16 datasets
meta-analysed are available at https:/drive.google.com/file/d/
1kD1i6tHdYC5w0xvxWLD4B-bSPqpnwzNV/view?usp=sharing
The STRimputation, study level GWAS and meta-analysis: https:/
github.com/neurogenetics/PD_STR_imputation. Downstream ana-
lyses: https:/github.com/bibb/STR_GWAS_downstream_analysis

Results

The 16 GWAS cohorts were used in this study, with a combined sam-
ple size 0f 39 087 individuals composed of 16 642 PD cases and 22 445
controls of self-reported European ancestry (Supplementary
Table 1). After cohort-wise quality controls (see ‘Materials and
methods’ section), we performed genome-wide imputation using
the 1000 Genomes STR-SNP reference panel,’”” and carried out
case-control association analyses with PD status following a
meta-analysis of fixed effects across all cohorts. After removing var-
iants with high heterogeneity across meta-analyses (I > 0.8), we ob-
tained association P-values for 407 879 STRs, where 214 variants
surpassed the threshold for genome-wide significance of P> 5.34 x
107¢ (Fig. 1, upper side), which was estimated by permutation proce-
dures for the STR reference panel, as described elsewhere.*® The in-
flation factor A for the association was 1.18 and the rescaled 1 for 1000
cases and controls (11000) was 1.01.

To characterize and identify independently associated STRs, we
first performed a conditional-joint analysis using GCTA-COJO*? and
identified 34 STR variants mapping to 32 unique nearby genes, with
the strongest signal located in KANSL1 [chr17:44205351:[T];1, P=3 X
1072%, odds ratio (OR)=1.31; 95% confidence interval (CI) =1.26-
1.36], and followed by SNCA [chr4:90662073:TATTT[GT|sAT[GT];, P
=3.36x10"%, OR=1.36 (95%CI =1.28-1.45)] (Supplementary
Table 2). Since STRs were imputed by leveraging LD information
from SNPs, we carried out a secondary GCTA-COJO analysis includ-
ing the meta-analysis results from imputed, filtered SNPs (Fig. 1,
lower side), obtaining a total number of 8179378 SNPs and STRs
in all cohorts. We found 76 independent signals (Supplementary
Table 3), from which eight loci had associations led by STRs. In or-
der to refine these results, we further investigated their LD patterns
with the 90 known Parkinson’s disease risk variants from the 2019
GWAS meta-analysis,” and found that four of the eight STRs had LD
r* <0.5 with any of the known variants (Supplementary Table 4), in-
dicating that these could be potential new risk signals:

(i) a tetranucleotide repeat within the 3rd intron of NDUFAF2 (risk allele
chr5:60437492:AA[TGAA];, P=6.49x10"%, OR=1.30, 95%CI =1.18-1.43)
(Fig. 2A);

(ii) @ mononucleotide repeat downstream of TRIML2 (risk allele
chr4:189000404:TT[A]12, P=1.44x1077, OR=1.31, 95%CI =1.19-1.44)
(Fig. 2B);
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(iii) a mononucleotide repeat downstream of MIR129-1 (risk allele
chr7:127793488:[T];sG, P=279%1077, OR=1.16, 95%CI =1.09-1.23)
(Fig. 2C); and

(iv) a mononucleotide repeat within the 44th intron of NCOR1 (risk allele
chr17:15941750:[T]44, P=3.77x10"°, OR=1.08, 95% CI=1.04-1.12)
(Fig. 2D).

It is important to note here that the independent STR signal at
NDUFAF?2 (chr5:60437492:AA[TGAA],) is within a known PD risk lo-
cus (mapping to ELOVL7) and was previously identified through
Mendelian randomization to be significantly associated with risk
of PD.* Moreover, further LD analysis on this locus showed a high
D’ statistic with the closest known PD risk SNP at that locus (D' =
0.94 with rs1867598) indicating that, regardless of frequency dispar-
ities, the independency suggested by the GCTA-COJO analysis
should be taken with caution.

To systematically assess the reliability of our results, we performed a
comparative STR analysis in the 515 individuals common to all three
STR datasets (imputed, hipSTR and gangSTR). After read alignment
and STR calling, direct comparison based on chromosomal position
between the imputed and the two STR calling datasets, we obtained
372391 and 208514 overlapping STRs versus hipSTR and gangSTR
calls, respectively. STR length comparison for the overlapping var-
iants showed a strong correlation between datasets (imputed versus
hipSTR: Pearson’s R=0.95, P<2.2x107*¢; imputed versus gangSTR:
Pearson’s R=0.89, P <2.2x107*%; Supplementary Fig. 2A and B, re-
spectively). When extracting the subset of 34 genome-wide signifi-
cant STRs for each call set, we obtained 24 overlapping STRs by
position in hipSTR and 21 in gangSTR. The correlation of allele length
between the imputed and each WGS callset remained high and stat-
istically significant (imputed versus hipSTR: Pearson’s R=0.83,P=2.1
x1077; imputed versus gangSTR: Pearson’s R=0.81, P=5.3x1075;
Supplementary Fig. 2C and D, respectively). We next assessed geno-
type concordance across samples for each exact matching STR (by
position and allele length) between the imputed and the two STR
call sets (Supplementary Fig. 3). We observed a high average geno-
type concordance for the STRs of the two tested sets (86.73% and
86.43% for hipSTR and gangSTR, respectively). Comparison of per
variant concordance showed a strong and significant correlation be-
tween sets (Pearson’s R=0.95, P<2.2x107"%). Three of the genome-
wide significant variants were present in the hipSTR and gangSTR
call sets (3:33592979:[T];; near CLASP2, 10:15563184:[T];; near
ITGAS8, and 17:44205351:[T],; near KANSL1) and observed a high geno-
type concordance across call sets: 63.94%, 99.02% and 97.86%, re-
spectively, for imputed versus hipSTR; and 64.17%, 99.21% and
97.85%, respectively, for imputed versus gangSTR.

The genetic heritability of PD was recently estimated to be 22%."
Here, assuming a global disease prevalence of 0.2%,” we leveraged
the GCTA-LDMS method® and estimated that common STRs (MAF
>1%) account for 15.2% (SE=0.01) of the additive heritability of
the disease on the liability scale. Heritability for imputed SNPs in
the same data accounted for 26.9% (SE =0.02), similarly to that ob-
tained by Keller et al? also using GCTA. After including both
common STRs and SNPs in the analysis, the heritability estimate
increased to 28.8% (SE=0.02). This increase of 1.9% in the


https://fuma.ctglab.nl/tutorial
https://drive.google.com/file/d/1kD1i6tHdYC5w0xvxWLD4B-bSPqpnwzNV/view?usp=sharing
https://drive.google.com/file/d/1kD1i6tHdYC5w0xvxWLD4B-bSPqpnwzNV/view?usp=sharing
https://github.com/neurogenetics/PD_STR_imputation
https://github.com/neurogenetics/PD_STR_imputation
https://github.com/bibb/STR_GWAS_downstream_analysis
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac301#supplementary-data

Short tandem repeat GWAS in PD

Short-Tandem repeats

BRAIN 2023: 146; 65-74 | 69

5.36x10°

5x10*®

50
40 KANSL1
B i
E i
$ 30 siczont !
a TMEM175 scnA :
= .
= 50 mecet ) .
2 LINC02067 . . NCOR1
- LOC102723582 . LCORL; NDUFAF2 . SCAF11 apter)
0 SLc4sA3 ACMSD A : - o ERCCS MIR129-1 Loy Lincogars CCPC82 SETDIA
UBEaB e | case £y TRM2 e GPNMB CCAR2  rroms tncozsso | . s ooRok
. i 4 i 3 . . H o
0
CHR 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 2122
HIH : . H i g v
10 T HERTv—— | F | l W : : 1 mT:  ODRGKL
Y gcasag TMEMISS o s, BsTL . 1662883 L\ NppsE  1GSFOB UNCazae
. H mecet § % coss FGF20 . -
’a ' NDUFAF2 NOTCH4 LINC02471 HIPIR SETD1A
> 20 FLG STK39 TMEM175 HLA-DRA
= FGFRLL HLADRBL
? KRTCAP2 HLA-DQAL
S
o 30 H
— - H
cpLxt MAPK8IPLP2
2 LINC02210-CRHR1
- 40 LINC02210-CRHR1

50 H
FAMATE

Single Nucleotide Polymorphisms Nemast

KANSLL

Figure 1 Genome-wide association results for imputed STRs and SNPs in 16 PD GWAS cohorts from the IPDGC. Hudson plot representing the associ-
ation analysis results for STRs (upper) and SNPs (lower) across the human genome showing the 34 genome-wide significant STR loci (P < 5.34 x 107°) after
the conditional-joint analysis with GCTA. Gene names with larger font size represent the loci influenced by STRs after including SNPs associations.
Gene names with a dot above represent STR loci independent from the current 90 PD risk variants from the 2019 PD GWAS meta-analysis.

heritability estimate due to common STRs corresponds to a 7% in-
crease from the SNP based estimate.

Expression quantitative trait loci analysis of STRs

We functionally assessed the impact of the 34 significant STR asso-
ciations through an eSTR analysis. We investigated each locus ex-
tracting the leading STR and other STRs in high LD (r*>0.5)
within 1 Mb up- and downstream, obtaining 105 variants for further
analysis (Supplementary Table 5). We used normalized gene ex-
pression data from frontal cortex from NABEC,*” and 13 brain tis-
sues from GTEx v.8.® Analysing each tissue independently, we
identified a total of 10252 STR-gene associations (Fig. 3A). Of these,
840 associations showed an FDR corrected P <0.05, corresponding
to 234 unique eGenes (genes with at least one significant variant),
that included 19 of the 78 loci identified in the 2019 PD GWAS
meta-analysis (genes nominated from the 90 PD risk variants):
RIT2, TMEM163, MCCC1, LCORL, CTSB, SETD1A, CRHR1, GPNMB,
BIN3, TMEM175, GAK, MAP4K4, SNCA, SPTSSB, WNT3, KPNAI,
ITGAS8, BST1 and HIPIR (Supplementary Table 6). Furthermore, com-
parative analysis of eSTR target genes in two groups, the substantia
nigra and the rest of 12 tissues, showed that 31 genes are targeted to
significant eSTRs in both groups, and eight genes are targeted to
eSTRs in the substantia nigra only (GAK, DTX3L, PARP15, NMT2,
FAM151B, C200rf194, WDR66 and PARP14; Supplementary Fig. 4
and Supplementary Table 7).

To obtain functional and gene expression insights on the four
candidate STRs signals obtained from our STR meta-analysis, we
similarly extracted the four variants and their surrounding high
LD STRs, obtaining 13 unique variants. We functionally annotated
them, using regulatory features for gene expression from the
Encyclopedia of DNA Elements (ENCODE),* and found two STRs
overlapping enhancers, transcription factor binding sites and his-
tone marks for active transcription (H3K4me3, H3K9Ac, H3K4mel,
H3K27Ac, H3K36me3 and H3K79me2): one nearby NDUFAF2
(chr5:60408714:TC[T]14GTATC) in high LD with the leading GWAS

STR at that locus (chr5:60437492:AA[TGAA],, r*=0.95); and one
within ZSWIM7 (chr17:15902070:[T]16GA), similarly, in high LD
with the leading GWAS STR for that locus (chr17:15941750:[T]14, r*
=0.84) (Supplementary Table 8). The PD risk allele for the eSTR in
NDUFAF2 (major allele with 13T repetitions) is significantly asso-
ciated with higher expression levels of the gene PART1 (~624 kb up-
stream) in the frontal cortex (Fig. 3B). Interestingly, the significant
eSTR in ZSWIM7 showed associations in more brain tissues, where
the risk allele in the STR meta-analysis (minor allele with 15T re-
peats) was correlated with lower expression levels of TRPV2 in the
hypothalamus, anterior cingulate cortex, nucleus accumbens and
frontal cortex; higher expression levels of NCOR1 in the hippocam-
pus; higher expression levels of ADORAZB in the anterior cingulate
cortex; and lower expression levels of a long non-coding RNA gene
located nearby NCOR1 (CTC-529110.1 or Inc-NCOR1-1) in the spinal
cord and substantia nigra (Fig. 3C).

Gene-wise, gene set and pathway enrichment
analysis of Parkinson’s disease-associated STRs

MAGMA® gene-wise enrichment analysis of the STR meta-analysis
results yielded 47 genes surpassing genome-wide significance
(Bonferroni P<2.99x107%, a=0.05/16 696; Supplementary Table 9).
Of the 47 genes, 12 overlapped with the STR meta-analysis results,
eight overlapped with 78 PD loci nominated from the 90 PD risk var-
iants (2019 PD GWAS meta-analysis) and 27 genes have not previous-
ly been identified as enriched genes. Gene-property analysis using
gene expression data from GTEx v.8, as described in FUMA,** showed
significant enrichment of genes in the pituitary and brain tissues
after FDR correction (FDR P <0.05) for the 30 GTEx general tissues
(Supplementary Fig. 5A) and in the cerebellum, cortex, pituitary,
cerebellar hemisphere and frontal cortex for the 54 GTExp specific
tissues (Supplementary Fig. 5B). We further investigated gene con-
nectivity via protein-protein interactions using a list of 445 genes sur-
passing nominal gene-wise STR enrichment (MAGMA P <0.01) with
WebGestalt,** and leveraged the Network-Topology Analysis (NTA),
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Figure 2 Regional association plots for the four candidate independent STR loci. Locus zoom plots were generated for the four GCTA-nominated in-
dependent STR loci from SNPs and 90 PD risk loci in (A) chromosome 5 within NDUFAF2, (B) chromosome 4 nearby TRIML2, (C) chromosome 7 nearby
MIR129-1 and (D) chromosome 17 within NCOR1. The lead STR variant is depicted as a purple diamond and nearby variants (STRs and SNPs) in circles
coloured according to their LD r’-value to the lead STR variant. Gene annotations for each region are displayed at the bottom of each panel, showing gene

strand orientation with arrows.

finding 16 subnetworks (Supplementary Fig. 6), which were signifi-
cantly enriched in 27 gene ontology (GO) categories, such as synaptic
vesicle cycle (GO:0099504), presynaptic endocytosis (GO:0140238) and
autophagy (G0:0006914) (Supplementary Table 10).

Discussion

We performed a genome-wide meta-analysis of STRs in 16 cohorts
from the IPDGC. We have shown that associated STR signals over-
lap with known PD risk loci, and with candidate novel signals, that
represented by STRs independent from current 90 risk variants,®
and are located nearby TRIML2, NDUFAF2, MIR129-1 and NCOR1
(on chromosomes 4, 5, 7 and 17, respectively). We also assessed
the functional consequences of the STRs at a gene expression level
in brain tissues, which further supports their candidacy for func-
tional studies to further understand the biological mechanisms be-
hind their associations.

The fact that 88% (30/34) of the associated STRs overlap with the
current list of PD GWAS risk variants is not surprising as the STRs
were imputed based on their existent LD with SNPs. Known PD
loci with STR associations could potentially help to explain the cur-
rent unknown molecular mechanisms underlying those regions,

such as in MAPT and SNCA, where evidence has shown that repeti-
tive elements play a major role in gene expression regulation, spli-
cing and hence protein structure.*®**° This overlap is further
reflected in the heritability estimates we obtained which indicated
that the contribution of STRs to the genetic variance is largely ex-
plained by their high LD with SNPs. However, STRs have shown to
increase the contribution to overall SNP-only heritability estimates
specifically on gene expression,'**° where STRs explained between
10-15% of the cis-heritability, thereby supporting our observation
that STRs contribute to the heritability of PD.

The eSTR co-localization analyses, using available RNAseq data-
sets, where we analysed the top 34 STR signals and their surround-
ing high LD STRs, showed us different distributions of STR
associations throughout the various brain regions independently,
and at the gene level, we observed significant associations in 19
known risk genes, and specific gene expression of genes being
targeted by STRs in PD-relevant tissues such as the substantia
nigra. These results suggest that these STRs are likely to be func-
tionally relevant in these loci. Further investigation of the four in-
dependent nominated STRs managed to uncover likely functional
mechanisms underlying the STR association in genes nearby
NDUFAF2 and NCOR1, due to the STR co-localization with regulatory
features (epigenetic marks) involved in active transcription. The
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eSTR near NDUFAF2 was found to significantly increase the expres-
sion of PART1 (Fig. 3B). PART1 is a long non-coding RNA that was
found to be differentially expressed (downregulated) in a
microarray-based analysis of 50 PD patients compared to 22
healthy controls.® The ZSWIM7 eSTR was associated with signifi-
cant effects on gene expression in different genes, such as TRPV2,
a cation channel part of the Transient Receptor Potential family
of proteins (TRPs) that are activated by physical and chemical stim-
uli,*? and that are known to be involved in the regulation of ionic
homeostasis, which is disrupted in PD%; ADORA2B is an adenosine
receptor which has been associated with neurodegenerative condi-
tions such as Huntington’s disease,”* however no link to PD has
been established to date; Inc-NCOR1-1 and NCOR1 (Nuclear
Receptor Corepressor 1) are located within the same chromosomal
region (short arm of chromosome 17) and were also influenced by
the eSTRs. The former long non-coding gene has not been thor-
oughly characterized, therefore little is known about its function.
The latter encodes a transcriptional inhibitor that has been found
to regulate mitochondrial function.®® Moreover, gene expression
analyses showed that NCOR1 is significantly upregulated in the
substantia nigra of PD patients.>® This evidence suggests that those
genes associated with eSTRs in PD would be good candidates for
follow-up analyses.

The functional consequences of STRs captured by gene-wise and
pathway analyses demonstrated that STRs are enriched in known
disease-relevant pathways such as synaptic vesicle trafficking®”
and autophagy,58 and in tissues, such as the cortex, cerebellar hemi-
sphere and frontal cortex. Also highlighted is the pituitary gland, that
is known to express the dopaminergic receptors D2 and D4°° and is
part of the hypothalamic-pituitary-thyroid axis, where alterations
in its balance has been shown to increase risk to PD.®°

This study marks the first (to our knowledge) STR GWAS in PD to
date and highlights the importance of incorporating other forms of
genetic variation, such as STRs, into routine genetic analyses.
Despite this, like with any study profiling repeat-based variants
using short-read sequencing data, the analyses presented in this
study have several limitations. First, focusing on the STR calls,
STRs were imputed using a reference panel that was generated by
the STR caller hipSTR using short-read WGS.” There are two
main drawbacks to this approach: (i) hipSTR cannot call STRs that
are longer than the read length. Given that many of the known
pathogenic STRs in neurological diseases are large repeat expan-
sions, we currently lack the power to detect this important and
potentially disease-associated class of tandem repeats. (ii) As high-
lighted in the original study, imputation accuracy varies widely
across STR loci. However, with regard to the latter, in the present
study we demonstrated a high concordance between the overlap-
ping hipSTR imputed calls and gangSTR calls in the PPMI cohort, in-
creasing the reliability of the imputed calls. Future studies that
validate the PD-associated STRs with methods such as long-read
sequencing will be crucial to confirm these loci and key to resolving
complex repeat-based PD-associated haplotypes. Second, although
the majority of the STRs tested were biallelic, multi-allelic variants
were split into biallelic for the GWAS and downstream analyses.
This approach enabled us to perform commonly used GWAS meth-
ods for the different analysis presented in the study, but set aside
the consideration of variant length as unit of analysis. To explore
the potential role of variant length, we extracted observed addition-
al alleles for the top 34 genome-wide significant STRs in the
meta-analysis. Only one variant, (7:127793488:[T]:s[G], near
GPNMB) was found to harbour an extra allele that was nominally as-
sociated with PD (P=0.025; Supplementary Table 11), suggesting

B. I. Bustos et al.

that the leading variants account for the majority of the observed
risk. Finally, it is important to highlight that, despite the fact that
the STR panel used to impute our PD GWAS cohorts showed high
levels of concordance (96.7%)" with read-based callers such as
hipSTR and TREDPARSE, and that our comparative analysis in the
PPMI cohort called with hipSTR and gangSTR showed high geno-
type concordance, the STRs reported in this study need further ex-
perimental validation (which was not possible due to lack of access
to DNA samples) to discard any potential artifacts that could exist
in both cases and controls and to confirm their association with PD.

Overall, we have performed the first STR GWAS meta-analysis
for PD and reported that STRs contribute to its genetic risk. We
have characterized another layer of genetic variation, helping us
to gain statistical power to nominate novel candidate risk variants
and genes and to provide a more complete reference of the genetic
variation that contributes to the disease. Hence these data are a
valuable resource for researchers currently dissecting known risk
loci. Moving forward, a large-scale GWAS which utilizes calls dir-
ectly from WGS data and validates hits using long-read sequencing
methodologies is essential to fully understand the contribution of
STRs to the genetics of PD.
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