
Genome-wide meta-analysis of short-tandem 
repeats for Parkinson’s disease risk using 
genotype imputation
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Michael Wittig,8 Laura Parkkinen,9 Johnni Hansen,10 Harvey Checkoway,11

Beate Ritz,2,7 Lars Bertram1 and Christina M. Lill12,13

Idiopathic Parkinson’s disease is determined by a combination of genetic and environmental factors. Recently, the first genome-wide 
association study on short-tandem repeats in Parkinson’s disease reported on eight suggestive short-tandem repeat-based risk loci (α =  
5.3 × 10−6), of which four were novel, i.e. they had not been implicated in Parkinson’s disease risk by genome-wide association ana-
lyses of single-nucleotide polymorphisms before. Here, we tested these eight candidate short-tandem repeats in a large, independent 
Parkinson’s disease case–control dataset (n = 4757). Furthermore, we combined the results from both studies by meta-analysis result-
ing in the largest Parkinson’s disease genome-wide association study of short-tandem repeats to date (n = 43 844). Lastly, we inves-
tigated whether leading short-tandem repeat risk variants exert functional effects on gene expression regulation based on methylation 
quantitative trait locus data in human ‘post-mortem’ brain (n = 142). None of the eight previously reported short-tandem repeats were 
significantly associated with Parkinson’s disease in our independent dataset after multiple testing correction (α = 6.25 × 10−3). 
However, we observed modest support for short-tandem repeats near CCAR2 and NCOR1 in the updated meta-analyses of all avail-
able data. While the genome-wide meta-analysis did not reveal additional study-wide significant (α = 6.3 × 10−7) short-tandem repeat 
signals, we identified seven novel suggestive Parkinson’s disease short-tandem repeat risk loci (α  = 5.3 × 10−6). Of these, especially a 
short-tandem repeat near MEIOSIN showed consistent evidence for association across datasets. CCAR2, NCOR1 and one novel sug-
gestive locus identified here (LINC01012) emerged from colocalization analyses showing evidence for a shared causal short-tandem 
repeat variant affecting both Parkinson’s disease risk and cis DNA methylation in brain. Larger studies, ideally using short-tandem 
repeats called from whole-sequencing data, are needed to more fully investigate their role in Parkinson’s disease.
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Introduction
Idiopathic Parkinson’s disease is the second most common 
neurodegenerative disease after Alzheimer’s disease and is 
determined by a combination of genetic and environmental 
risk factors.1 The to date largest genome-wide association 
study (GWAS) on single-nucleotide polymorphisms (SNPs) 
by Nalls et al.2 reported 90 SNPs that were independently 

associated with Parkinson’s disease risk. However, common 
SNPs account only for 16–36% of the total genetic heritabil-
ity of the disease,2 suggesting that other genetic variants play 
a role in Parkinson’s disease susceptibility. One example of 
previously understudied genetic variants is short-tandem re-
peats (STRs, also known as microsatellites), i.e. repeating se-
quence motifs in the human genome of 1–6 nucleotides in 
length.3 Recently, Bustos et al.4 performed a GWAS using 
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STRs in 16 642 patients with Parkinson’s disease and 22 445 
controls from the International Parkinson’s Disease Genetics 
Consortium (IPDGC) dataset and identified 34 index STRs 
that showed study-wide significant association with 
Parkinson’s disease risk (defined in that study4 as α =  
5.34 × 10−6), eight of which exerted risk effects independent 
of SNPs in the respective regions. Four of these eight STRs 
represented putative novel Parkinson’s disease risk loci, 
namely NCOR1, NDUFAF2, TRIML2 and MIR129-1,4

while the other four independent STRs were located in risk 
loci already known by SNP-based GWAS.2 These exciting re-
sults await replication in independent datasets. Thus, we 
tested these eight candidate Parkinson’s disease risk STRs 
in a large, independent case–control dataset (2419 cases 
and 2338 controls). Furthermore, we combined the results 
from both studies by meta-analysis, resulting in the largest 
(n = 43 844) Parkinson’s disease STR GWAS to date. 
Lastly, we investigated whether leading Parkinson’s disease 
risk STRs may exert functional effects on gene expression 
regulation via DNA methylation (DNAm).

Materials and methods
Datasets and data processing
Detailed methods are given in the Supplementary material. 
Briefly, we generated genome-wide SNP data using the 
Global Screening Array (v1 with shared custom content) in 
three population-based case–control datasets from the USA 
[the Parkinson Environment Gene (PEG) study5 and a study 
among Group Health Cooperative (GHC) members6] and 
Denmark (the Parkinson’s disease in Denmark [PASIDA] 
study),7 resulting in an effective sample size of 2419 patients 
with Parkinson’s disease and 2338 controls after quality con-
trol (QC; Supplementary Table 1). Using the reference 
haplotype panel from Saini et al.,8 we imputed 445 180 un-
ique STR positions based on 457 368 genotyped SNPs 
and split unique STR positions with multi-allelic variants 
into single bi-allelic variants. After QC, this resulted in 
1 097 832 unique STR identifiers available for the subse-
quent statistical analyses. For the meta-analysis of our data 
with those of Bustos et al.,4 the total sample size was 19  
061 Parkinson’s disease cases and 24 783 controls.

Statistical analyses
Genetic association analyses were performed in PLINK 
(https://www.cog-genomics.org/plink/2.0/). For the replica-
tion arm of the study, statistical significance was defined 
using Bonferroni’s correction for eight tests (α = 0.05/8 =  
6.25 × 10−3). We performed genome-wide association ana-
lyses [i.e. logistic regression analyses adjusting for sex and 
the first four principal components (PCs)] with Parkinson’s 
disease status in each dataset separately followed by 
fixed-effect meta-analysis of 1 044 914 STRs overlapping in 
at least two datasets (Supplementary Fig. 1). To define an 

appropriate study-wide significance threshold,9 we estimated 
the number of PCs explaining 95% of the variance in our STR 
data (n = 78 968 PCs) and used this number as denominator 
for Bonferroni’s correction (i.e. α= 0.05/78 968 = 6.3 ×  
10−7). Since this threshold is nearly one order of magnitude 
more stringent than the study-wide significance threshold ap-
plied by Bustos et al.4 (α = 5.3 × 10−6), we defined the latter as 
‘study-wide suggestive’ evidence for association for our 
study. All reported P-values are two-sided. For novel STRs 
identified in our data, to assess the independency of the 
STR signal on SNPs, we performed GCTA-COJO (condition-
al and joint association) analyses (https://yanglab.westlake. 
edu.cn/software/gcta/#Overview) using STR- and SNP-based 
GWAS summary statistics and performed logistic regression 
analyses on the index STR while conditioning on the top SNP 
in the same region. Furthermore, to assess potential function-
al effects of the eight reported4 as well as the additional poten-
tial Parkinson’s disease risk STR loci we identified here, we 
investigated their colocalization with cis methylation quanti-
tative trait locus (meQTL) effects in 142 entorhinal cortex 
brain samples from the longitudinal, prospective ‘Oxford 
Project to Investigate Memory and Aging’ study.10,11 To 
this end, we imputed the STR genotypes from genome-wide 
SNP data in these brain samples using the same pipeline as de-
scribed above. After QC of both STR genotypes and DNAm 
data, we performed cis meQTL association analyses for each 
STR (±1 Mb). Subsequently, we performed colocalization 
analyses for the eight reported4 and seven newly identified 
suggestive risk STRs and the most significant CpG within 
the respective locus from the cis meQTL association analyses 
using the R-package coloc (v5.2.2).12 The resulting P-values 
were false discovery rate (FDR)-controlled (FDR = 0.05). 
Lastly, we probed for correlation between DNAm and gene 
expression for those STR GWAS signals that colocalized 
using RNA sequencing (RNA-seq) data generated in the 
same samples using methods described previously.7 Briefly, 
the normalized RNA-seq data of the nearest gene located 
upstream of the respective CpG were correlated with the 
corresponding DNAm signal, using the Spearman method 
in R’s cor.test function. The resulting P-values were 
FDR-controlled (FDR = 0.05).

Results
Of the eight top STR loci that showed association independ-
ent from Parkinson’s disease risk SNPs in the study by Bustos 
et al.,4 none showed statistically significant evidence for as-
sociation (α = 6.25 × 10−3) in our independent datasets after 
accounting for multiple testing. However, five of these eight 
STRs showed the same direction of effect estimates in our in-
dependent datasets comprising 2419 Parkinson’s disease 
cases and 2338 controls (Table 1, Supplementary Table 2). 
In particular, CCAR2 nearly reached nominal evidence of as-
sociation with Parkinson’s disease (P = 0.0676), and we ob-
served a similar magnitude of association for CCAR2 and 
NCOR1 as in the previous study.4 Upon meta-analysis of 
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our data with those reported in the original study,4 only 
the STRs in these two genes increased in significance, as 
effect estimates for the other three were clearly weaker 
than in the original study.4 Nonetheless, overall, two of 
the eight loci (CCAR2 and FDFT1) still showed study-wide 
evidence (α = 6.3 × 10−7; using the empirical threshold deter-
mined in the current study) and three more (NCOR1, 
LOC102723582 and NDUFAF2) showed study-wide sug-
gestive evidence (α = 5.3 × 10−6; using the threshold sug-
gested by Bustos et al.4). This includes two (NCOR1 and 
NDUFAF2) of the four novel STR-based Parkinson’s disease 
risk loci reported by Bustos et al.4 The other two novel 
loci (MIR129-1 and TRIML2) were no longer significant 
(α = 5.3 × 10−6) upon meta-analysis with effect estimates 
pointing into the opposite direction in the original versus 
our datasets (Fig. 1, Table 1, Supplementary Table 2).

Next, we investigated whether any novel Parkinson’s dis-
ease risk STR signals emerged upon combining the previously 
published4 with our newly generated genome-wide STR data. 
However, we did not observe any study-wide significant (α =  
6.3 × 10−7) primary STR signals that were independent from 
SNP associations in the same region. While our analyses re-
vealed one STR (EFNA/GBA1, location of the first base 
pair: 1:155 089 886) that achieved study-wide significance 
[odds ratio (OR) = 2.15, P = 5.02 × 10−8] and had not been 
analysed in the previous study4 (Supplementary Table 3), 
this novel signal became non-significant upon conditioning 
on the well-established2 Parkinson’s disease risk SNP 
rs35749011 (r2 = 0.96) near GBA1 in our data (Pcond =  
0.637). Likewise, the corresponding SNP- and STR-based 
analyses in COJO were non-significant (PCOJO = 6.4 × 10−1, 
Supplementary Table 4), suggesting that the STR association 
signal was due to the association signal of the Parkinson’s dis-
ease risk SNP. Furthermore, we observed seven novel study- 
wide suggestive (α = 5.3 × 10−6, i.e. using the significance 
threshold applied in the original study4) STR signals 
(THRB, PRR16, LINC01012, UBAP2, TCRBV20S1, 
C1QTNF1 and MEIOSIN), three of which (in or near the 
genes THRB, PRR16 and C1QTNF1) had not been analysed 
in the original study4 (Table 1, Supplementary Table 3). Of 
the remaining four STRs, especially the association of the 
STR near MEIOSIN showed consistent evidence for associ-
ation with P < 0.05 in both the previous4 and the dataset new-
ly generated for this study (Table 1). Conditional and/or 
COJO analyses could be performed on the first four novel re-
gions (the remaining three could not be included owing to the 
unavailability of SNP-based data from Bustos et al.4). 
Interestingly, these analyses indicated that the STRs (but 
not SNPs) represented the primary association signals in all 
four regions (Supplementary Table 4).

When we performed colocalization analysis of the eight pre-
viously reported4 STRs with genetic association data from 
STR-based cis meQTL analyses using DNAm profiles derived 
from human entorhinal cortex, we found a high posterior prob-
ability (PP.H4 > 0.8) for the presence of a shared causal variant 
for both Parkinson’s disease risk and cis meQTL effects for four 
of the eight previously reported loci (CCAR2, NCOR1, 

MIR129-1 and FDFT1). Of the novel suggestive STR loci we 
identified, one (LINC01012) appeared to share a causal variant 
for both Parkinson’s disease risk and cis meQTL effects 
(Table 1, Supplemental Table 5). These results suggest that 
the above STRs might unfold their potential Parkinson’s dis-
ease risk effects via affecting DNAm levels. To assess whether 
the differential methylation observed at these loci may elicit ex-
pression changes of neighbouring genes, we performed ex-
ploratory correlation analyses between DNAm and gene 
expression data available in the same brain samples. While 
these analyses did not reveal any significant correlation after 
FDR control, we observed one nominally significant correl-
ation for methylation at CpG cg09414187 and CENPV ex-
pression in the NCOR1 locus (P = 0.028, Supplemental 
Table 5).

Discussion
In this study, we performed the first independent assessment of 
the main findings from an STR-based GWAS recently published 
for Parkinson’s disease .4 By combining these earlier results with 
our novel data on 4757 Parkinson’s disease cases and controls, 
we substantially increased the power of the previous 
Parkinson’s disease STR GWAS. Furthermore, we investigated 
alterations in DNAm in ‘post-mortem’ brains as one potential 
functional mechanism underlying STR association signals.

While none of the eight previously reported4 STRs showed 
statistically significant association with Parkinson’s disease 
risk in our independent data following multiple testing correc-
tion, we observed modest support for two of the previously re-
ported STR loci (CCAR2 and NCOR1) in the updated 
meta-analyses. Furthermore, our genome-wide GWAS 
meta-analysis across all available data did not reveal any study- 
wide significant (α = 6.3 × 10−7) STR signals. However, we 
identified seven novel suggestive STR Parkinson’s disease risk 
loci (THRB, PRR16, LINC01012, UBAP2, TCRBV20S1, 
C1QTNF1 and MEIOSIN) that may be independent from 
nearby SNPs. Of these, an STR near MEIOSIN showed par-
ticularly consistent evidence for association with P < 0.05 in 
both the previous4 and the dataset newly generated for this 
study. Interestingly, both CCAR2 and NCOR1 as well as one 
of the novel putative loci identified here (LINC01012) also 
showed evidence for a shared causal STR variant affecting 
both Parkinson’s disease risk and cis DNAm in human brain, 
offering a possible functional basis for the observed statistical 
associations. It should be noted that correlating DNAm levels 
with gene expression data available in the same dataset for 
these colocalizing CpG signals yielded only one nominally sig-
nificant result, specifically for the gene CENPV in the NCOR1 
locus. However, these results were not significant after FDR 
adjustment. A lack of observed expression QTLs for 
meQTL-specific GWAS colocalizations has been described in 
previous studies (e.g. ref.13), which is in agreement with our 
negative correlation results. In addition, in the previous study,4

the STR in the NCOR1 locus was also described to show dis-
tinct cis expression QTL effects on several nearby genes across 
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different brain regions, including higher expression of TRPV2, 
NCOR1 and ADORA2B and lower expression of a long non- 
coding RNA gene (CTC-529I10.1) located near NCOR1. The 
exact—seemingly intricate—regulatory molecular mechanisms 
underlying the association signal of the NCOR1 STR as well as 
the other STRs on Parkinson’s disease risk need to be investi-
gated in future functional studies.

Despite numerous strengths, our study also has several po-
tential limitations. First, while our independent dataset was 
well powered to validate all previously described eight STR sig-
nals with at least nominal significance, some of the non- 
validations of the candidate STRs assessed in this study may re-
present false-negative findings. Furthermore, while the com-
bined STR GWAS dataset analysed in this study represents 
the largest Parkinson’s disease GWAS on STRs to date, our 
sample size may still be underpowered to detect subtle risk ef-
fects. Second, one commonly applied threshold to determine 
genome-wide significance in the context of GWAS is α = 5 ×  
10−8. However, this threshold captures the correlation struc-
ture for common SNPs in European genomes to keep the study- 
wide error rate at 5%. Other variant types (such as STRs or 
copy number variants) require different thresholds to achieve 
a study-wide error rate of 5%. To this end, we have empirically 
assessed the correlation structure for the STRs analysed in our 
study and defined the α level accordingly (at α = 6.3 × 10–7). 
We note that this threshold is already approximately one order 
of magnitude more stringent than the threshold applied by 
Bustos et al. However, even our more conservative threshold 
does not exclude the possibility of false positive findings inher-
ent in our data. Third, the commonly applied STR association 
analysis model applied in this study and the previous study4

splits multi-allelic STRs into multiple bi-allelic variants. 
While this is a valid approximation to allow an efficient compu-
tational analysis of the underlying genome-wide data, this like-
ly does not mirror the exact biological action of genuine risk 
STRs. Lastly, the interpretation of these analyses is complicated 
by the fact that the STR data used here and previously4 rely on 
imputations based on SNP genotypes possibly generating col-
linearity in the molecular data. Thus, the distinction between 
primary STR versus SNP effects should be reassessed using 
genome-wide STR profiles determined by other methods, e.g. 
STRs called directly from whole-genome sequencing.14

Future work, ideally based on genome-wide STR data not rely-
ing on SNP-based imputations, needs to validate and further 
characterize these findings and possibly uncover additional 
STR signals relevant for Parkinson’s disease susceptibility.

Supplementary material
Supplementary material is available at Brain Communications 
online.
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