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ABSTRACT: Background: Despite considerable
heritability, previous smaller genome-wide association
studies (GWASs) have not identified any robust
genetic risk factors for isolated dystonia.
Objective: The objective of this study was to perform a
large-scale GWAS in a well-characterized, multicenter
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sample of >6000 individuals to identify genetic risk fac-
tors for isolated dystonia.
Methods: Array-based GWASs were performed on
autosomes for 4303 dystonia participants and 2362
healthy control subjects of European ancestry with sub-
group analysis based on age at onset, affected body
regions, and a newly developed clinical score. Another
736 individuals were used for validation.
Results: This GWAS identified no common genome-
wide significant loci that could be replicated despite
sufficient power to detect meaningful effects. Power
analyses imply that the effects of individual variants
are likely very small.
Conclusions: Moderate single-nucleotide polymor-
phism–based heritability indicates that common variants
do not contribute to isolated dystonia in this cohort.
Sequence-based GWASs (eg, by whole-genome

sequencing) might help to better understand the genetic
basis. © 2024 The Author(s). Movement Disorders publi-
shed by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: isolated dystonia; GWAS; age at onset;
clinical score; case–control

Genetic factors contributing to isolated dystonia1,2

are largely unknown. Notably, 25% of patients with
various forms of isolated dystonia also have relatives
with dystonia, suggesting a substantial genetic contribu-
tion.3,4 Although several monogenic causes have been
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identified in dystonia,5 they explain the molecular path-
ogenesis in only a minority of patients, mostly those
with early onset and additional clinical features.6,7 In
contrast, genetic risk factors that are thought to con-
tribute to the disease in the remainder of patients are
largely unknown. Candidate-based association studies
in dystonia were not insightful.8 Genome-wide associa-
tion studies (GWASs) in large patient–control samples
are considered effective for the hypothesis-free identifi-
cation of genetic risk variants. Because dystonia is a rel-
atively rare disorder, only three rather small GWASs
have been reported to date, including 158, 212, and
919 patients,9-11 and focused on either patients with
cervical9,10 or musicians’ dystonia.11 Potential candi-
dates could not be confirmed unequivocally.10,12,13

Given these overall inconclusive results and limitations,
we performed a larger GWAS in different types of iso-
lated dystonia and carried out subgroup analyses.

Participants and Methods
Study Participants

We included 4303 patients with dystonia and 2362
healthy controls. Samples were mainly recruited in the
United States and Germany (Supporting Information
Tables S1 and S2). All samples were of European ances-
try, as confirmed by principal-component analysis
against 1000Genomes. All participants gave written
informed consent and underwent a standardized neuro-
logical examination by a movement disorder specialist.
For the replication of potential hits, we used existing
genotype data from 736 German dystonia patients
(Affymetrix Axiom or Illumina Global Screening Array
arrays). Patients with secondary causes of dystonia or
monogenic dystonia were excluded. The study was
approved by the Ethics Committees of all participating
clinical centers.
First, we performed a case–control association study.

Next, we carried out subgroup analyses in patients with
available information including age at onset (AAO; as a
continuous variable) and a newly developed clinical
score scaling the degree of presumed genetic burden6

with a maximum of 6 points as follows: family history
(yes: 2 points; no: 0 points), AAO (<21 years: 2 points;
21–50 years: 1 point; >50 years: 0 points), and distribu-
tion of dystonic features (generalized: 2 points; segmen-
tal/multifocal: 1 point; focal: 0 points).
Further, we analyzed association with AAO and the

clinical score in two patient subgroups based on the site
of onset (Table S2), that is, craniocervical onset and onset
in the upper extremities. Final sample sizes and demo-
graphic information for each analysis are given in
Table 1, and a flow chart depicting sample exclusion is
provided in Supporting Information Figure S9.

Genetic and Statistical Analyses
For the GWAS, blood-derived DNA was analyzed by

genome-wide SNP (single-nucleotide polymorphism)
genotyping using the Infinium Global Screening Array
(Illumina Inc.) for all but the US control subjects, who
were genotyped using the Infinium Global Diversity
Array (GDA; Illumina Inc.). After quality control and
imputation (for details, see Supporting Information
Methods in Data S1), we applied SNPTEST v.2.5.114

for analysis of each cohort (German, US) separately,
using logistic regression models for the overall affected
status and linear regression models for the patient-only
analyses. Details on the methods and quality control
are given in the Supporting Information.
To identify variants with similar effects in the Ger-

man and US cohorts, we combined both results in
respective meta-analyses (META v1.714) using an
inverse-variance method based on a fixed-effects model.
All variants with P < 5 � 10�8 were considered

genome-wide significant to account for multiple testing
based on a Bonferroni correction per GWAS. A poten-
tially meaningful GWAS signal was defined to require
at least five SNPs with P < 5 � 10�5.
In addition, we conducted a power estimation for the

case–control, the AAO, and the clinical score GWAS.
Finally, we used GCTA15 to estimate SNP-based heri-

tability in our datasets. For heritability estimation of
case–control status, we assumed a prevalence of idio-
pathic dystonia of 16.4/100,000.16 Heritability was esti-
mated in each cohort separately and combined using the
inverse variance–weighted method for meta-analyses.

Replication Analyses
We tested single SNPs with genome-wide significance

in the case-only analyses from regions with at least five
SNPs with P < 5 � 10�5 in the meta-analyses using a pre-
viously genotyped European replication sample with 736
dystonia cases. The same models were applied as before,
except for the adjustment for principal components.

Results
Genome-Wide Association Analyses

In the Aiation studies, there were no strong genome-
wide significantly associated signals (Fig. 1, Supporting
Information Figs. S1–S3). All suggestive signals are listed
in Table S3. Noteworthy hits, also from a functional
point of view, that is, predicted gene function overlapping
with pathways known to be altered in dystonia,17

included rs77507424 (minor allele frequency [MAF]
= 0.05; Beta = 4.39 years; P = 2.55 � 10�7) on chromo-
some 5 and rs2536490 (MAF = 0.09; Beta = 3.85 years;
P = 5.79 � 10�7) on chromosome 7 for the AAO associ-
ation study. The former signal harbors PDE6A, encoding
a phosphodiesterase. Phosphodiesterases have been shown
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TABLE 1 Sample sizes and demographic characteristics per analysis after quality control

Origin

Germany USA (with European Ancestry)

Cases Controls Cases Controls

Case–control status

No. of samples 1424 1345 1113 933

Age (mean, SD), y 42.8 (16.3) 55.5 (14.3) 44.8 (15.4) 66.7 (8.9)

Sex

f 817 707 762 501

m 581 638 351 432

u 26 0 0 0

Age at onset (mean, SD), y 42.8 (16.3) – 44.8 (15.3) –

No. of samples 1277 – 1253 –

Sex

f 761 – 848 –

m 515 – 405 –

u 1 – 0 –

Age at craniocervical onset (mean, SD), y 46.3 (15.3) – 45.2 (14.6) –

No. of samples 612 – 1006 –

Sex

f 413 – 747 –

m 199 – 259 –

Age at upper extremities onset (mean, SD), y 36.4 (17.4) – 36.1 (17.7) –

No. of samples 139 – 187 –

Sex

f 72 – 108 –

m 67 – 79 –

Clinical score (mean, SD) 1.34 (1.13) – 1.28 (1.10) –

No. of samples 1313 – 1080 –

Age (mean, SD), y 56.7 (14.6) – 59.8 (12.9) –

Sex

f 787 – 737 –

m 525 – 343 –

u 1 – 0 –

Clinical score (craniocervical onset) (mean, SD) 1.37 (1.14) – 1.27 (1.08) –

No. of samples 576 – 847 –

Age (mean, SD), y 60.0 (12.6) – 61.0 (11.5) –

Sex

f 387 – 637 –

m 189 – 210 –

(Continues)
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to regulate striatocortical basal ganglia circuitry and
movement control via cyclic adenosine monophosphate
(cAMP) signaling,17,18 and pathogenic variants in

PDE10A have been linked to dystonic symptoms. The
signal on chromosome 7 is located in PRKAR2B that has
also been linked to cAMP signaling.19,20

TABLE 1 Continued

Origin

Germany USA (with European Ancestry)

Cases Controls Cases Controls

Clinical score (upper extremities onset) (mean, SD) 1.54 (1.18) – 1.83 (1.34) –

No. of samples 142 – 169 –

Age (mean, SD), y 54.1 (15.0) – 55.3 (14.6) –

Sex

f 73 – 99 –

m 69 – 70 –

Abbreviations: SD, standard deviation; f, female; m, male; u, unknown.

FIG. 1. Results of genome-wide association study for three different traits in patients with isolated dytonia. Manhattan plots for case–control status (A), age at
onset (C), and a clinical score based on age at onset, symptom distribution, and family history (E), together with corresponding QQ plots of the P value distri-
bution (B, D, F). All results are based on meta-analyses combining a US and a German cohort. [Color figure can be viewed at wileyonlinelibrary.com]
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In patients with craniocervical onset (n = 1618), one
variant (rs3010282) on chromosome 6 (MAF = 0.30;
Beta = �4.19 years; P = 2.47 � 10�9) was genome-
wide significantly associated with AAO (Supporting
Information Fig. S4) and is located within a long non-
coding RNA gene (ENSG00000226571). Two addi-
tional SNPs were considered candidates: rs9319387
(MAF = 0.49; Beta = �3.21 years; P = 2.27 � 10�7)
on chromosome 13 and rs3744730 (MAF = 0.02;
Beta = �7.86 years; P = 3.06 � 10�7) on chromosome
17 (Table S3). The nearest genes to the former signal are
POLR1D (primarily expressed in skin21) and NPM1P4,
a pseudogene. The signal on chromosome 17 is located in
VPS53, encoding a vacuolar protein sorting protein
involved in recycling endocytic vesicles.22

In patients with onset in the upper extremities (n =
326), we found one variant (rs7907011) on chromosome
10 that showed genome-wide significance (MAF = 0.29;
Beta = �13.74 years; P = 3.55 � 10�8) (Fig. S4) within
LOXL4, encoding a lysyl oxidase that is relevant to the
extracellular matrix and development.23

Using the clinical score in cases with craniocervical
onset (n = 1423), one genome-wide significant variant
(rs3802288) was identified on chromosome
8 (MAF = 0.06; Beta = 0.66; P = 1.19 � 10�8) in
ASPH (a gene primarily expressed in brain and retina21).
Finally, one variant (rs77695916; MAF = 0.01;

Beta = 1.80; P = 4.48 � 10�8) on chromosome 5 was
genome-wide significantly associated with the clinical
score in patients with onset in the upper extremities (n
= 311). The signal harbors MFAP3, which is primarily
expressed in brain and skin.21

Replication Analyses
None of the 14 SNPs in the replication analysis was

associated with the respective trait suggested in the ini-
tial GWAS phase at a significance level of
P < 0.05/14 = 0.0036. Detailed results on replication
can be found in Supporting Information Table S3.

Power Estimation
With the case–control meta-analyses, we could have

detected common variants (MAF > 20%) with an odds
ratio ≥1.5 with a power of >90%. The power was also
>90% to detect common variant associations with an
effect of 4 years on AAO or 0.4 point on the clinical
score, respectively. Detailed results on statistical power
are shown in Supporting Information Figure S8.

Heritability Analysis
Overall, we observed moderate heritability of 14%

for case–control status, 24% for AAO, and 19% for
the clinical score. This means that <25% of the vari-
ance in the three different traits can be explained by the
genotyped and imputed SNPs.

Discussion

This study aimed to identify genetic risk factors in iso-
lated dystonia. We included a large sample (4108 isolated
dystonia patients and 2357 healthy control subjects) and
conducted multiple GWASs. Despite being the largest
GWAS study to date of isolated dystonia, no robust, repli-
cable associations were found in the overall comparison
of cases and control subjects, AAO, or clinical score.
Although there was <60% availability of information in
the patients to calculate the clinical score (AAO, family
history, distribution of dystonia), the study had an overall
high power to detect meaningful effects. Notably, associa-
tions from previous genome-wide analyses have not been
replicated. Furthermore, analyses for AAO and clinical
score in subgroups of patients stratified for site at onset
yielded several candidate hits. They should be followed
up in subsequent studies with larger samples.
Despite the strengths of our study (largest sample size,

sufficient power, clinical score, analyses of subgroups),
there were several limitations. First, the study included
only individuals of European ancestry, limiting the gener-
alizability of the results to other populations. Second,
other possible contributing factors such as environmental
exposures or epigenetic modifications were not assessed.
Third, although 10 genetic principal components were
used to decrease population stratification bias, they might
have reduced the power to find significantly associated
SNPs. Finally, different arrays were used in the US cohort
for cases and control subjects, which could have led to
batch effects. However, we applied very strict quality
criteria to overcome potential biases.
Notably, this study showed two important lessons and

helped develop a new hypothesis regarding the impact of
genetic variants for isolated dystonia in Europeans. First,
there is likely high polygenicity, that is, many risk vari-
ants, including rare variants, with relatively small effects
contributing to the development of dystonia, as has been
demonstrated for other diseases, such as schizophrenia.24

Thus, a much larger sample size would be required to
identify the impact of common variants. In addition,
sequencing-based GWAS (eg, whole-genome sequencing–
based GWAS) might identify risk factors by detecting
rarer variants and other variant types such as copy num-
ber variants. Along these lines, the heritability estimate
indicated that <25% of the variance addressed by our
GWAS can be attributed to the analyzed common vari-
ants. Second, although we included only participants with
isolated dystonia and performed subgroup analyses, the
included participants may still be heterogeneous with dis-
tinct biological mechanisms underlying their dystonia,25

involving different sets of risk identification. To define
molecular-based subgroups, the identification of meaning-
ful biomarkers, which are currently unavailable, would be
a prerequisite.
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This study, consistent with prior smaller GWASs, did
not demonstrate robust genetic risk factors for isolated
dystonia, suggesting that the risk factors for dystonia are
likely more complex and may involve rare variants.
Because it is not feasible to significantly enlarge the sam-
ple size, we need alternative approaches to identify further
genetic contributions to dystonia, including testing other
ethnicities, evaluating low-frequency variants with small
effect sizes by genome sequencing, and aiming for a
molecularly driven stratification of our patients.
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