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ABSTRACT: This comprehensive MDSGene review is

devoted to 7 genes — TOR1A, THAP1, GNAL, ANO3,

PRKRA, KMT2B, and HPCA — mutations in which may

cause isolated dystonia. It followed MDSGene’s standardized

data extraction protocol and screened a total of ~1200 cita-

tions. Phenotypic and genotypic data on ~1200 patients with

254 different mutations were curated and analyzed. There

were differences regarding age at onset, site of onset, and

distribution of symptoms across mutation carriers in all

7 genes. Although carriers of TOR1A, THAP1, PRKRA,

KMT2B, or HPCA mutations mostly showed childhood and

adolescent onset, patients with GNAL and ANO3 mutations

often developed first symptoms in adulthood. GNAL and

KMT2B mutation carriers frequently have 1 predominant site

of onset, that is, the neck (GNAL) or the lower limbs

(KMT2B), whereas site of onset in DYT-TOR1A, DYT-THAP1,

DYT-ANO3, DYT-PRKRA, and DYT-HPCA was broader.

However, in most DYT-THAP1 and DYT-ANO3 patients, dys-

tonia first manifested in the upper half of the body (upper

limb, neck, and craniofacial/laryngeal), whereas onset in

DYT-TOR1A, DYT-PRKRA and DYT-HPCA was frequently

observed in an extremity, including both upper and lower

ones. For ANO3, a segmental/multifocal distribution was typi-

cal, whereas TOR1A, PRKRA, KMT2B, and HPCA mutation

carriers commonly developed generalized dystonia. THAP1

mutation carriers presented with focal, segmental/multifocal,

or generalized dystonia in almost equal proportions. GNAL

mutation carriers rarely showed generalization. This review

provides a comprehensive overview of the current knowl-

edge of hereditary isolated dystonia. The data are also avail-

able in an online database (http://www.mdsgene.org), which

additionally offers descriptive summary statistics. © 2021

The Authors. Movement Disorders published by Wiley Peri-

odicals LLC on behalf of International Parkinson and Move-

ment Disorder Society
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Dystonia is a rare movement disorder characterized
by sustained or intermittent muscle contractions caus-
ing abnormal, often repetitive movements, postures, or
both.1 Nowadays, genetic testing gains an increasing
awareness and importance to patients and doctors
alike. Patients with an age at onset (AAO) in childhood
and/or a positive family history often have a genetic
cause, but also patients presenting with first symptoms
in adulthood may carry a pathogenic variant (also
referred to as “mutation”). However, major challenges
for neurologists are to decide whom to test, for which
gene, and how to interpret the result.2

The phenotypic spectrum in dystonic syndromes is
wide, and distribution can be focal (1 affected body site),
segmental/multifocal (>1 contiguous/noncontiguous sites),
or generalized (trunk and ≥2 other sites affected). AAO
can be grouped into 5 categories: infancy (0–2 years),
childhood (3–12 years), adolescence (13–20 years),
early adulthood (21–40 years), and late adulthood
(>40 years).1 Furthermore, dystonia can be classified
based on the accompanying clinical signs. When dysto-
nia is the only presenting feature except for a possible
tremor, it is referred to as isolated dystonia, for which
genetic forms will be covered in this International
Parkinson and Movement Disorder Society Genetic
Mutation Database (MDSGene) review. Dystonia asso-
ciated with another movement disorder is classified
as combined dystonia, whereas dystonia as (a maybe
less prominent) part of other neurological or systemic
disorders is designated as complex dystonia.1,3

The first isolated dystonia gene, TOR1A, was found
almost 25 years ago.4 Since then, an increasing number
of genetic forms has been identified, mainly by next-
generation sequencing (NGS) approaches.5,6 Of these
~200 dystonia genes,7 3 were listed as isolated dystonia
genes by the MDS Task force on Genetic Nomenclature
in Movement Disorders in 20163: TOR1A, THAP1,
and GNAL. Meanwhile, there is increasing evidence for
a pathogenic role of ANO3 variants, particularly
because of the identification of de novo mutations.7,8

Mutations in PRKRA were initially reported as a cause
of a combined dystonia (dystonia-parkinsonism,
DYT16).9 However, the literature review revealed that
parkinsonism is neither a predominant nor a consistent
finding,10 especially in more recent reports.11 Thus, we
now consider it a genetic form of isolated dystonia
(DYT-PRKRA). Although mutations in these 5 genes
usually lead to isolated dystonia, mutations in KMT2B

and HPCA present as isolated dystonia only in a subset
of patients. Mutations in KMT2B were first reported in
2016/201712,13 as a cause of dystonia and have been
confirmed in a number of independent studies since
then.14,15 Biallelic mutations in HPCA were validated
as a cause of dystonia in 2018.16,17 Thus, a total of
7 genes (3 well established and 4 rather new/newly con-
firmed ones) are covered in this systematic MDSGene

review on isolated dystonia. Of note, we did not
include CIZ1 and COL6A3, as the data regarding these
genes are inconsistent, and their causative role for dys-
tonia has yet to be confirmed.3,18-20 The overarching
goal is to assist movement disorder doctors in deciding
on genetic testing and interpreting findings. This review
has 3 objectives: (1) to provide an overview of geno-
typic and phenotypic data in affected mutation carriers,
(2) to compare phenotypes across genes, and (3) to
evaluate pathogenicity of variants.

Methods

The present MDSGene review follows a standardized
data extraction protocol as described elsewhere.21 Data
have been posted on the MDSGene website (www.
mdsgene.org) and were collected based on a systematic
literature review with certain inclusion and exclusion
criteria, and pathogenicity scoring of variants differenti-
ating definitely, probably, and possibly pathogenic from
benign variants (Supplementary Material).

Results

Relevant Articles and Overview of Included

Patients and Mutations

The PubMed literature search yielded 1179 citations,
among which 275 were used to extract clinical and
genetic data for 1235 dystonia patients. Of these, 1167
mutation carriers from 246 publications were eligible
for inclusion in MDSGene (Supplementary Figure S1
and Supplementary Material). An overview of relevant
articles ordered by publication year is shown in
Supplementary Figure S2. In total, 254 different vari-
ants have been included and scored as “definitely patho-
genic” (n = 43, 16.9%), “probably pathogenic”
(n = 136, 53.5%), or “possibly pathogenic” (n = 75,
29.5%); see Table 1. Sixty-eight patients did not fulfill
inclusion criteria and were excluded (Supplementary
Tables S3 and S4).

Phenotypic and Mutational Details by Gene

In the following paragraphs, we discuss the specific
clinical and genetic findings for each gene individually.
Detailed data are presented on www.mdsgene.org and
summarized in Figures 1 (dystonia categories across
genes), 2 (initial site of onset), and 3 (distribution of
dystonia and signs and symptoms at examination).
Because of the small number of HPCA mutations car-
riers, HPCA has not been included in Figures 1–3. A
detailed overview of the locations of mutations along-
side their pathogenicity status in all genes and proteins
is given in Figure 4.
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TOR1A

We identified 694 TOR1A mutation carriers from
638 families, of whom 48.4% were male (11.0% miss-
ing). Ethnicity was not provided for 433 patients
(62.4%); otherwise, they were white European (17.4%)
or Asian (14.1%), Ashkenazi Jewish, or mixed/other
ancestry (2.9% each). The median AAO was 9 years

(IQR, 7–12 years), with 7.5% missing. The majority
(68.1%) had childhood onset and 11.7% adolescence
onset; only 5.2% of patients had an AAO > 30 years.
Notably, an earlier AAO was associated with a more
severe phenotype (for details, see Supplement). Family
history was positive in 24.2% of mutation carriers,
negative in 14.8%, and unknown in 61.0% of patients.

FIG. 1. Categories of dystonia across genes. The circles indicate the percentage of patients with isolated (red), combined (blue), and complex (gray)

dystonia. The different subgroups of each category are displayed in lighter or darker color shades. *DYT-PRKRA: Several cases were reportedly diag-

nosed with Parkinson’s disease and therefore classified as combined dystonia based on the presence of bradykinesiae but data missingness was high

only. However, slow movements can also be caused by dystonia itself, making the occurrence of parkinsonism uncertain. **DYT-KMT2B: Additional

features defining the complex phenotype are often mild, thus a clear categorization of cases into these categories (isolated vs complex) is often chal-

lenging and may have to be reevaluated over time.
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About 60% of patients had generalized dystonia; focal
distribution was rather rare (~10%). The onset was
mostly in the limbs (~60%). Interestingly, patients with
focal dystonia had more often upper than lower limb
onset, whereas for generalized dystonia, it was the other
way around (for detailed statistics, see Supplement).
Other onset sites were rare but data missingness was
high (>35%). Over the course of the disease, limb
involvement was characteristic, but also axial and

cervical involvement was common, whereas only a small
percentage had craniofacial or laryngeal involvement. A
dystonic tremor was reported in 31 patients and myoclo-
nus in six, and none had parkinsonism (Figs. 2 and 3).
Nonmotor symptoms were rarely mentioned (>90%
missing), and depression and psychosis were only
reported in a single patient.22

There was considerable clinical heterogeneity, even
within families regarding body distribution.23-26

FIG. 2. Initial site of onset per gene. Each of the diagrams refers to findings for one of the genes. Because of the small number of reported HPCA

patients, data for HPCA are not shown. The body site that was initially affected is given as 6 different groups. In addition, the number of patients with

2 or more reported initial sites or with no data on site at onset is also provided. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. Distribution of dystonia and signs and symptoms at examination across genes. The circles indicate the percentage of patients with generalized

(red), segmental/multifocal (blue), focal (dark gray), and unknown (light gray) distribution of signs and symptoms. Of note, diagnoses from the original

publications that were not in accordance with the current classification guidelines1 have been reclassified accordingly (see Supplementary Methods).

The diagrams indicate the presence (red), absence (blue), or missing data (gray) of dystonia and other main movement disorder phenotypes, as well as

of developmental delay/cognitive impairment (DD/CI).
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FIG. 3. (continued)
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DYT-TOR1A is inherited in an autosomal-dominant
fashion. Among the 694 heterozygous patients, 11 differ-
ent variants were found. Almost all patients (98.0%)
carried the same in-frame 3-base-pair (BP) deletion
(c.907_909delGAG, aka GAG deletion [ΔGAG]) in
TOR1A. Twelve patients carried 8 different rare mis-
sense variants. One patient harbored an in-frame 6-bp
deletion and another one a frameshift mutation.
There are 4 documented de novo cases.27-29 To estimate

penetrance, we identified studies that performed muta-
tional screenings in families with >10 individuals. In these
families, penetrance varied from 18% to 55%.23,26,28,30

These families included 135 individuals with genetic
information. Of those, 48 were carriers of the GAG dele-
tion, and 14 of them were affected, indicating a mean pen-
etrance of 29%, thus confirming previous estimates.31

Commonly used oral treatments included anticholin-
ergics and baclofen with a beneficial effect in some
patients but based on small numbers. Benzodiazepine
and dopamine were rather ineffective. Deep brain
stimulation (GPi-DBS) was reported in >200 patients,
often with good to excellent response. Other surgical
methods (thalamotomy, pallidotomy) were effective in
about half the patients (Supplement).

THAP1

We identified 241 THAP1 mutation carriers from
169 families, of whom 43.6% were male (12.4% miss-
ing). Information on ethnicity was given in 176 of
241 patients (27.0% missing) and comprised white
Europeans (41.9%) and Asians (10.4%). Furthermore,

29 patients (12.0%) from 8 families were of Amish-
Mennonite decent. The median AAO was 15 years
(IQR, 9–29 years) with 17.0% missing. Many patients
(34.9%) had onset in childhood; onset during adoles-
cence or early or late adulthood was less frequent
(17.8%, 16.6%, and 14.5%, respectively). Family his-
tory was positive in 57.7% of mutation carriers, negative
in 32.0%, and unknown in 10.4%.
Regarding type of dystonia, a segmental/multifocal or

generalized distribution was more frequent than focal
dystonia. Initial onset was variable including upper
limb, neck, or craniofacial/laryngeal muscles. Lower
limb or onset in 2 or more sites was rather unusual.
Affected body regions over the course of the disease
were mostly neck and limbs (upper > lower), but cra-
niofacial and axial dystonia was also common. Impor-
tantly, laryngeal dystonia associated with dysarthria
and/or dysphonia was typical. Tremor was reported in
41 patients, myoclonus in 5, and parkinsonism in none.
Nonmotor symptoms were rarely mentioned (>88%
missing); depression and cognitive impairment were
reported in 5 patients each (Figs. 1–3).
There was considerable clinical heterogeneity, even

within families regarding body distribution and
AAO.32-34 Nonetheless, there were also families with a
quite similar phenotype.35

DYT-THAP1 follows an autosomal-dominant mode
of inheritance, and 97 variants were reported. Most
patients carried missense variants (57.7%), followed
by frameshift mutations (21.6%), variants with an
unknown effect (variants in untranslated regions,
intronic outside the canonical splice sites, or affecting

FIG. 4. Overview of mutations per gene/protein. The gene is shown with exons as boxes and introns as shortened lines. Exons are to scale.

Untranslated regions are abbreviated and illustrated in gray. For proteins, functional domains are highlighted. Position of mutations is indicated by

arrows, and predicted pathogenicity is provided by color (red, definitely pathogenic; black, probably pathogenic; blue, possibly pathogenic). Variants

scored as benign are not included and are listed in Table S3.
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FIG. 4. (continued)
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the start codon; 8.2%), and nonsense mutations
(6.2%). Splice site (2.1%), silent (2.1%), and in-frame
deletion variants (1.0%) were rare. In 3 patients, the
mutation was shown to have arisen de novo.36-38

To estimate penetrance, we used all families with at
least 1 described unaffected carrier (to ensure that
healthy individuals also were genotyped). This revealed
25 families with a total of 93 mutation carriers, of
whom 45 were affected; thus the estimated penetrance
of THAP1 mutations is 48.4%. Although this is an esti-
mate in which only families with at least 1 unaffected
mutation carrier were included, which may lead to
underestimation of penetrance, we believe that it repre-
sents a valid and close approximation. The calculated
penetrance would be higher when including all families
(also the ones only reporting affected members), but
there is always also a bias toward screening affected
members, which would lead to an artificial increase of
penetrance estimate. Because of small numbers, it was
not possible to take predicted pathogenicity scores into
account.

Information on medical treatment was scarce. Only
botulinum toxin and anticholinergic medication
showed a fairly good outcome. Dopaminergic drugs did
not show any effect, and the outcome of GPi-DBS was
variable.

GNAL

We identified 76 GNAL mutation carriers from
44 families, with 31.6% male (5.3% missing). The
majority of patients were white European (65.8%), or
Asian (13.2%), with 11.8% missing. The median AAO
was 38 years (IQR, 25–47 years), with 11.8% missing.
Most patients had onset of symptoms during adulthood
(35.5% in early adulthood and 39.5% in late adult-
hood), with the latest AAO being 68 years. Only
12 patients (15.8%) had an AAO < 20 years (9.2%
missing). Family history of dystonia was positive in
64.5% of mutation carriers, negative in 26.3%, and
unknown in 9.2%.

FIG. 4. (continued)
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Most patients had focal dystonia, followed by
multifocal/segmental dystonia, and only a small pro-
portion had generalized dystonia. Initial onset was
mostly cervical and sometimes craniofacial/laryn-
geal, axial, or in an extremity. Cervical involvement
was characteristic. Involvement of other body
regions including craniofacial, limb (upper > lower),

laryngeal, and axial dystonia was rarer. Tremor,
mostly as dystonic head tremor, was reported in
18 patients and myoclonus in 2.39,40 Nonmotor
signs and symptoms were rarely reported (>76.7%
missing).
DYT-GNAL follows an autosomal-dominant mode of

inheritance. A total of 38 variants were published. Most

FIG. 4. (continued)
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FIG. 4. (continued)
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of them were missense variants (n = 20), followed by
nonsense (n = 6) and frameshift (n = 3) mutations. In
addition, 5 silent variants, 3 variants with an unknown
effect (2 potential recurrent splice region variants and a
stop codon loss), and 1 in-frame deletion were reported.
Information on medical treatment was available for

<10% of patients. It comprised botulinum toxin injec-
tions with variable outcome and dopaminergic drugs
with no effect. GPi-DBS seemed to be effective.

ANO3

We identified 53 ANO3 mutation carriers from
36 families, of whom 39.6% were male (3.8% missing).
Most patients were white Europeans (43.4%) or Asians
(26.4%), with 30.2% missing. The median AAO was
23 years (IQR, 9–42 years), with 3.8% missing. Inter-
estingly, there were 2 peaks in the AAO distribution,
1 in infancy/childhood (≤12 years; 32.1%) and 1 in
early and late adulthood (24.5% each). Onset in ado-
lescence (17.0%) was rarer (1.9% missing). Family his-
tory of dystonia was positive in 49.1% of mutation
carriers, negative in 39.6%, and unknown in 11.3%.
Most patients had multifocal/segmental dystonia,

focal or generalized distribution was less common. Cer-
vical dystonia was the most common onset, followed
by upper limb. Lower limb onset has also been reported
for some patients and seems to be associated with a
younger AAO (all patients < 20 years). In 4 patients, a
head tremor was the initial symptom. Cervical involve-
ment was a characteristic clinical feature. Other com-
monly involved sites were the limbs (upper > lower)
and the craniofacial and laryngeal regions. Axial dysto-
nia was rather rare. Tremor was a frequent finding
(29 patients) at examination, myoclonus was described

in 13 patients with mostly young onset, and parkinson-
ism was found in 2 patients. Nonmotor signs and
symptoms were rarely reported (≥79.6% missing).
There were 2 patients with cognitive impairment, one
of them in the context of a (neuro)developmental
disorder.41

DYT-ANO3 follows an autosomal-dominant mode
of inheritance, and only heterozygous mutations have
been reported to date. The description of multiplex
families with ANO3 mutations is rare, and 5 different
de novo mutations in 6 patients have been
reported.7,8,41-44

A total of 31 variants have been described. Because
of the rarity of truncating or recurrent mutations and
functional studies, none of the variants has yet been
scored as definitely pathogenic based on MDSGene
criteria. The majority of ANO3 variants were missense
mutations (n = 29), whereas a splice site change and a
substitution of unknown effect in the 50-untranslated
region were reported in 1 patient each.
Treatment information was limited. There might be a

good response to dopaminergic treatment in a subset of
patients, and anticholinergics and antiepileptics might also
be beneficial. Several patients also responded to GPi-DBS.

PRKRA

We identified 23 PRKRA mutation carriers from
15 families (including 5 consanguineous families),9,11

of whom 60.9% were male (8.7% missing). Patients
were mostly of mixed/other ethnicity (56.5%, all origi-
nating from Brazil); 34.8% were white Europeans
(4.3% missing). The median AAO was 8 years (IQR,
4–14 years), with 4.3% missing. Most patients had
onset of symptoms at <13 years (69.6%), and only a

FIG. 4. (continued)
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few had onset during adolescence (21.7%) or adult-
hood (1 patient each in early and late adulthood,
4.3% each). Family history of dystonia was positive in
56.5% of mutation carriers, negative in 34.8%, and
unknown in 8.7%.
The vast majority of PRKRA mutation carriers

showed generalized dystonia, 2 patients had segmental/
multifocal dystonia and 1 patient had focal dystonia.
DYT-PRKRA most often started in the limbs (upper >
lower) but also in the larynx or rarely in the neck. Two
patients showed first symptoms in the neck and upper
limb at the same time. All patients with available infor-
mation had limb dystonia and also laryngeal, craniofa-
cial, and axial involvement. Cervical dystonia was also
common. Laryngeal dystonia was often associated with
dysphonia and/or dysarthria. Two patients presented
with an opisthotonic posture.9 Tremor was reported in
2 patients, myoclonus in none. Parkinsonism was
described in about half the patients, however, diagnosis
was based on slowed movements in body regions
affected by dystonia, and thus diagnostic criteria for
Parkinson’s disease were not fulfilled.45 There was no
information on psychiatric signs. Other nonmotor
symptoms were rarely indicated and included cognitive
impairment (6 patients) and global developmental delay
(4 patients, all from consanguineous families).
DYT-PRKRA follows an autosomal-recessive mode

of inheritance. The majority of patients carried a
homozygous PRKRA mutation (82.6%), whereas
4 patients from 3 families were carriers of compound-
heterozygous variants.11,46,47 Six variants (all mis-
sense) were reported. Almost all patients carried the
same homozygous (n = 18) mutation (c.665C > T, p.
Pro222Leu), which was also present in 2 patients with
compound-heterozygous changes.
GPi-DBS may be the only helpful intervention in

DYT-PRKRA. Symptomatic treatment with botulinum
toxin injections, baclofen, and benzodiazepines was not
shown to be beneficial.

KMT2B

We identified 75 KMT2B mutation carriers from
72 families, of whom 45.3% were male (2.7% missing).
The majority of patients were white Europeans (38.7%);
others were of Asian (14.7%) or Hispanic (1.3%) ethnic-
ity (45.3% missing). The median AAO was 6 years
(IQR, 4–8 years), with 5.3% missing. The majority
(86.7%) showed first dystonic symptoms in infancy or
childhood, and only 4.0% each had onset in adolescence
and adulthood. Family history of dystonia was positive
in only 12.0% of patients, negative in 77.3%, and
unknown in 10.7%.
Most patients showed generalized dystonia, only 4

patients each had a multifocal/segmental or focal distri-
bution. Onset was usually in the limbs, with the lower

limbs being affected about 4 times more often than the
upper limbs. Other onset sites (neck, larynx, trunk)
were rare. Over the course of the disease limb dystonia
was characteristic. Many patients also had laryngeal
dystonia associated with dysphonia (35 patients), dys-
arthria (41 patients), or even anarthria (9 patients).
Axial, cervical, and craniofacial dystonia was also com-
mon. Myoclonus (8 patients), tremor (7 patients), and
parkinsonism (1 patient)14 were rather rare. Other neu-
rological or psychiatric features such as seizures,
depression, anxiety, spasticity, and muscular hypotonia
(1–2 patients each) were rare.
Nonmotor signs are characteristic for DYT-KMT2B

and were reported in 80.3% of patients. About half the
KMT2B mutation carriers had been diagnosed with a
rather complex type of dystonia including features of a
(neuro)developmental disorder, with 47 patients show-
ing at least mild dysmorphic features. Cognitive impair-
ment (37 patients), developmental delay (21 patients),
short stature (24 patients), and microcephaly
(17 patients) were also reported (3.9%–53.9% miss-
ing). Even within families, strikingly different pheno-
types could occur, including unaffected mutation
carriers, members with severe dystonia, and patients
with developmental delay.48 Interestingly, in some
KMT2B mutation carriers, brain MRI abnormalities
have been described.
All reported KMT2B mutations occurred in the het-

erozygous state (autosomal-dominant). Most mutations
arose de novo (n = 51), 10 were inherited including 6
transmissions from an unaffected parent (4 maternal
and 2 paternal), and 4 transmissions from an affected
parent (2 maternal and 2 paternal). For 12 patients,
parents were not available for testing.
A total of 68 different variants were reported. Trun-

cating and protein-loss mutations were the most fre-
quent consequence of mutations (frameshift variants
30.7%, whole-gene deletions 17.3%, nonsense muta-
tions 10.7%, splice-site changes 4.0%). Missense vari-
ants (34.7%) and in-frame mutations (2.7%) were
found in the remaining patients.
While the outcome of anticholinergic treatment was

positive in about half of the treated patients, dopaminer-
gic supplementation was reported to be mostly ineffective
in DYT-KMT2B. Treatment with botulinum toxin injec-
tions, benzodiazepines, baclofen, neuroleptics and antiepi-
leptics yielded variable effects. GPi-DBS was reported in
many patients, often with good benefit.13,15,49

HPCA

We identified 5 HPCA mutation carriers (3 male,
2 female) from 3 families. Three patients were from
Iran (Sephardic Jewish family), and 2 unrelated patients
were from Turkey. Median AAO was 5 years (IQR,
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0.5–12.5 years), and onset was in infancy (n = 2), child-
hood (n = 2), or adolescence (n = 1).
All patients had generalized dystonia. Lower limb

onset was reported for 3 patients, 1 had the lower limb
and face as onset sites, and 1 patient initially presented
with cervical dystonia. At examination, all patients had
limb (including lower limbs) and axial involvement.
Four patients had cervical, craniofacial, and laryngeal
dystonia, which was associated with dysphonia in
1 patient and dysarthria in 3 patients.
A dystonic tremor was reported in 3 patients, and

myoclonus and parkinsonism in none. Psychiatric fea-
tures were described for 3 patients, all had anxiety and
2 had additional depression (40.0% missing). For
3 patients, possible cognitive impairment was reported,
and 2 of them showed learning difficulties.
While the affected members of the initially reported

family had progressive, but relatively mild isolated dys-
tonia, pronounced in the upper body parts (upper limb,
cervical, and cranial areas) and were well functioning in
daily life,17 the 2 more recently reported mutation car-
riers presented with severe, rather complex dystonia
including cognitive difficulties, jerking of the trunk and
limbs or attacks with muscle cramps, involuntary
movements, and speaking difficulties.16

DYT-HPCA follows an autosomal-recessive mode of
inheritance. Three homozygous variants were reported.
This included a missense variant in the Sephardic Jew-
ish family and truncating mutations in the 2 more
severely affected sporadic patients (a frameshift and a
nonsense change).
A positive response to anticholinergic drugs was

reported in 1 patient,16 whereas other drugs (benzodi-
azepines, dopaminergics, antiepileptics) had no effect.
Pallidotomy in 1 patient resulted in partial transient
improvement.16

Discussion

This is the first systematic review on dystonia providing
a comprehensive and up-to-date review in the English lan-
guage of the published peer-reviewed literature on
TOR1A, THAP1, GNAL, ANO3, PRKRA, KMT2B and
HPCA mutation carriers. This review is based on data
from ~1200 dystonia patients carrying ~250 different dis-
ease-causing mutations in these 7 genes.
All genes have a broad phenotypic spectrum, and

there is overlap between the different genes. Thus,
defining clinical “red flags” that allow diagnosing a spe-
cific genetic cause on an individual patient level is chal-
lenging. However, on the group level, there are
differences regarding AAO (P < 0.001, Kruskal-Wallis
test) and site of onset (P < 0.001, chi-square test) in all
mutation carriers, but also when focusing on mutation car-
riers with isolated dystonia only (for detailed statistics, see

Supplement). Furthermore, the occurrence rate of addi-
tional features such as developmental delay differs among
the groups. ANO3 and GNAL mutation carriers share a
rather late median AAO (>20 years) and typically remain
focal with predominant craniocervical involvement, making
it clinically difficult to distinguish them from one another
and from idiopathic dystonia. A clinical hint may arise
from the presence of myoclonus, a recurrent feature of
DYT-ANO3 that is rare in DYT-GNAL and idiopathic
dystonia. Notably, the presence of myoclonus also points
toward other possible differential diagnoses including
genetic forms of combined dystonia such as DYT-SGCE,
which are not covered in this review. A specific combina-
tion pointing toward DYT-KMT2B in a subset of
patients is dystonia and developmental delay/cognitive
impairment.13,15 Notably, these additional signs can be
mild.49,50 The differential diagnosis of complex dystonia
(especially dystonia plus a neurodevelopmental disorder)
is broad and a multitude of genes have to be considered.
This is beyond the scope of this review. Laryngeal dysto-
nia is found in almost all patients with PRKRA or
KMT2B mutations but rare in DYT-TOR1A. The phe-
notype resulting from THAP1 mutations is broad. All
genetic forms targeted in this review except DYT-GNAL

frequently also affect the limbs.
For most genes, the majority of the reported mutation

carriers in the considered English literature were of
white European ethnicity. An exception were PRKRA

mutation carriers, the majority of whom originated
from Brazil (because of a founder mutation52; Table 1).
The number of DYT-HPCA cases is too small to draw
meaningful conclusions.
The sex ratio was balanced for most genes. There

was a seemingly female predominance for GNAL and a
male predominance for PRKRA. Although the devia-
tion for PRKRA should be interpreted with caution
given the small number of only 21 mutation carriers
(95% confidence interval [CI] for males, 44.7%–

88.7%), the finding for GNAL is more robust (95% CI
for males, 22.2%–44.5%). Of note, we could not detect
any sex-related phenotypic differences in GNAL muta-
tion carriers (Supplementary Material).
Family history was often positive for THAP1,

ANO3, GNAL, and PRKRA (range, 49.1%–57.7%).
In contrast, family history for KMT2B and TOR1A

was typically negative. Mutations in TOR1A, THAP1,
and GNAL are usually inherited from an affected or
unaffected (because of reduced penetrance) parent, and
de-novo mutations in these 3 genes are rare. In con-
trast, the often sporadic occurrence of DYT-KMT2B is
due to the high rate of de-novo mutations. PRKRA and
HPCA mutations follow an autosomal-recessive mode
of inheritance with usually unaffected but often consan-
guineous parents in DYT-PRKRA.
Treatment of genetic dystonia included pharmacological

and surgical interventions. Regarding pharmacological
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treatment, only anticholinergic medication was reported to
show a fairly good outcome (TOR1A, THAP1, KMT2B,
and partly PRKRA). Botulinum toxin injections seem to
be a therapeutic option in focal dystonias independent of
the genetic cause. Oral drugs (dopamine, muscle relaxants,
etc.) did not show satisfactory responses across genes.
DBS is often an excellent treatment choice in DYT-
TOR1A and DYT-KMT2B,13,53-55 and it also seems to be
beneficial for GNAL, ANO3, and PRKRA cases. The
effect in DYT-THAP1 is more variable.56 A detailed sys-
tematic literature review on DBS is available elsewhere.57

Because of the phenotypic overlap, the only way to
arrive at a definite conclusion about the underlying
genetic cause is genetic testing. The easiest and most
cost-effective option is testing for the most frequent
dystonia-causing mutation (GAG deletion in TOR1A)
and, if negative, to perform NGS-based screening of
many genes, either as a gene panel or exome/genome
sequencing depending on the respective setting and
availability. In contrast to a predefined panel, exome/
genome sequencing will also cover newly identified dys-
tonia genes but requires more sophisticated data inter-
pretation and is more expensive.58-60

So far, the most recent guidelines of the European Fed-
eration of Neurological Societies (EFNS) on diagnosis of
primary/isolated dystonia61 only comment on genetic test-
ing for TOR1A and THAP1. Genetic testing for TOR1A

mutations is recommended in patients with early-onset
(AAO ≤ 30 years) isolated dystonia with limb onset.
Regarding the data from this review, 85.6% of TOR1A

mutation carriers (344 of 402, missing data: 42.1%) met
these criteria. Testing is also recommended in patients
with limb onset dystonia and AAO > 30 years if there is
an affected relative with early-onset dystonia. We identi-
fied 20 mutation-positive patients with limb-onset dys-
tonia and an AAO > 30 years, 7 of whom did not have
a relative with early-onset dystonia (information miss-
ing for 7 cases). Thus, the sensitivity of the EFNS
criteria can be estimated to be 83%. Of note, several
studies included in this analysis set the upper age limit
to 30 years, hence, sensitivity might be lower. Genetic
testing for THAP1 is recommended in early-onset
(AAO ≤ 30 years) dystonia or familial cases with
craniocervical predominance. Based on our data, 8
mutation carriers (3.3%; 6 of them with variants of
unknown effect and only possible pathogenicity) did
not fulfill either of the proposed criteria. Otherwise,
45 patients (18.8%) fulfilled all 3 criteria, 153 (63.5%)
met the AAO, 139 (57.9%) the family history, and 78
(32.5%) the distribution (craniocervical) criterion.
Comparing results of this review with previously pub-

lished reviews, we could verify the commonly reported
phenotypes. For instance, DYT-TOR1A was initially
described as “early-onset torsion dystonia” (EOTD,
DYT1) with a mean AAO of 12.5 years and mostly limb
but rarely cervical or laryngeal onset.62 This review

confirms that limb onset is typical, and the median AAO
is 9 years. Similarly, DYT-THAP1 was initially summa-
rized as “adolescent-onset dystonia of mixed type.” In an
early clinical review, the phenotype was described as
childhood or adolescent onset, typically starting in an
arm, spreading particularly to cranial muscles with
speech involvement.63 Regarding MDSGene data, this
view still holds true, with a median AAO of 15 years
and most often affected onset sites being upper limbs,
neck, and larynx. In addition, the cranial muscles and/or
speech are affected in most patients at examination.
As described for the Parkinson’s disease genes21,64

and also true for the dystonia genes reviewed here,
there is an alarmingly high proportion of missing data,
resulting in an inadequate description of patients. This
problem is especially pronounced for the clinical symp-
tom of tremor (26.5%–87.0% missing data), which, by
definition, can be the only additional feature of isolated
dystonia besides dystonia itself. It is unknown whether
tremor was not evaluated during neurological examina-
tion or just not mentioned in the publication.
We applied the relatively simple MDSGene

pathoscoring21 to classify the pathogenicity of reported
mutations based on 4 criteria (segregation, variant fre-
quency in controls, in silico prediction, and available
functional evidence). Of note, this approach (but also
other classification schemes) yields results that are not cut
in stone and are subject to change. This is because the
necessary information is often limited by small family
size, sometimes erroneous in silico predictions, and lack
of comprehensive functional studies. Functional studies
are often challenging, especially when a meaningful read-
out is missing, as it is the case for PRKRA and KMT2B.
For TOR1A, THAP1, and GNAL functional assays have
been established65-69 but with focus on selected functions
only. Furthermore, the use of in vitro models with over-
expression may result in misinterpretation of functional
impact that is driven by the artificial system rather than
the genetic variant. Establishing functional tests is often
time and labor-intensive and sometimes unsuccessful.
Therefore, testing for ANO3 and HPCA related alter-
ations in calcium signaling is available but hardly carried
out.70,71 As a result of the limitations of our pathoscoring
approach some scores may be rather conservative. For
instance, many THAP1 variants are only scored as prob-
ably pathogenic including truncating mutations because
they were only reported in single individuals without
information on segregation. Although truncating muta-
tions usually result in a loss of function, they do not
always relate to disease, as is the case for LRRK2 muta-
tions.72 Similarly, the only well-established, “definitely
pathogenic” variant in TOR1A is the GAG deletion; the
pathogenicity of several missense variants is still under
debate (here scored as “possibly pathogenic” or “benign”;
Table S3). It is also conceivable that a few “benign”-
scored variants actually contribute to the pathogenesis.
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With increasing evidence, interpretation of genetic vari-
ants may change and will be reevaluated on a regular
basis while updating the MDSGene database.
A noteworthy limitation of the MDSGene database is

that it is based on published literature only. It is well
known that shortly after gene identification, unselected
mutation carriers may be reported, whereas in later
years there is a bias toward unusual presentations.73,74

As long as the initial number of mutation carriers is
high enough, unusual cases only have a minor influence
on the overall analysis and are an important addition
to the literature, as is the case for TOR1A and THAP1.
Taken together, this first systematic review on genetic

forms of isolated dystonia provides a comprehensive
overview of demographic, clinical, and genetic findings
in reported mutation carriers. The detection of red flags
for specific forms of isolated dystonia is hampered by
the overall overlapping and broad phenotype but also
by relatively low numbers of reported mutation carriers
of this rare disease. NGS-based genetic testing seems to
be a straightforward approach to determine the subtype
of (isolated) dystonia in patients. Furthermore, new
publication formats (table-based, online case reports
rather than print-journal publications) might enable
collecting information on additional mutation carriers,
as well as more detailed clinical descriptions. Knowing
the genetic basis of a dystonia has translational impor-
tance in terms of prognosis, family planning, treatment,
and, in the future, also prioritization for clinical trials.
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