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Abstract

Dystonia has been defined as a syndrome of involuntary, sustained muscle contractions affecting
one or more sites of the body, frequently causing twisting and repetitive movements or abnormal
postures. Dystonia is also a clinical sign that can be the presenting or prominent manifestation of
many neurodegenerative and neuro-metabolic disorders. Etiological categories include primary
dystonia, secondary dystonia, heredodegenerative diseases with dystonia, and dystonia plus.
Primary dystonia includes syndromes in which dystonia is the sole phenotypic manifestation with
the exception that tremor can be present as well. Most primary dystonia begins in adults, and
approximately 10% of probands report one or more affected family members. Many cases of
childhood- and adolescent-onset dystonia are due to mutations in 7OR1A and THAPIL Mutations
in THAPI and C/Z1 have been associated with sporadic and familial adult-onset dystonia.
Although significant recent progress had been made in defining the genetic basis for most of the
dystonia-plus and heredodegenerative diseases with dystonia, a major gap remains in
understanding the genetic etiologies for most cases of adult-onset primary dystonia. Common
themes in the cellular biology of dystonia include G1/S cell cycle control, monoaminergic
neurotransmission, mitochondrial dysfunction, and the neuronal stress response.

l. INTRODUCTION

Although the term “dystonia” was coined in 1911 by Hermann Oppenheim, a leading
German neurologist of his time, numerous earlier descriptions of dystonia had appeared in
the medical literature under various names during the previous century (Fahn, 2011; Goetz
et al., 2001). Oppenheim believed that dystonia was an abnormality of tone with both
hypertonic and hypotonic components. In 1836, J.H. Kopp eloquently described the clinical
features of writer’s cramp, a form of hand—forearm dystonia, in a German medical
monograph. In his manual of diseases of the nervous system published in 1893, Sir William
Richard Gowers used the term “tetanoid chorea” to describe what was apparently dystonia.
In 1908, Schwalbe employed the term “tonic cramps” and described hereditary contributions
to dystonia.

Under the heavy influence of Freud, dystonia was predominantly viewed as a psychiatric
disorder for several decades in the early nineteenth century. This is not surprising given that
truly psychogenic dystonia is relatively common and the often bizarre anatomical patterns,
task specificity and gestes antagonistes characteristic of organic dystonia. In 1944, dystonia
was resurrected as a true neurological disorder by Herz who used frame-by-frame
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cinematography to typify dystonic movements as slow, sustained, and forceful contortions of
the trunk and limbs. Herz dropped “hypotonia” from the definition of dystonia, as initially
applied by Oppenheim.

More recently (1984), dystonia was defined by an ad Aioc committee of the Dystonia
Medical Research Foundation (André Barbeau, Donald B. Calne, Stanley Fahn, C. David
Marsden, John Menkes, and G. Frederick Wooten) as “a syndrome of sustained muscle
contractions, frequently causing twisting and repetitive movements or abnormal postures.”
Although the clinical definition of dystonia has remained static over nearly 30 years, the
classification of dystonia has evolved (Fahn, 2011). In 1976, Fahn and Eldridge provided an
etiological classification of dystonia: primary (hereditary or sporadic), secondary (associated
with heredodegenerative disease or environmental insults), or psychological. In the same
year, David Marsden and colleagues (1976) published an anatomical classification of
dystonia: focal, segmental, or generalized. In general, dystonia can be classified by etiology
(primary or secondary), age of onset (<20 or >20 years), and anatomical distribution (focal,
segmental, multifocal, hemidystonia, or generalized) (Fahn, 1987, 1988; Fahn et a/., 1998).
More recent iterations and refinements of this basic classification scheme have been largely
driven by developments in the genetics of dystonia and related neurological disorders (Fahn,
2011).

In some sense, genetics has biased the study of dystonia. Primary generalized dystonias
usually affect children and a subset of cases is due to a AGAG mutation in Exon 5 of
TORI1A (DYTL). TOR1A was the first gene to be causally associated with primary dystonia.
In recent years, many patients with early-onset primary generalized DYT1 dystonia have
responded dramatically to deep brain stimulation. Other “genetic” forms of dystonia such as
DYT5, DYT11, and DYT12 also exhibit striking phenotypes and/or very positive responses
to treatment. In reality, however, the vast majority of dystonia (>90%) seen by subspecialists
in neurology clinics is late onset and focal or segmental in distribution (Xiao et al., 2010).
The genetics underpinnings of late-onset primary dystonia are only beginning to be
unraveled (Xiao et al., 2009, 2010, 2011, 2012).

Il. CLINICAL FEATURES

A. Phenomenology and Demographics

Primary dystonia includes syndromes in which dystonia is the sole phenotypic manifestation
with the exception that tremor can be present as well. Tremor is included in this definition
since rhythmic activation of contiguous muscle groups can be seen in a significant fraction
of patients with focal dystonias, particularly those with cervical or hand—forearm dystonia.
Dystonia is characterized by (1) “abnormal” co-contraction of agonist and antagonist muscle
groups, (2) “abnormal” prolongation of EMG bursts in muscles normally required for a
specific motor act, (3) “impaired” volitional control of a group of somatotopically
contiguous muscles, and (4) “impaired” inhibition of spinal and brainstem reflexes beyond
the somatotopic extent of clinical involvement. “Abnormal” and “impaired” are not binary
terms, which make it difficult to differentiate primary dystonia from psychogenic dystonia
and other movement disorders based strictly on neurophysiological criteria. Most commonly,
however, dystonia remains a purely clinical diagnosis made by experienced neurologists
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who know how to differentiate dystonia from other movement disorders. There are no
definitive laboratory tests for primary dystonia—psychogenic dystonia has been reported in
carriers of the DYT1 TOR1A AGAG mutation.

Overall, dystonia is more common in females (LeDoux, 2012a; Xiao et al., 2010). For late-
onset primary dystonia affecting the craniocervical musculature (e.g., blepharospasm,
laryngeal dystonia, and cervical dystonia), the M:F ratio is 1:1.5-2. In contrast, the M:F ratio
may be closer to 1:1 for hand—forearm dystonia including writer’s cramp and other task-
specific appendicular dystonias. For some genetically defined forms of dystonia such as
DYT5 due to mutations in GCHI, penetrance is higher in females.

Dystonia, in general, and certain genetic etiologies are more common in certain ethnic or
racial groups. For example, the TOR1A AGAG mutation is more common in Ashkenazi
Jews than in other populations. In the United States, dystonia may be less common in
African-Americans (Marras et al., 2007), although this may reflect ascertainment bias
(Puschmann et al., 2011).

Up to 10% of patients with adult-onset primary dystonia may experience remissions, which
are more common early in the disease course but may occasionally occur in long-standing
dystonia (LeDoux, 2012a). Remissions may be permanent, but, more commonly, only last
months or a few years, and have been reported in patients with a genetic diagnosis (e.g.,
THAPI dystonia). Sustained relief of motor symptoms has also been reported after cessation
of GPi DBS. These findings suggest that dystonia may be the consequence of aberrant
neural networks becoming trapped in local minima rather than irreversible cellular pathology
(LeDoux et al., 2012a).

Dystonia is typically mobile and abates with sleep. Dystonia is often precipitated by action
or worsens with movement. A small percentage of patients with dystonia have “fixed
dystonia,” a term which has been the subject of controversy for many years. Fixed dystonia
is often associated with peripheral trauma, complex regional pain syndrome, and psychiatric
comorbidities. However, fixed dystonia can be the terminal consequence of long-standing,
untreated primary “mobile” dystonia. For instance, in the years prior to botulinum toxin
injections and deep brain stimulation, many patients with cervical dystonia progresses to
fixed abnormal head postures.

Tremor is common in patients with dystonia and may be dystonic and/or non-dystonic.
Appendicular tremors, usually non-dystonic, are common in patients with craniocervical
dystonia. Familial essential tremor is often associated with dystonia and may represent a
distinct subtype of essential tremor (Hedera et al., 2010).

Task specificity and sensory tricks (gestes antagonistes) are relatively unique features of the
dystonias. Initially, task-specific hand—forearm dystonia may be extreme and only present
when writing certain numbers or letters (Shamim et a/,, 2011). Over time, task specificity
may wane. Classic examples of task-specific dystonia include writer’s cramp and
embouchure dystonia. However, task-specific dystonia is not limited to the hand and face.
For illustration, task-specific leg dystonia may only manifest when walking down steps,
whereas walking on a level surface, up steps, and down steps backward are normal. Task-
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specific dystonias have been reported in golfers, typists, pianists, violinists, and croupiers.
Sensory tricks are reported by more than 50% of patients with focal dystonia. Tricks are
associated with transient improvement or resolution of dystonia. Classic examples include
touching the chin, cheek, or occiput in cervical dystonia; and singing, touching the lateral
brow, and looking downward in blepharospasm. In some patients, simply thinking about the
trick (interoceptive stimulus) may help to alleviate their dystonia.

In general, the relationship between anatomical site of dystonia onset and age of onset
follows a caudal-to-rostral gradient: blepharospasm (58 years), oromandibular dystonia (53
years), spasmodic dysphonia (46 years), cervical dystonia (45 years), hand—forearm dystonia
(35 years), and distal leg dystonia (<20 years). Most commonly, distal leg dystonia begins in
childhood with inversion and plantar flexion at the ankle and spreads rostrally. However, leg
dystonia may occasionally appear in adults without foot inversion (Van Gerpen et al., 2010).
Site of onset may be gene specific. For example, DYT6/THAP1 dystonia usually begins in
an arm or the neck, whereas DY T1 dystonia often begins in a leg.

Dystonia may spread from an initial site of onset (Weiss et a/., 2006). Risk for rostral spread
is high in early-onset DYT1 dystonia that begins in a leg. In contrast, among the late-onset
dystonias, risk of spread is highest for blepharospasm. Blepharospasm often spreads to the
lower face and masticatory muscles and, in a smaller subset of patients, to the cervical
musculature (LeDoux, 2009; Waln and LeDoux, 2011). Only rarely does blepharospasm
spread to become generalized.

Patients with dystonia may experience pain and suffer from psychiatric comorbidities. Pain
is perhaps most common in subjects with cervical dystonia but is also reported by
individuals with blepharospasm, masticatory dystonia, and limb dystonia. Pain intensity may
correlate poorly with the apparent severity of dystonic contractures. In some clinical series,
subjects with primary focal dystonia are reported to have more obsessive-compulsive
tendencies and a higher frequency of depressive disorders than matched control groups.

B. Classification

Dystonia can be classified by age of onset, distribution, and etiology (Table 2.1) (Fahn,
1987, 1988, 2011; Fahn et al., 1998). In contrast to the presentation in Table 2.1 (Fahn,
1987, 1988; Fahn et al., 1998), some of the more recently published classification schemes
used 26 years of age as the dividing line between early- and late- or adult-onset dystonia
(Fahn, 2011). However, based on normal patterns of human development, 20 years is a
biologically rational separation point (Kuczmarski et a/., 2000). Application of 26 years
arose from recommendations for DYT1 AGAG diagnostic testing (Bressman et al., 2000)
and is not applicable to non-DYT1 primary dystonia. In brief, DYT1 AGAG diagnostic
testing was recommended for all individuals with primary dystonia with onset before age 26.
Testing after age 26 may be considered for subjects having an affected relative with early
onset. It should be emphasized that these guidelines only apply to DYT1 dystonia, which
comprises less than 1% of all primary dystonia (Xiao et al., 2009).

Age of onset is usually easy to establish and guides the clinician to underlying etiologies.
For instance, DYT1 (Table 2.2) typically presents around 10 years of age with distal lower
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extremity dystonia. In contrast, the mean age of onset for primary focal dystonias of the
head and neck is approximately 50 years (Xiao et al., 2009, 2010). Among the more
common focal dystonias are cervical dystonia (i.e., spasmodic torticollis), blepharospasm
(abnormal contractions of the orbicularis oculi musculature), and task-specific hand—forearm
dystonia (e.g., writer’s cramp). The dystonia-plus category is superficially distinct from both
the primary dystonias and here-dodegenerative diseases with dystonia given that the
definition of neurodegeneration is fuzzy and postmortem tissue for rigorous pathological
analysis at the structural and ultrastructural levels has been limited. More problematic
perhaps is the absence of parkinsonism in most cases of dopa-responsive dystonia (DRD)
due to autosomal dominant mutations in GTP cyclohydrolase I, uncertain presence of
parkinsonism in DYT16, and not infrequent absence of dystonia in individuals with
mutations in SGCE.

GTP cyclohydrolase 1 is the rate-limiting enzyme in the synthesis of tetrahydrobiopterin.
Tetrahydrobiopterin is a cofactor for tyrosine hydroxylase, tryptophan hydroxylase, and
phenylalanine hydroxylase. Patients with DRD characteristically respond dramatically to
very small doses of levodopa, a clinical finding that distinguishes DYT5 from the other
hereditary dystonias. Secondary dystonias are due to acquired neural insults such as head
trauma or stroke and can be distinguished from primary dystonias by the presence of
additional abnormalities on neurological examination, magnetic resonance imaging (MRI)
or computed tomographic imaging abnormalities, and their distinctive temporal profiles.
Tardive dystonia is also classified as a secondary dystonia.

In many neurodegenerative diseases, dystonia may be either a prominent or presenting
feature. Either cervical or appendicular dystonia may be present in up to one-third of
patients with parkinsonian syndromes such as multiple system atrophy and progressive
supranuclear palsy (PSP). However, in these patients, characteristic neurological and
neuroimaging findings readily permit an accurate diagnosis. In particular, the presence of
dementia, autonomic dysfunction, and/or oculomotor abnormalities in the hereditary and
neurodegenerative diseases with dystonia sets these disorders apart from the primary
dystonias. Family history, response to levodopa, and rate of disease progression provide
additional, often useful, diagnostic clues.

C. Genetic Designations

Analysis of the individual DY T syndromes provides important insight into possible genetic
and molecular mechanisms underlying the development of the late-onset primary focal/
segmental dystonias, although the “DYT” nomenclature includes many syndromes that are
not considered to be primary dystonias. In particular, DYT5, DYT11, and DYT14 are
dystonia-plus syndromes, and patients with DY T8, DYT9, and DY T10 mutations frequently
exhibit additional motor manifestations such as ataxia or chorea. Review of Table 2.2 reveals
that inheritance may occur in dominant, recessive (e.g., DYT2), or X-linked (DYT3)
Mendelian patterns. The DYT2 and DYT17 loci may be responsible for sporadic cases of
DYT1-negative childhood-onset dystonia. Autosomal recessive inheritance also suggests
that haploinsufficiency may contribute to some adult-onset primary dystonias.
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lll. PRIMARY DYSTONIA

A. TOR1A (DYT1)

1. Genotypes and phenotypes— TOR1A (12 kb) is a five exon gene located on the
reverse strand of Chr 9934.11. The classic c.904_906delGAG (AGAG) mutation in Exon 5
of TOR1A typically manifests as early-onset generalized dystonia with onset in the distal
lower extremities (Ozelius et al., 1997). However, DYT1 dystonia is genetically and
phenotypically heterogeneous. Although relatively uncommon, the DYT1 AGAG mutation
has also been associated with late-onset focal, segmental, and multifocal dystonia (Gambarin
et al., 2006; Gasser et al., 1998; Grundmann et al., 2003; Kabakci et al., 2004; O’Riordan et
al., 2002; Valente et al., 1998). The carrier frequency of the classic DYT1 AGAG mutation is
estimated at 1:1000-1:3000 in Ashkenazi Jews (Risch et a/., 1995) and less than 1:30,000 in
non-Jews (Frédéric et al., 2007). The penetrance of the DYT1 AGAG mutation is 30-40%. A
p.Asp216His sequence variant may alter penetrance. Risch et a/. (2007) found that the
frequency of the 216His allele to be increased in AGAG mutation carriers without dystonia.
Haplotype analysis demonstrated a protective effect of the His allele in trans with the AGAG
mutation. Moreover, the Asp216 allele in cis may be required for penetrance of the AGAG
mutation. The work of Risch et a/l. (2007) was not replicated in the French population
(Frédéric et al., 2009).

Another sequence variant in Exon 5 of TOR1A (c.863G>A, Fig. 2.1A) has been described in
one female patient with severe childhood-onset generalized dystonia (Zirn et al., 2008a).
The G>A transition results in exchange of an arginine for a glutamine. Two additional
sequence variants have been described in Exon 5. Leung et a/. (2001) reported a subject with
early-onset dystonia and myoclonus who harbored an 18-bp deletion in Exon 5
(p.Phe323_Tyr328del), which eliminates a putative phosphorylation site. The causality of
the 18-bp deletion is doubtful since the same subject was subsequently found to have a
mutation in SGCE, the gene associated with myoclonus-dystonia syndrome (Klein et al.,
2002). In another study, a 4-bp deletion (c.934_937delAGAG) found in a putatively healthy
blood donor should result in a premature stop at position 325 in the carboxy terminus of
torsinA (Kabakci et al., 2004).

A novel sequence variant (c.613T>A, p.F205I) in a patient with late-onset, masticatory and
facial dystonia was reported by Calakos ef al. (2010). The variant is located in a conserved
AAA-ATPase domain of torsinA. Expression assays revealed that expression of p.F205I
torsinA produced frequent intracellular inclusions. Despite functional data, the causality of
this variant must be questioned given that the affected subject had a long history of
psychiatric disease with neuroleptic exposure.

Xiao et al. (2009) sought to identify 7TOR1A Exon 5 mutations in a large cohort of subjects
(>1000) with mainly non-generalized primary dystonia. High resolution melting (HRM) was
used to examine the entire 7TOR1A Exon 5 coding sequence. HRM of Exon 5 showed high
(100%) diagnostic sensitivity and specificity, reliably differentiating the AGAG and c.
863G>A mutations. Melting curves were normal in 250/250 controls and 1012/1014
subjects with primary dystonia. The two subjects with shifted melting curves were found to
harbor the classic AGAG deletion: (1) a non-Jewish Caucasian female with childhood-onset
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multifocal dystonia and (2) an Ashkenazi Jewish female with adolescent-onset spasmodic
dysphonia. Although Exon 5 mutations in 7OR1A are rarely associated with late-onset non-
generalized primary dystonia, the role of sequence variants in Exons 1-4 and non-coding
regions of 7TOR1A remains largely unknown. Clearly, the classic DYT1 AGAG mutation is
uncommon in non-generalized primary dystonia and quite rare in late-onset primary
dystonia.

Growing databases of sequence variants such as dbSNP, Exome Variant Server, and 1000
Genomes point out the richness of genetic variation and potential complexity of genotype-
phenotype correlations. For instance, a substantial number of 7OR1A variants have been
reported in putatively normal controls (coding: p.Asp185His, p.Asp216His, p.Asp228His,
and p.Asp259His; splice site; 5’UTR; 3’'UTR; intronic; and promoter region). Unfortunately,
however, most of the variants have not been validated with Sanger sequencing and many are
probably next-gen read errors.

The characteristic DYT1 phenotype is characterized by early-onset in a limb, most
commonly a leg, with spread to other limbs and the trunk over several years. Hand—forearm
dystonia initially manifest as writer’s cramp or more extensive upper limb dystonia without
task specificity is the most common presentation of adolescent- or late-onset primary
dystonia due to the DYT1 AGAG mutation, and most of these subjects will have a positive
family history of dystonia (Gambarin et al., 2006). However, DYT1 dystonia is
phenotypically heterogeneous with oftentimes striking intrafamilial and interfamilial
variability (Edwards et a/., 2003; Gajos et al., 2007; Leube et al., 1999; Opal et al., 2002).
Atypical presentations include (1) childhood-onset cervical dystonia with much later
development of laryngeal dystonia and writer’s cramp and (2) isolated laryngeal
involvement for over 40 years (Xiao et al,, 2009). Other remarkable phenotypes described in
the literature include onset of focal dystonia at 64 years, status dystonicus, and late-onset
dystonia precipitated by exposure to a neuroleptic (Edwards et al., 2003; Opal et al., 2002).

2. TorsinA—TorsinA is a member of the ATPases associated with a variety of cellular
activities (AAA+) superfamily of proteins that includes torsinB and two related gene
products (TOR2A and TOR3A) in mammals, and OOC-5 in Caenorhabditis elegans. AAA+
proteins function as molecular chaperones for protein quality control (protein complex
assembly, operation, disassembly, protein folding, unfolding, and degradation), membrane
fusion and vesicular transport, and cytoskeletal regulation (Neuwald et a/., 1999; Ogura and
Wilkinson, 2001; Vale, 2000). TorsinA harbors an N-terminal signal sequence, a single AAA
+ module that includes Walker A and Walker B nucleotide-binding motifs, sensor 1 and
sensor 2 regions, and two biochemically confirmed glycosylation sites (Callan et a/., 2007;
Kamm et al., 2004; Neuwald et al., 1999; Ozelius et al., 1997, 1999). TorsinA is an
endoplasmic reticulum (ER) luminal monotopic membrane protein (Vander Heyden et al.,
2011). The hydrophobic N-terminal domain of torsinA directs static retention of torsinA
within the ER by excluding it from ER exit sites. TorsinA functions as a homohexamer.
TorsinA is enriched at the nuclear envelope when overexpressed /n7 vitro (Goodchild and
Dauer, 2004; Naismith et al., 2004).
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TorsinA is present in neuron perikarya and extends to the distal tips of dendrites and axons
(Augood et al., 2003; Kamm et al., 2004; Konakova and Pulst, 2001; Konakova et a/., 2001).
TorsinA may function as a chaperone for unfolded or degraded proteins and may facilitate
movement of polytopic proteins to the cell surface (Torres et al., 2004). TorsinA has been
localized to Lewy bodies in Parkinson’s disease brain and inclusion bodies in trinucleotide
repeat diseases (Sharma et al., 2001; Shashidharan et al., 2000; Walker et al., 2003).
Overexpression of torsinA suppresses aggregation of a-synuclein in human neuroglioma
cells (McLean et al., 2002) and polyglutamine-induced protein aggregation in C. elegans
(Caldwell et al., 2003). TorsinA facilitates clearance of another dystonia-related protein, ¢-
sarcoglycan, by the ubiquitin proteosome system (Esapa et al., 2007).

TorsinA appears to protect PC12 cells against cellular insults, such as serum deprivation and
oxidative stress (Esapa et al., 2007; Kuner et al., 2003; Shashidharan et a/., 2004), and
dopaminergic neurons from oxidative stress in mice (Kuner et al., 2004) and C. elegans (Cao
et al., 2005). The chaperone functions of torsinA may be essential during developmental
processes, which seemingly involve interaction with cytoskeletal elements (Ferrari-Toninelli
et al., 2004; Hewett et al., 2006; Kamm et al., 2004). The expression of torsinA shows
prolonged increases after insults to the central nervous system (CNS) and peripheral nervous
system (Zhao et al., 2008). Moreover, expression of torsinA in reactive astrocytes in the
CNS and satellite cells in the peripheral nervous system indicates that glial cells may
contribute to the pathobiology of DYT1 dystonia (Zhao et al., 2008).

The expression of torsinA is developmentally regulated with the highest levels of transcript
and protein seen during the prenatal and early postnatal periods (Xiao et al., 2004). The
expression of torsinA is intense in cerebellar cortex and striatal cholinergic interneurons at
Postnatal Day 14, a period of intense dendritogenesis in these areas (\Vasudevan et a/., 2006;
Xiao et al., 2004).

The torsinA homolog present in C. elegans (OOC-5) contributes to PAR protein localization.
Mutations of ooc-5result in polarity defects in C. elegans embryos (Basham and Rose,
2001). Attenuated torsinA expression promotes neurite outgrowth in SH-SY5Y human
neuroblastoma cells (Ferrari-Toninelli et al., 2004), whereas overexpression of mutant
torsinA interferes with neurite extension (Hewett ef a/,, 2006). TorsinA may play direct or
indirect roles in neuritogenesis and/or associated nuclear rotation.

Cytoskeletal interactions at the nuclear envelope and ER may be an important aspect of
torsinA biology. TorsinA knockout and homozygous AGAG knockin mice show
ultrastructural morphological abnormalities of the nuclear envelope (Goodchild et a/., 2005).
TorsinA has been shown to interact with LAP1 in the nuclear envelope and LULL1 in the
ER (Goodchild and Dauer, 2005). In a yeast two-hybrid study, torsinA was found to interact
with kinesin light chain (Kamm et a/., 2004). TorsinA co-immunoprecipitates with a
multimolecular complex that includes vimentin, tubulin, actin, kinesin light chain, LAP1,
LULLZ, and nesprin (Hewett et al., 2006; Nery et al., 2008) and related /n vitro studies
showed that mutant torsinA interferes with cytoskeletal events that involve vimentin (Hewett
et al., 2006). Vimentin, a member of the intermediate filament family of proteins, is
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expressed in developing brain (Hutchins and Casagrande, 1989; Sancho-Tello et a/., 1995)
and reactive glia (Braun et al., 1998; Kindy et al., 1992).

Initially described in Spanish gypsies (Gimenez-Roldan ef a/., 1988; Santangelo, 1934),
autosomal recessive generalized dystonia (DYT2; MIM 224500) has also been reported in
Iranian (Khan et al.,, 2003b) and Arab-American (Moretti et a/., 2005) families. In theory,
DYT2 loci may be responsible for sporadic cases of DYT1- and DY T6-negative early-onset
dystonia. Autosomal recessive inheritance also suggests that haploin-sufficiency may
contribute to some late-onset primary dystonias.

The Australian “whispering dysphonia” kindred was first described by Parker (1985).
Although the “whispering” descriptor suggests the presence of the abductor subtype, most
affected individuals have reportedly presented with the adductor subtype of spasmodic
dysphonia. DY T4 patients often progress to craniofacial and cervical dystonia. Some of the
more severe cases progress to generalized dystonia. DY T4 appears to obey an autosomal
dominant inheritance pattern. Studies of the Northern Queensland kindred have been
confounded by the presence of Wilson’s disease in several family members. However,
ATP7B mutations do not segregate with dystonia (Wilcox et al,, 2011). Somewhat similar to
DYT11, alcohol improves symptoms especially early in the disease course (Wilcox et al.,
2011). There is no linkage to the DYT1, DYT6, DYT7, DYT11, or DYT13 loci and no
identified mutations in THAPI (DYT6) or PRKRA (DYT16).

D. THAP1 (DYT6)

1. Genotype and phenotypes— 7HAPI (THAP domain containing, apoptosis
associated protein 1) was the second gene to be associated with primary dystonia (Fuchs ef
al., 2009). The seminal 7THAPI mutation identified in Amish-Mennonite families was a
heterozygous 5-bp (GGGTT) insertion followed by a 3-bp deletion (AAC) in Exon 2 (Fuchs
et al., 2009). At the protein level, this mutation causes a frameshift and premature stop
codon (F45Lfs*29).

THAP1 is located on the reverse strand of Chr 8. THAPI consists of three exons and is
alternatively spliced into three (2189 bp) and two (1993 bp) exon variants. THAPI
mutations are an important cause of both early-and late-onset primary dystonia. In contrast
to TOR1A, mutations in 7THAPI show great diversity with missense mutations broadly
distributed across its three exons (Bressman et al., 2009; LeDoux et al., 2012b; Xiao et al.,
2010). In addition, frameshift, non-coding, and homozygous mutations in 7HAPI have also
been associated with dystonia (Houlden et a/., 2010; Schneider et al., 2011; Xiao et al.,
2010). Although initially described in Amish-Mennonites living in the Eastern United
States, THAP1 dystonia has now been reported in individuals of Caucasians in most
European countries and Chinese.

A promoter variant, 5’ to the THAPI coding sequence, was identified in African-Americans
subjects with dystonia and African-American controls (Puschmann et a/., 2011).
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Highlighting the importance of matched control groups in candidate gene studies of
dystonia, this variant (9.42698477C>T/A) was not found in Caucasians. Similarly, an initial
report suggested that a nearby 5’UTR dinucleotide GA>TT variant was associated with
increased risk for dystonia (Djarmati et a/., 2009), whereas a subsequent large, well-matched
case—control study failed to confirm this association (Xiao et al., 2011). However, the TT
variant may be pathological in the homozygous state since all three published carriers had
manifest dystonia (Djarmati ef a/., 2009; Xiao et al., 2011).

Initial reports suggested that ¢.71+126T>C (Houlden et a/., 2010) and ¢.71+9C>A (Xiao et
al., 2010) variants may increase risk for primary dystonia, and follow-up studies have been
underpowered to substantiate or refute the pathogenicity of these variants (Djarmati et al.,
2009; Groen et al., 2010; Lohmann et al., 2012b). Although beyond the core splice site, the
€.71+9C>A variant may possibly alter splicing efficiency and the ratio of the two 7THAPI
isoforms. Similarly, the ¢.71+126T>C variant could exert cryptic effects on splicing or
reduce overall gene expression.

At least 75 dystonia-associated coding variants have been published to date. Among this
collection are 45 missense variants, 8 silent variants, and 22 indels or nonsense variants (Fig.
2.1B). All reported 7HAPZ indels and nonsense mutations are predicted to elicit nonsense-
mediated decay or generate truncated proteins. None of the mutations shown in Fig. 2.1B are
predicted to generate an elongated THAP1. Missense variants are concentrated within the
THAP domain. Other missense variants are present within the coiled-coil domain and
nuclear localization signal. There are no missense variants within the proline-rich region. All
but two missense variants (p.L32H and p.N136S) were heterozygous (Houlden et al., 2010;
Schneider et al.,, 2011). The subject harboring p.N136S had no family history of dystonia,
whereas three siblings exhibited early-onset generalized dystonia in the kindred identified
with the p.L32H variant (Schneider et al., 2011). Heterozygous carriers of the p.L32H
variant were reportedly asymptomatic.

All reported silent variants are associated with sporadic dystonia. Silent mutations have the
potential to be pathogenic if they activate cryptic splice sites, leading to exon skipping or the
inclusion of intronic sequences into mature transcripts. For example, the ¢.267G>A
(p.K89K) silent variant is located at the Exon 2 to Intron 2 boundary and was shown to
reduce the expression of 7HAPZ RNA in lymphocytes (Cheng et a/., 2011).

Age of onset for THAP1 dystonia ranges from 3 to over 60 years with a mean of 16.8 years
(LeDoux et al., 2012b). Common sites of onset are the arm (42.6%) and neck (24.6%), and
43.1% of affected individuals progress to generalized dystonia (LeDoux et al., 2012b).
Ultimately, the cranium, mainly the lower face, jaw, tongue, or pharynx, is affected in
approximately half of patients with THAP1 dystonia. Mutations near the N-terminus of
THAP1 are associated with an earlier age of onset and tended to be associated with more
extensive anatomical involvement (LeDoux et a/., 2012b). Mutations within the THAP
domain are associated with an earlier age of onset than non-THAP domain mutations
(LeDoux et al., 2012b). THAP domain mutations are also associated with more extensive
anatomical distributions but have no significant effect on site of onset.
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Each THAP1 sequence variant probably exhibits a unique penetrance value that is modified
by environmental factors and overall genetic background. The penetrance of the Amish-
Mennonite indel is 50-60% (Fuchs ef a/., 2009), whereas the penetrance for many of the
published missense variants is probably much lower. Proposing specific values for
penetrance is compromised by intrafamilial variability in age of onset and assigning
affection status to subtle phenotypes.

2. THAP1—THAP1 and related family members are defined by their zinc-binding THAP
(Thanatos [Greek god of death]-associated protein) domain that is found in a number of
proteins involved in various aspects of transcriptional regulation, apoptosis, and cell cycle
control. The human genome contains 12 THAP family members. The THAP domain
contains a C2-CH zinc finger that is similar to the DNA-binding domain of the Drosophila
P-element transposase (Roussigne et a/., 2003). The THAP domain (1-81aa) of THAP1
recognizes an 11 nucleotide target sequence (AGTACGGGCAA) (Clouaire et al., 2005).
THAP1 also contains a low-complexity proline-rich region and bipartite nuclear localization
signal. THAP1 probably functions as a homodimer within a larger multimeric DNA-binding
complex. Amino acid residues 154 to 166 within the coiled-coil domain are critical for
dimerization of THAP1 (Sengel et al., 2011). THAPIL is widely expressed in the brain and
extra-neural tissues, including whole blood, liver, kidney, skeletal muscle, thyroid gland, and
prostate.

Leube et al. (1996) performed linkage analysis on a large German family (Family K) with
seven definitely affected individuals (6/7 with cervical dystonia and 1/7 with spasmodic
dysphonia) and six possibly affected individuals. Of the affected subjects, one also had
blepharospasm and another had hand—forearm dystonia. The distribution of affected subjects
was most compatible with autosomal dominant inheritance. A maximal LOD score of 3.17
was assigned to the region telomeric to marker D18S1153 on Chr 18p. In follow-up work,
Leube et al. (1997) suggested that many sporadic cases of dystonia from Northwest
Germany inherited the same mutation as Family K from a common ancestor and narrowed
the causal mutation to a 6-cm region close to marker D18S1098.

Dystonia has been linked to Chr 1p36.13-36.32 in a large Italian kindred with 11 definitely
affected members (Bentivoglio et al., 2004; Valente et al., 2001). Linkage analysis using an
autosomal dominant model generated a maximum LOD score of 3.44 between the disease
and marker D1S2667. Age at onset ranged from 5 to 43 years, and similar to DYT6
dystonia, site of onset occurred either in the craniocervical region or arms. Dystonia
generalized in only two cases and was relatively mild compared to DYT1 generalized
dystonia. Penetrance was incomplete (~58%).

Using homozygosity mapping with 382 microsatellite markers, DYT17 was mapped to a
20.5-Mb interval on Chr 20 in a large consanguineous Lebanese family with three affected
individuals (Chouery et al., 2008). Of 270 genes in this interval, causal variants were
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excluded in 27 candidate genes. Dystonia became manifest with cervical involvement
between 14 and 19 years of age in the three affected individuals. Dystonia became
generalized in one subject.

Holmgren et al. (1995) reported a large Swedish family with 10 affected members with age
of onset ranging from 18 to 50 years. Dystonia was quite variable with focal and generalized
distributions. Initial presentations included blepharospasm, arm dystonia, and dysarthria.

In this Swedish kindred, dystonia was inherited in an autosomal dominant manner with a
penetrance of approximately 90%. Using SNP-based linkage analysis, the dystonia locus
was mapped to Chr 2q14.3-g21.3. Microsatellite confirmation generated a maximum LOD
score of 5.59 for marker D2S1260. No causal mutations were identified in 22 candidate
genes within the disease interval on Chr 2p (Norgren et al., 2011).

In very recent work (Xiao et al., 2012), solution-based whole-exome capture and massively
parallel sequencing in combination with micro-satellite-based linkage analysis was used to
identify the causal sequence variant in a large Caucasian pedigree with adult-onset primary
cervical dystonia first described by Uitti and Maraganore (1993). Cervical dystonia showed
strongest linkage to microsatellite marker D9S159 located on Chr 9934.11, and whole-
exome sequencing identified an exonic splicing enhancer mutation in Exon 7 of C/Z1 (c.
790A>G, p.S264G), a gene within the candidate region. C/ZZ encodes a p21CiPL/Wafl.
interacting zinc finger protein (C1Z1) that is involved in DNA synthesis and G1/S cell cycle
control. After confirmation of co-segregation with dystonia, high-throughput screening
identified two additional C/ZZ missense mutations (p.P47S and p.R672M) among a
population of 308 Caucasians with familial or sporadic adult-onset cervical dystonia (Fig.
2.1C).

J. Other Adult-Onset Primary Dystonia

Although at least 10-fold more common than early-onset (<20 years) primary dystonia and
far more prevalent than well-known neurological disorders such as Huntington disease,
amyotrophic lateral sclerosis, and Duchenne muscular dystrophy, very little is known about
the biological underpinnings of the primary adult-onset focal dystonias. Moreover, we do
not know if focal dystonias such as cervical dystonia, spasmodic dysphonia, blepharospasm,
and hand-forearm dystonia (e.g., writer’s cramp) are (1) distinct and separate entities or (2)
localized manifestations of primary generalized dystonia. Clinical information suggests that
age, gender, and environment are major contributors to the anatomical distribution of
dystonia. Alternatively, the primary adult-onset focal dystonias are caused by shared genetic
variant(s) transmitted in autosomal dominant fashion with variable expressivity. Phenotypic
concordance—discordance is approximately 50%/50% for adult-onset primary dystonia. An
example of phenotypic discordance would be blepharospasm in a proband and cervical
dystonia in one of the proband’s siblings.
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Current thinking suggests that sporadic primary dystonia, like many other adult-onset
diseases, is due to complex interactions between the genome and environment. In this
regard, peripheral trauma (e.g., ocular surface irritation) or intense sensorimotor training
(e.g., writing) may trigger dystonia in genetically predisposed individuals. Clearly, genetic
factors play a major role in adult-onset primary dystonia since 10-20% of patients with
primary adult-onset dystonia have one or more family members affected with dystonia
(Defazio et al., 2011; Xiao et al., 2010) and several of the early-onset primary dystonias
inherited in Mendelian fashion begin focally, show incomplete penetrance, and exhibit
variable anatomical expressivity. It is likely that rare sequence variants of low to moderate
penetrance in THAPIL, TORIA, CIZ1, PRKRA, and within the DYT2, DYT4, DYT7,
DYT13, DYT16, DYT17, and DYT21 loci contribute to risk for largely sporadic adult-onset
primary dystonia.

IV. DYSTONIA PLUS
A. DYT5/DRD

First described by Segawa et al. (1976), DRD is something of a misnomer since several
other neurogenetic disorders may exhibit dystonia that responds to levodopa. On the other
hand, classic DRD due to mutations in GCHZ is imminently treatable with low dosages of
levodopa and, diagnostically, should not be missed by clinicians.

Classic DRD (DYT5a) is due to deficiency of GTP cyclohydrolase | (GCH1), the rate-
limiting enzyme for synthesis of the cofactor tetrahy-drobiopterin (BH4) (Werner et al.,
2011). BH4 is an essential co-factor for the aromatic amino acid hydroxylases tyrosine
hydroxylase ( 7H), tryptophan hydroxylase (TPHZ2), and phenylalanine hydroxylase (PAH)
(Thony and Blau, 2006). BH4 also regulates nitric oxide synthase. TH is the rate-limiting
enzyme for synthesis of dopamine, norepinephrine, and epinephrine. Tryptophan
hydroxylase is the rate-limiting enzyme involved in synthesis of serotonin. The synthesis of
BH4 requires the serial action of GTP cyclohydrolase | (GCHI), 6-pyruvoyl-
tetrahydropterin synthase (P75), and sepiapterin reductase (SPF). Autosomal recessive
mutations in P75 are associated with hyperphenylalaninemia and can cause a wide range of
neurological manifestations including microcephaly, oculogyric crises, sialorrhea,
developmental delay, parkinsonism, seizures, and dystonia (Dudesek et a/., 2001).

Cofactor regeneration requires pterin-4a-carbinolamine dehydratase (PCBDI) and quinoid
dihydropteridine reductase (QDPR) (Werner et al., 2011). Recessive mutations in QDPR are
associated with hyperphenylalaninemia, development delay, intracerebral calcifications,
seizures, and, occasionally, dystonia (Larnaout ef a/., 1998). In contrast, recessive mutations
in PCBD1 cause hyperphenylalaninemia but only mild, transient neurological features.

1. DYT5a (GTP cyclohydrolase I)—GCH1 contains six exons and is located on Chr
14g22.2. Grotzsch et al. (2002) mapped another locus for DRD (DY T14) to Chr 14g13.
However, Wider et a/. (2008) showed that this Swiss family with DRD had a heterozygous
deletion of GCHI1 Exons 3 to 6. The vast majority of dominant mutations in GCHI are
associated with the classic phenotype of childhood-and limb-onset dystonia that is
completely responsive to low-dose levodopa (<400 mg/day). Transient levodopa-induced
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dyskinesias may be seen in some patients. Mean age of onset is approximately 6 years. The
penetrance is notably higher in females.

Over time, the phenotype of GTP cyclohydrolase I-deficient DRD has expanded to include
adult-onset parkinsonism, adult-onset focal dystonias including cervical dystonia, spastic
diplegia, or cerebral palsy like syndrome, and a variety of co-morbidities including
depression, anxiety, and sleep disorders. Upon careful examination, many untreated patients
with childhood-onset DRD show evidence of mild parkinsonism with rigidity, bradykinesia,
and rapid fatiguing with repetitive arm movements. Most patients report diurnal fluctuation
of symptoms with worsening in the late afternoon hours.

The majority of GCH1 mutations can be detected with Sanger sequencing. However, a
significant minority of affected families harbor large deletions or duplications or mutations
in noncoding regions (Sharma et al., 2011; Zirn et al., 2008b). Therefore, most commercial
laborites employ the quantitative polymerase chain reaction or multiplex ligation-dependent
probe amplification if routine sequencing is unrevealing.

Rarely, GTP cyclohydrolase | deficiency is recessive. These cases are commonly associated
with hyperphenylalaninemia and severe neurological dysfunction including seizures,
developmental delay, and involuntary movements. These severe cases demand treatment
with BH4, levodopa, and 5-hydroxytryptophan. Milder variants without
hyperphenylalaninemia have also been reported and may respond to levodopa alone
(Horvath et al., 2008; Opladen et al., 2011).

2. DYT5b (tyrosine hydroxylase)—TH deficiency shows a much broader phenotypic
spectrum than GTP cyclohydrolase | deficiency (Willemsen et a/., 2010). At one end of the
spectrum is mild dystonia that responds to low-dose levodopa for decades. In contrast, more
severe cases are associated with infantile parkinsonism with onset prior to 6 months of age,
developmental delay, levodopa-induced dyskinesias, ptosis, gastroparesis, and oculogyric
crises. Although the vast majority of cases are autosomal recessive, heterozygotes may
manifest subtle exertion-induced dystonia or rigidity or restless legs syndrome (Swoboda et
al., 2006). Most reported variants have been missense mutations, either homozygous or
heterozygous. Frameshift and promoter region mutations have also been described (Verbeek
et al., 2007). The promoter mutations have been localized to a cCAMP response element.

3. DYT5b (sepiapterin reductase)—In general, the lack of hyperphenylalaninemia
distinguishes sepiapterin reductase deficiency from other autosomal recessive disorders of
BH4 synthesis (Bonafé et a/., 2001). On average, clinical manifestations are more severe
than those associated with GTP cyclohydrolase | deficiency. The disease spectrum includes
cognitive delay, oculogyric crises, microcephaly, hyperactivity, hypersomnolence,
parkinsonism, dystonia, tremor, seizures, and, if untreated, mental retardation. Onset may
occur in infancy. Several novel homozygous and compound heterozygous missense, splice
site, nonsense, and frameshift mutations in SPR have been reported since 2001 (Lohmann ef
al., 2012a). In rare cases, sepiapterin reductase deficiency may be autosomal dominant
(Steinberger et al., 2004).
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B. DYT11/MDS

Myoclonus-dystonia syndrome is due to mutations in SGCE, which encodes e-sarcoglycan
(Zimprich et al., 2001). SGCE is maternally imprinted and covers 71 kb on the reverse
strand of Chr 7921.3. Virtually, all affected individuals have myoclonus, which is
concentrated in the upper extremities, neck, and trunk with infrequent involvement of the
legs. Approximately 50-65% of patients have dystonia, usually affecting the neck or arms.
Very rarely, dystonia may be the only disease manifestation. Onset is usually in childhood or
early adolescence but has been reported in the fourth decade of life. Many affected
individuals reported a dramatic reduction in myoclonus after consumption of alcohol.
Psychiatric disorders including depression and anxiety can be prominent non-motor features
of the disorder.

Given that SGCE is maternally imprinted, penetrance is significantly higher when the
mutant allele is inherited from the father. DYT11 may be caused by a variety of mutations in
SGCE (nonsense, missense, insertions, and deletions). Testing for exonic deletions should be
considered in individuals with a classic phenotype in whom Sanger sequencing is
unrevealing (Asmus et al., 2005; Grunewald et al., 2008).

In muscle, the sarcoglycans are part of the large transmembrane dystrophin—glycoprotein
complex required for the stability of striated muscle membranes. Muscle expression of e-
sarcoglycan is highest in the early postnatal period with only minimal expression in adult
muscle (Xiao and LeDoux, 2003). In brain, e-sarcoglycan is expressed at high levels in
cerebellar cortex (Xiao and LeDoux, 2003), and a major brain-specific isoform shows
relatively high expression in Purkinje cells and the dentate nucleus (Ritz et a/., 2011). In
neurons, the dystrophin—glycoprotein complex may be involved in the clustering and
stabilization of GABAergic synapses (Waite et al., 2009).

C. DYT12/RDP

Although denoted “rapid-onset dystonia—parkinsonism (RDP),” relatively few patients have
all four cardinal features of Parkinson’s disease (resting tremor, bradykinesia, postural
instability, and rigidity). In fact, the term “rapid-onset dystonia” would perhaps be more
appropriate if it was not for the fact that many patients with largely sporadic adult-onset
dystonia wake up with their disorder or report onset over a couple of days. Despite these
caveats, RDP is fairly distinct with abrupt onset of dystonia with varying degrees of
bradykinesia. The dystonia obeys a rostral-caudal gradient (face — arm — trunk) with
minimal leg involvement and often prominent bulbar involvement with dysphagia and
dysarthria. Patients do not respond to levodopa. Typically, RDP first manifests in teenagers
or young adults, although age of onset ranges from 4 to 55 years of age.

RDP is an autosomal-dominant disorder due to mutations in A7P1A3, which encodes
ATPase, Na*/K* transporting, and a-3 polypeptide. The a-3 subunit of Na*/K*-ATPase is
an integral membrane protein and a member of the P-type cation transport ATPases.
Members of this family help to maintain electrochemical gradients across the plasma
membrane. The a subunit of Na*/K*—ATPase has three isoforms (a-1, a-2, and a-3)
encoded by distinct genes rather than alternative splicing of a single gene.
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ATP1A3 contains 23 exons and covers 27.6 kb of genomic DNA. Mutations described to
date have been concentrated in Exons 8, 14, 15, 17, 20, and 23 (Brashear et al., 2007).
Missense mutations, a 3-bp deletion and a 3-bp insertion, have been reported, mainly in
Caucasians (Brashear et al., 2007; de Carvalho Aguiar et al., 2004; Tarsy et al., 2010). An
RDP p.D923N mutation in A7TP1A3 shows approximately 200-fold reduction of Na* affinity
for activation of phosphorylation from ATP (Einholm et a/., 2010). In general, RDP mutant
forms of Na*/K* ATPase show reduced affinity for cytoplasmic Na* (Rodacker et al., 2006).

RDP is genetically heterogeneous. A7P1A3 mutations have not been identified in all
subjects with an RDP phenotype (Brashear et a/., 2007). In particular, Kabakci et a/. (2005)
reported a large RDP kindred that did not harbor an A7P1A3 mutation or show linkage to
Chr 19.

High-density autozygosity mapping (Illumina HumanHap550) was used to identify a
disease-segregating region of homozygosity in affected family members from two families
with early onset, apparently autosomal recessive dystonia in southeast-central Brazil
(Camargos et al., 2008). The relationship between these two families remains unclear. Age
of onset ranged from 2 to 18 years. Lower limb onset was apparent in 4/7 subjects. Dystonia
became generalized with neck, trunk, laryngeal, and oromandibular involvement. Some
patients were mildly bradykinetic and possibly parkinsonian. Moreover, 3/7 subjects had
evidence of upper motor neuron dysfunction. Sanger sequencing of all genes within a 1.2-
Mb interval on Chr 2g31 revealed a single disease-segregating mutation, ¢.665C>T (P222L),
in PRKRA, which encodes protein kinase, interferon-inducible double-stranded RNA-
dependent activator. In a single follow-up study, Seibler et a/. (2008) reported a
heterozygous frameshift mutation in a patient with early-onset dystonia first manifest in a
leg. At last examination, this subject had generalized dystonia that spared the cranial and
facial muscles. The pathogenicity of this variant must be questioned given that PRKRA-null
mice do not show evidence of dystonia or significant neurological disease (Peters et al.,
2009). Furthermore, in contrast to the Brazilian patients, dystonia spared the cranial muscles
in the subject from Germany.

V. HEREDODEGENERATIVE DYSTONIA
A. X-Linked Dystonia—Parkinsonism (XDP/DYT3)

Also known as Lubag, X-linked dystonia—parkinsonism (XDP) is limited to Filipinos with
origin from the Island of Panay. Parkinsonism is usually the presenting manifestation in the
fourth decade of life. Craniocervical dystonia typically begins later with involvement of the
masticatory, cervical, and upper facial muscles in many patients. Appendicular dystonia is
less common. Parkinsonism may partially respond to levodopa and dopamine agonists.
Males are affected more severely than females and moderate phenotypic variability is noted
with isolated parkinsonism or focal dystonia in some subjects.

Subjects with XDP harbor five distinct single nucleotide sequence variants in addition to a
48-bp deletion and an SVA (short interspersed nuclear element, variable number of tandem
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repeats, and A/ucomposite; SINE/VNTR/A/L) element (Makino et al., 2007; Nolte et al.,
2003). The SVA is located in Intron 32 of TATA-binding protein-associated factor 1 gene
(7AFI) and may alter expression of a neuron-specific isoform of TAF1 (N-TAF1). In rat
brain, N-TAF1 is expressed in medium spiny neurons, preferentially in the striosome
compartment of the striatum (Sako et a/., 2011). This finding is consistent with postmortem
neuropathology in human subjects, which is characterized by a mosaic pattern of striatal
gliosis with more prominent neuronal loss in striosomes than in the matrix (Evidente et a/.,
2002; Goto et al., 2005).

B. Parkinson’s Disease

Dystonia is very common in sporadic and familial Parkinson’s disease (Tolosa and Compta,
2006). Dystonia is a frequent “side-effect” of pharmacological and surgical treatment of
Parkinson’s disease. Well-recognized manifestations include AM off-dystonia in the lower
extremities, blepharospasm with apraxia of eyelid opening, cervical dystonia, peak-dose
dystonia, and diphasic dystonia.

Dystonia is often a presenting sign in early-onset Parkinson’s disease. Classically, this
manifests as action dystonia in a distal leg, occasionally only precipitated by exercise (Khan
et al., 2003a). Over 30% of individuals with recessive mutations in PARKZ, which encodes
parkin, present with leg dystonia. Distal leg dystonia is also a common presentation of
recessive mutations in PARK6 (PINKI) and PARKY (DJI) mutations (Schneider and Bhatia,
2010a).

C. Tauopathies

Largely based on postmortem pathological identification of tau protein aggregation, a group
of neurodegenerative disorders including PSP, corticobasal ganglionic degeneration
(CBGD), frontotemporal dementia and parkinsonism linked to Chr 17 (FTDP-17),
argyrophilic grain disease, and Pick’s disease have been commonly referred to as
tauopathies. Dystonia is a common clinical manifestation in PSP (Barclay and Lang, 1997)
and CBGD (Reich and Grill, 2009). Tau is encoded by MAPT, which covers 134 kb on Chr
17921.31. Tau is mainly expressed in neurons and contributes to the assembly and
stabilization of microtubules. Alternative splicing of Exon 10 determines the number of
microtubule-binding repeats (3R or 4R). In PSP and CBGD, accumulation of 4R-tau
predominates, whereas 3R-tau is deposited in Pick’s disease.

Case—control studies have demonstrated significant associations between the H1 haplotype,
an inversion polymorphism of MAPT and risk for PSP and CGBD (Baker et al., 1999;
Houlden et al., 2001). Missense mutations in MAPT have also been associated with sporadic
and familial PSP (e.g., p.R5L and p.G303V) (Choumert et al., 2011; Poorkaj et al., 2002).
There are no reported relationships among MAPT haplotypes and sporadic primary
dystonia. Rare cases of CGBD have been associated with mutations in PGRN, which
encodes progranulin (Spina et al., 2007). PGRN mutations are more commonly associated
with a clinical-pathological phenotype sometimes described as behavior-predominant
frontotemporal dementia.
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D. Neurodegeneration with Brain Iron Accumulation

Dystonia may be a presenting or prominent clinical feature of the neuro-degeneration with
brain iron accumulations (NBIAs), which are characterized by iron deposition in the brain,
particularly the basal ganglia (Schneider and Bhatia, 2010b). With the advent of MRI and
increased use of T2% and T2 fast-spin echo sequences, these disorders are being recognized
with increasing frequency (McNeill et al., 2008). It should be emphasized, however, that
iron deposition in the basal ganglia is a part of normal aging, and increased iron deposition
has been associated with numerous acquired and hereditary disorders that affect the CNS
(Aquino et al., 2009).

The classic disorder in this family is NBIA1 (PANKZ, pantothenate kinase 2), previously
called Hallervorden—Spatz disease. Other NBIAs and NBIA-like disorders include NBIA2
(PLAZ2GS, calcium-dependent cytosolic phospholipase A2, group VI) also known as PARK4
or infantile neuroaxonal dystrophy (INAD); NBIA3 (F7L, ferritin light chain) or
neuroferritinopathy; NBIA4 (C190rf12, an orphan mitochondrial protein);
aceruloplasminemia (CP, ceruloplasmin); FAHN (fatty acid hydroxylase neurodegeneration)
disease or SPG35 (FAZH, fatty acid 2-hydroxylase); and Kufor—Rakeb syndrome
(ATP13A2, lysosomal type 5 ATPase), also known as PARK9. With the exception of
neuroferritinopathy, all of these disorders are autosomal recessive.

VI. DYSTONIA IN ASSOCIATION WITH OTHER NEUROGENETIC
DISORDERS

A. Paroxysmal Dyskinesias

This group of neurological disorders is characterized by the sudden onset of involuntary
movements that may include one or more of the following: dystonia, chorea, athetosis, and
ballism (Bhatia, 2011). The paroxysmal dyskinesias are divided into four major types:
paroxysmal kinesigenic dyskinesia (PKD), paroxysmal nonkinesigenic dyskinesia (PNKD),
paroxysmal exertion-induced dyskinesia (PED), and paroxysmal hypnogenic dyskinesia.
Precipitating factors are included within the name of each type: kinesigenic (sudden
movements), nonkinesigenic (may occur spontaneously but often triggered by stressors such
as anxiety, temperature extremes, or caffeine), exertion induced (running or prolonged
walking), and hypnogenic (non-rapid eye movement sleep). The paroxysmal dyskinesias
may be familial (hereditary), sporadic, or secondary (or symptomatic) to other neurological
or metabolic disorders (e.g., head trauma, multiple sclerosis, hypoparathyroidism). Overall,
genetic etiologies have been identified for a modest number affected families and small
number of sporadic/idiopathic cases.

1. DYT8 (PNKD)—Many cases of primary, familial PNKD are due to missense mutations
(p.A7V, p.A9V, and p.A33P) in the N-terminal mitochondrial targeting sequence of
myofibrillogenesis regulator-1 or PNKD (MR-1 or PNKD; Bruno et al., 2007; Ghezzi et al.,
2009; Lee et al., 2004; Rainier et al., 2004). Patients with PNKD due to mutations in PNKD
have attacks that last from 10 min to 1 h, often precipitated by caffeine, alcohol, or
emotional stress. Onset occurs in infancy or early childhood and typically includes a
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combination of chorea and dystonia with involvement of the face, trunk, and limbs, often
bilaterally.

PNKD shows homology to glyoxalase Il and is probably involved in the cellular stress
response. Although the primary substrate of PNKD is not known, glyoxalase 11 catalyzes the
second step in the glutathione-dependent glyoxylase pathway, which converts methylglyoxal
to D-lactic acid. Lower glutathione levels have been noted in the brains of PNKD knockout
mice (Shen et al., 2011).

2. DYT9/DYT18 (PED)—Recent work has shown that DYT9 (paroxysmal choreoathetosis/
spasticity) and DY T18 (paroxysmal exercise-induced dyskinesia) are allelic disorders due to
mutations in SLC2A1, which encodes the glucose transporter type 1 (GLUT1) (Weber and
Lerche, 2009; Weber et al., 2011).

Auburger et al. (1996) described a large pedigree with autosomal dominant “paroxysmal
choreoathetosis/spasticity.” The pedigree included 18 affected family members. Age of onset
ranged from 2 to 15 years with episodes of involuntary movements lasting less than 20 min
and manifest mainly as dystonia. The frequency of episodes was highly variable and ranged
from daily to twice yearly. Episodes were triggered by a broad range of triggers including
emotional stress, exercise, lack of sleep, and alcohol. Some family members demonstrated
interictal spasticity in the lower extremities. The causal gene was mapped to Chr 1p.

Weber and co-workers (Schneider et al., 2009; Weber et al., 2008) showed that paroxysmal-
exertion (or exercise)-induced dyskinesias (PED) were due to mutations in SLC2A1. They
described a large three-generation family with PED, epilepsy, developmental delay, and
hemolytic anemia. Cerebrospinal glucose levels were also reduced. Mutations in SLC2A1
have also been identified in sporadic PED (Schneider ef a/., 2009). In subsequent work, the
kindred initially described by Auburger ef a/. (1996) and an Australian monozygotic twin
pair were found to have causal mutations in SLC2A1 with decreased glucose uptake in
functional assays.

The classical GLUT1 deficiency phenotype is characterized by early-onset cognitive and
motor delay, intractable epilepsy, microcephaly, involuntary movements (dystonia, chorea,
ataxia, and choreoathetosis), spasticity, and microcephaly (Verrotti et al., 2012). Most
patients with GLUT1 syndromes have abnormally low levels of cerebrospinal fluid glucose.
The most effective treatment for these disorders is a ketogenic diet (Verrotti et al., 2012).

GLUT1 is expressed in the brain microvasculature, astrocytes, and red blood cells. Most
SLC2A1 mutations reported to date appear to manifest as haploinsufficiency. It is possible
that paroxysmal movement disorders are caused by astrocyte failure in critical regions of
motor system such as the cerebellum (Schneider et al., 2009).

3. DYT10/DYT19 (PKD)—Using linkage and haplotype analysis, Valente et a/. (2000)
identified a 15.8-cm candidate region for PKD in a large Indian family. The candidate region
is flanked by markers D16S685 and D16S503 on Chr 16g13-g22.1 with a maximum LOD
score of 3.66 at D16S419. This candidate region is telomeric to the locus identified in
Japanese families with PKD (Tomita et a/., 1999) but showed overlap with a region
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identified in an African-American family with PKD (Bennett et a/,, 2000). The candidate
region for infantile familial convulsions and paroxysmal choreoathetosis (ICCA) was also
mapped to the pericentromeric region of Chr 16 in both French (Szepetowski et al., 1997)
and Chinese (Lee et al.,, 1998) families. PKD is genetically heterogeneous, however, and, in
at least one British pedigree, does not map to Chr 16 (Spacey et al., 2002).

The family described by Valente et a/. (2000) included 13 subjects with PKD. In addition,
four deceased family members had probably been affected based on historical accounts. Age
at onset ranged from 7 to 13 years. Consistent with PKD, attacks were precipitated by
sudden movements and lasted less than 2 min. Attacks included choreiform and dystonic
movements and occurred up to 20 times daily. Two family members with PKD and three
unaffected family members had generalized tonic—clonic seizures as teenagers. However,
epilepsy did not co-segregate with the PKD haplotype. Penetrance was 75%, and over half of
the affected family members had spontaneous remissions in their early twenties (Spacey et
al., 2002).

Just recently, several distinct loss-of-function frameshift mutations leading to protein
truncation or nonsense-mediated decay in proline-rich transmembrane protein 2 (PRRT2)
have been associated with PKD in humerous Han Chinese families (Chen et al., 2011; Li et
al,, 2012; Liu et al., 2012; Wang et al., 2011). Missense mutations (¢c.796C>T, p.R266W; c.
913G>A, p.G305R) have been identified in a single family and one sporadic case of PKD
(Liu et al., 2012; Wang et al., 2011). PRRT2 contains two predicted transmembrane domains
and is highly expressed in the developing nervous system, particularly the cerebellum (Chen
etal., 2011). PRRTZis located on Chr 16p.11.2, within the ICCA, Japanese PKD, and
African-American candidate regions but outside the Indian PKD candidate regions. In
addition to classic carbamazepine-responsive PKD, the phenotypic spectrum of PRRT2
mutations appears to include ICCA, a “PNKD-like” syndrome and PED (Liu et al., 2012).

4. DYT20 (PNKD2)—PNKOD is genetically heterogeneous (Bruno et al., 2007). For
instance, Spacey et al. (2006) described a Canadian family with PNKD and without a
mutation in PNVKD. In this kindred, the PNKD2 locus maps to Chr 2p31.

Dystonia can be a prominent clinical feature or presenting sign in many of the dominant
(van Gaalen et al., 2011) and recessive (Perlman, 2011) ataxias. For example, leg or hand-
forearm dystonia can be presenting signs in spinocerebellar ataxia type 6 (SCA6) and
SCAL7 (Hagenah et al., 2004; Sethi and Jankovic, 2002). Similarly, cervical dystonia has
been reported as a presenting sign in SCAL (Wu et al., 2004) and SCA6 (Arpa et al., 1999).
Among the SCAs, dystonia is most common in SCA17, SCA3, and SCA2 (van Gaalen et al.,
2011).

Although relatively infrequent, dystonia, appendicular and cervical, has been well
documented in Friedrich ataxia (FA) (Hou and Jankovic, 2003). FA is perhaps the most
common and intensively studied of the hereditary ataxias. FA is caused by reduced
expression of the mitochondrial protein frataxin due to a GAA trinucleotide expansion
within Intron 1 of £XN. Frataxin plays a critical role in mitochondrial iron metabolism
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(Shan and Cortopassi, 2011), and FA can be considered a mitochondrial disease caused by a
mutation in nuclear DNA (nDNA). In some patients, point mutations are present in
heterozygosity. Dystonia may also manifest in several other recessive and X-linked ataxias
(Table 2.3).

Le Ber et al. (2006) reported eight families characterized by the combination of dystonia and
MRI evidence of cerebellar atrophy. Age of dystonia onset ranged from 9 to 42 years. Most
individuals had clinical evidence of laryngeal or arm dystonia at disease onset. Dystonia
generalized in 5/12 individuals. Cerebellar ataxia was relatively mild and slowly progressive.
Inheritance was either recessive or X-linked. Similar families have been described by other
groups (Hagenah et al., 2007).

Dystonia may be a clinical sign in a diverse array of neurogenetic disorders including those
associated with autism and mental retardation, mitochondrial dysfunction, deafness,
spasticity, dopamine neurotransmission, and metabolic storage defects (Table 2.3). In many
of these conditions, the functional impact of dystonia on quality of life is relatively minor
compared to the effects of the causal mutation on cognition, hearing, fine and gross motor
skills, or extra-neural systems. There are several exceptions, however, and dystonia can
occasionally be a presenting feature or major source of disability.

Dystonia-deafness syndrome (Mohr—Tranebjaerg syndrome) is an X-linked recessive
disorder caused by mutations in DDPI, which encodes deafness-dystonia peptide 1 or
translocase of inner mitochondrial membrane 8. Males develop childhood-onset deafness,
spasticity, blindness, and dystonia. Dystonia can generalize and affect the craniocervical
musculature (Kim et al., 2007). Cervical dystonia and hand—forearm dystonia (e.g., writer’s
cramp) have been reported in female carriers (Swerdlow and Wooten, 2001). The
combination of deafness and dystonia is also seen in the Woodhouse—Sakati syndrome
(Schneider and Bhatia, 2008), which is due to mutations in DCAF17that encodes a
nucleolar protein (Alazami et al., 2008).

Spasticity and dystonia may coexist as “spastic dystonia” or “spastic ataxia” syndromes or in
a subset of patients with spastic paraplegia 35 (SPG35 or FAHN disease) and the allelic
disorders, SGP2 and Pelizaeus—Merzbacher disease (Table 2.3). Gilbert et a/. (2009) have
mapped a novel spastic dystonia locus to Chr 2q24-31. Their Ohio kindred manifests
spasticity and dystonia without ataxia or dementia. One subject showed marked
improvement of dystonia with deep brain stimulation. Portneuf spastic ataxia with
eukoencephalopathy is an autosomal recessive disorder mapped to 2933-34 and associated
with spasticity, ataxia, mild cognitive impairment, dystonia, nystagmus, and scoliosis
(Thiffault et al., 2006).

Screening ceruloplasmin and uric acid levels should be obtained in all children and young
adults presenting with dystonia to exclude Wilson and Lesch—Nyhan diseases, respectively.
Wilson disease is due to recessive mutations in A7P7B, which encodes an ATPase, Cu?*
transporting B polypeptide. In developed countries, Wilson disease is often diagnosed prior
to the onset of significant neurological dysfunction. Virtually all patients with neurological
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disease have Kayser—Fleischer rings due to copper deposition in Descemet membrane.
Dystonia is often among the protean neuropsychiatric manifestations of more advanced
Wilson disease. Severe generalized dystonia, mental retardation, gout, and self-injurious
behavior are seen is the classic form of Lesch—Nyhan disease. Attenuated variants of this
disorder may present with isolated focal or segmental dystonia ( Jinnah et al., 2010).
Nonsense and deletion mutations are usually associated with classic Lesch—Nyhan disease
(Jinnah et al., 2010).

Dystonia can be a manifestation of disorders linked to mitochondrial dysfunction due to
mutations in either nDNA or mtDNA. Examples of dystonia-associated nuclear genes
include 7/MMBS8A in X-linked dystonia-deafness syndrome and 7ACO! in Leigh syndrome
(Weraarpachai et al., 2009). An enormous array of mtDNA mutations have been tied to
Leber hereditary optic neuropathy (Tonska et a/., 2010) and Leigh syndrome (Finsterer,
2008). Mitochondrial dysfunction may also be a feature of more common forms of dystonia.
For example, Schapira et a/. (1997) found a 22% decrease in the activity of complex I, but
not complex I1/111 or complex 1V, in 20 patients with idiopathic focal dystonia compared to
22 controls. Similarly, Benecke et al. (1992) found a 37% reduction in complex | activity in
patients with focal dystonia and a 67% decrease in complex | activity in eight patients with
segmental or generalized dystonia. These data suggest that sequence variants in mtDNA may
contribute to risk for largely sporadic adult-onset primary dystonia.

Dystonia is an important clinical feature in several of the hereditary and neurodegenerative
choreas, particularly Huntington disease (H77) and choreoacanthocystosis (VPS13A). The
combination of chorea and dystonia may also been seen in familial or idiopathic basal
ganglia calcifications (IBGC). In a large family with autosomal dominant IBGC, the disease
locus was mapped to 14q (Geschwind et a/., 1999). Many other families with IBGC do not
show linkage to 14q (Oliveira et al., 2004).

VIl. CONCLUSIONS

Major recent discoveries have appeared in the field of dystonia genetics. First, mutations in
the transcription factor THAP1 and DNA replication factor CIZ1 have been linked to adult-
onset primary dystonia (Xiao et al., 2010, 2012). Second, proline-rich transmembrane
protein 2 has been tied to paroxysmal kinesigenic dyskinesia (Chen et al., 2011). Third,
there has been consolidation of DYT syndromes—DYT9 (paroxysmal choreoathetosis/
spasticity) and DYT18 (paroxysmal exertional dyskinesia) are now known to be treatable
allelic disorders, and DY T14 has been redefined as DYT5 due to a deletion mutation in
GCH1 (Wider et al., 2008).

Recent advances in high-throughput sequencing and bioinformatics should enable additional
discoveries. A major focus of future efforts should be the genetics of adult-onset primary
dystonia. Unfortunately, this work will be compromised by the paucity of large kindreds
with highly penetrant disease. Although there is no good evidence that adult-onset primary
dystonia is a complex disease, well-designed genome-wide association studies of specific
forms of focal dystonia may point out loci that contribute to disease penetrance. Work to
date has implicated several cellular pathways in the pathophysiology of dystonia. These
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include G1/S cell cycle control in primary dystonia; and monoamine neurotransmission, the
neuronal stress response, and mitochondrial dysfunction in non-primary dystonia. Hopefully,
future work can serve to unify, in whole or part, the cellular and systems biology of
dystonia.
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Figure2.1.

TorsinA, THAPL, and Cl1Z1. (A) Functional domains of torsinA and the location of coding
variants that have been associated with dystonia. Walker A and B motifs are involved in ATP
binding and hydrolysis. SS, signal sequence; H, hydrophobic domain; Sl, sensor 1; and S2,
sensor 2. (B) Functional domains of THAP1 and the location of coding variants that have
been associated with dystonia. THAP, thanatos-associated protein domain; Pro, low-
complexity proline-rich region; and NLS, nuclear localization signal. M1?, ¢.2delT or c.
1A>G. (C) Functional domains of CI1Z1 and the location of variants that have been
associated with cervical dystonia. QD1, glutamine-rich domain 1; NLS, putative nuclear
localization sequence; QD2, glutamine-rich domain 2; ZF, zinc finger domains; AD, acidic
domain; and MH3, matrin (MATR3)-homologous domain 3. For color version of this figure,
the reader is referred to the online version of this book.
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Hereditary dystonias with Mendelian inheritance patterns

HUGO/OMIM

DYT1 (MIM 128100)
DYT2 (MIM 224500)
DYT3 (MIM 314250)

DYT4 (MIM 128101)

DYT5a (MIM 128230)

DYT5b

DYT5b

DYT6 (MIM 602629)
DYT7 (MIM 602124)
DYTS (MIM 118800)

DYT9 (MIM 601042)

DYT10 (MIM 128200)

DYT11 (MIM 159900)

DYT12 (MIM 128235)

DYT13 (MIM 607671)
DYT15 (MIM 607488)
DYT16 (MIM 612067)

DYT17 (MIM 612406)

DYT18 (MIM 61216)

DYT19 (MIM 611031)
DYT20 (MIM 611147)

DYT21

Common name
Oppenheim’s dystonia
Autosomal recessive dystonia

Lubag (X-linked dystonia—parkinsonism)

Australian whispering dysphonia family

Dopa-responsive dystonia

Dopa-responsive dystonia

Dopa-responsive dystonia

Mixed-type dystonia
Familial torticollis

Paroxysmal nonkinesigenic dyskinesia (PNKD)

Paroxysmal choreoathetosis/spasticity

Paroxysmal kinesigenic dyskinesia (PKD)

Myoclonus-dystonia syndrome

Rapid-onset dystonia—parkinsonism

Italian family-primary torsion dystonia
Myoclonus dystonia, Canadian family

Young-onset dystonia—parkinsonism

Generalized dystonia with dysarthria and
dysphonia

Paroxysmal exertional dyskinesia associated with
hemolytic anemia

Paroxysmal kinesigenic dyskinesia (PKD)

Paroxysmal nonkinesigenic dyskinesia 2
(PNKD2)

Adult-onset mixed dystonia

L ocus/gene
9934.11/ TORIA
Unknown

Xql13.1/TAFI

Unknown

14022.2/GCH1

11p.15.5/TH

2q13.2/SPR

8p11.21
18p
2q35/PNKD

1p34.2/SLC2A1

16p11.2/PRRT2

7921.3/SGCE

19q13.2/ATPIA3

1p36.32-p36.13
18p11
2931.2/ PRKRA

20p11.2-q13.12

1p34.2/SLC2A1

16013-g22.1
2031

2q14.3-921.3

Mode
AD
AR
XLR

AD

AR

AR

AD
AD
AD

Mutant protein
TorsinA (Ozelius et al., 1997)
Unknown

Reduced TAF1 expression
(Makino et al., 2007; Nolte et al.,
2003)

Unknown

GTP cyclohydrolase I (Ichinose
et al., 1994)

Tyrosine hydroxylase (Ludecke
et al., 1995)

Sepiapterin reductase (Bonafé et
al., 2001)

THAP1 (Fuchs et al., 2009)
Unknown

Paroxysmal nonkinesigenic
protein (Rainier et al., 2004)

Glucose transporter 1 (GLUT1)
(Weber et al., 2011)

Proline-rich transmembrane
protein 2 (Chen et al., 2011)

g-sarcoglycan (Zimprich et al.,
2001)

Na*/K*-ATPase a-3 subunit (de
Carvalho Aguiar et al., 2004)

Unknown
Unknown

Stress-response protein PRKRA
(Camargos et al., 2008)

Unknown

Glucose transporter 1 (GLUT1)
(Weber et al., 2008)
Unknown

Unknown

Unknown

AD, autosomal dominant; AR, autosomal recessive.
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