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Precision medicine for genetic childhood movement disorders
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ABBREVIATIONS

AAV Adeno-associated virus

ADCY5 Adenylyl cyclase 5

BBB Blood–brain barrier

DBS Deep brain stimulation

NPC Niemann–Pick disease type C

PKAN Pantothenate kinase-associated

neurodegeneration

PKD Paroxysmal kinesigenic

dyskinesia

Increasingly effective targeted precision medicine is either already available or in develop-

ment for a number of genetic childhood movement disorders. Patient-centred, personalized

approaches include the repurposing of existing treatments for specific conditions and the

development of novel therapies that target the underlying genetic defect or disease mecha-

nism. In tandem with these scientific advances, close collaboration between clinicians,

researchers, affected families, and stakeholders in the wider community will be key to suc-

cessfully delivering such precision therapies to children with movement disorders.

THE ERA OF PRECISION MEDICINE: ADDRESSING AN
UNMET CLINICAL NEED
Precision medicine is commonly defined as the tailoring
or customization of healthcare based on individual patient
characteristics. Precision medicine is also sometimes used
interchangeably with ‘personalized medicine’, although
over time the latter has become less popular since the
term ‘personalized’ can be misconstrued as novel attempts
to craft treatments unique to each individual, when in
fact doctors have always strived to treat patients on an
individual and personalized basis.1 Furthermore, the prac-
tice of medicine has always emphasized the importance
of accurate clinical diagnosis in providing personalized
and effective disease-specific treatments. These tenets
continue to be the foundation of precision medicine.
Technological advances in molecular genetics, health
bioinformatics, and neuroimaging have facilitated the
stratification of diseases based on specific disease charac-
teristics thereby enhancing the ‘signs and symptoms
approach’ to diagnostic classification. Next-generation
genomic sequencing approaches have significantly
improved diagnosis in childhood movement disorders,
although the bottle neck in understanding the underlying
disease mechanisms continues to hamper efforts in drug
discovery and novel therapy development.

Precision medicine approaches aim to accelerate the
development of effective therapies for patients based on

the underlying disease-specific characteristics. This is par-
ticularly important given that the vast majority of child-
hood movement disorders continue to have poor
outcomes, with symptomatic relief or palliation being the
major therapeutic goal rather than disease modification or
cure. Better understanding of the underlying disease pro-
cesses and pathways that are aberrant in such diseases will
allow the identification of novel targets for therapeutic
intervention. It is hoped that such targeted approaches will
better address the underlying molecular deficits arising
from gene defects, leading to improvement of symptoms,
long-term disease modification, and even cure.

EXPANSION OF DIAGNOSTIC TOOLS FOR PRECISION
MEDICINE APPROACHES
Genetics
Advances in genomic studies have transformed the diag-
nostic process for childhood movement disorders. Next-
generation sequencing technologies such as whole-genome
or whole-exome sequencing are increasingly becoming a
cost-effective alternative to individual gene or multiple
gene panel testing. This technology has allowed for a
molecular diagnosis to be achieved more rapidly and in a
larger proportion of patients in the clinical setting,2

embedding itself earlier in the diagnostic process for child-
hood movement disorders3 and reducing the need for mul-
tiple tests and invasive investigations.
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Neuroimaging
The increasing accessibility of large-scale neuroimaging
data sets, availability of automated processing methods,
and utility of machine learning are now being harnessed to
accelerate translational research for personalized medicine
approaches.4 In adult neurodegenerative conditions, it has
facilitated the development of neuroimaging biomarkers,
improved the understanding of disease mechanisms, formu-
lated survival predictions, and embedded quantitative tech-
niques into clinical workflow.5 In childhood movement
disorders, the increasingly recognized characteristic pat-
terns of structural changes evident on neuroimaging (e.g.
in the cerebellum6 and/or basal ganglia7) is helping clini-
cians to make an accurate genetic diagnosis sooner.
Advances in neuroimaging techniques will also aid the
interpretation of novel genetic variants, lending further
supportive evidence of pathogenicity for certain genetic
syndromes with classical/recognizable neuroimaging fea-
tures.

Biomarkers
Biomarker research is a rapidly expanding field, given their
potential to aid clinical diagnosis, prognostication, and
assessment of disease severity. As such, they are likely to
be helpful in the evaluation of new precision medicine
treatments. Many biomarkers for neurological disorders
are now being identified (such as neurofilament light chain
in disorders associated with axonal damage8) and even uti-
lized clinically9 (such as tau proteins and amyloid beta in
Alzheimer disease and a-synuclein in Parkinson disease).

CHALLENGES IN DEVELOPING PRECISION MEDICINE
FOR GENETIC MOVEMENT DISORDERS
It is well recognized that the development of personalized
medicine approaches for genetic movement disorders of
childhood presents with numerous challenges. In general,
rare diseases are often subject to reduced interest from the
scientific community and financial investment from indus-
try due to the perceived lack of widespread impact. How-
ever, the reality is that although each individual condition
is rare (defined as <1 in 2000) or even ultra-rare (<1 in
50 000), collectively as a whole they are not rare; indeed 1
in 17 people will suffer from one of the estimated 6000
rare diseases at some point in their lives. Furthermore,
hypothesis-driven precision therapy clinical trials in rare
monogenic genetic disorders (e.g. nusinersen in spinal
muscular atrophy10) have the potential to have an impact
on more individuals, not only because of the transformative
effect of the treatment on individual patients, but also the
scientific advances that result from these types of trials.
This is arguably of greater impact than perhaps some of
the larger-scale trials for more common adult neurological
disorders where the significant clinical heterogeneity within
the patient population and multifactorial/oligogenic disease
aetiology can affect outcomes. Nevertheless, the difficulty
in recruiting sufficient numbers and an inevitably small

target population could potentially discourage academia
and industry from investing resources into clinical trials for
these rare conditions. In the future, such issues may be cir-
cumvented by international global patient registries,
increased rare disease awareness, and more detailed cost–
benefit analyses of precision medicine investment in rare
diseases.

Another challenge in developing precision medicine for
childhood movement disorders is the achievement of
appropriate brain targeting. The existence of the blood–
brain barrier (BBB), a multicellular structure that acts as a
barrier between the central nervous system and peripheral
blood circulation, poses a further hurdle to surmount in
brain drug delivery. As such, precision medicine must be
able to cross this barrier to reach the intended target.
Otherwise, the BBB must be bypassed through a different
administration route, such as intrathecal, intraventricular,
or intraparenchymal delivery. Bypassing the BBB com-
monly requires neurosurgical intervention, with the associ-
ated increased risk of general anaesthesia, infection, and
haemorrhage. Emerging new technologies, such as nan-
otechnology11 and magnetic resonance-guided focused
ultrasound, are being developed to allow for non-invasive
penetration of the BBB to facilitate drug delivery. Mag-
netic resonance-guided focused ultrasound, which allows
for accurate and temporary penetration of the BBB, has
been trialled in amyotrophic lateral sclerosis.12

Diagnostic uncertainty is another key challenge in the
field of precision medicine. Although next-generation
sequencing technologies have revolutionized how patients
are diagnosed, there are several pitfalls that may hinder the
confirmatory diagnosis. First, the importance of a detailed
and accurate assessment by a clinician with movement dis-
order expertise cannot be understated, particularly since
non-inherited causes of movement disorders (including
drug-induced conditions, functional movement disorders,
and perinatal events) can look very similar to inherited dis-
eases. It can also help to better delineate movement disor-
der semiology,3 which may direct future investigations;
indeed, if a genetic cause is suspected, the specialist in
movement disorders may be able to narrow the differential
diagnosis based on specific clinical aspects. The expertise
of a clinical geneticist may also be valuable in interpreting
whole-exome or whole-genome sequencing data, especially
for novel, previously unreported genetic variants that can
often be difficult to interpret and are often diagnostically
reported as variants of uncertain significance. Again, the
clinician with movement disorders expertise can provide a
vital role since their careful delineation of the child’s phe-
notype may help corroborate or refute genetic findings.
Rarely, where diagnostic or research functional assays are
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available (e.g. aromatic L-amino acid decarboxylase plasma
activity for aromatic L-amino acid decarboxylase defi-
ciency, cerebrospinal fluid neurotransmitter analysis for
tyrosine hydroxylase deficiency), it may be possible to fur-
ther investigate the effect of a novel variant on protein
function. However, this is not always possible, leading to
diagnostic doubt, which could deprive a patient of a poten-
tially effective treatment. Over time, the development of
more sophisticated genetic interpretation tools and
improved functional assays will address this shortfall.

Another major challenge is the clinical heterogeneity
and phenotypic pleiotropy observed in some genetic child-
hood movement disorders. Frequently patients with the
same genetic condition (and even the same genetic variant)
may manifest different clinical phenotypes of variable
severity. Furthermore, for a particular individual, there are
often natural fluctuations within the disease time course,
with phases of relative stability and periodic exacerbations
or rapid decline at other times. Depending on when a
treatment is being tried in the disease course, these natural
fluctuations could give a false impression of therapeutic
efficacy. Detailed natural history studies of these genetic
diseases will undoubtedly facilitate our understanding of
the disease course and the effect of precision treatments at
different disease stages.

The lack of reliable and objective outcome measures is
another important challenge in precision medicine and can
potentially hamper the development of effective treatments.
The question of how one measures therapeutic success is
both philosophical (which out of quality of life of the
patient, quality of life of the carers, symptom relief, dis-
cernible motor and cognitive progress, and prevention of
death is the most important measure?) and scientific (clini-
cal rating scales vs quantifiable biomarkers). In fact, for
most genetic movement disorders there are no established
biomarkers or other objective measures that correlate accu-
rately with disease progression. Without an objective mea-
sure, how would it be possible to determine if a proposed
treatment has made a difference or not to the disease tra-
jectory? Furthermore, the fluctuating and paroxysmal nat-
ure of some symptoms means that an assessment at a
single time point will often not be enough. Moreover,
existing validated scales, which although excellent for mea-
suring specific areas (like tone or development), are often
too generic and not specific enough to capture the global
disease impact of most childhood genetic movement disor-
ders. This is particularly true for genetic childhood move-
ment disorders that have a combination of neurological
features (e.g. axial hypotonia with peripheral spasticity and
intermittent dystonia), systemic features (e.g. cardiac
involvement, respiratory symptoms), and non-linear disease
progression (e.g. gradual decline with stepwise regression
during intercurrent infections). Again, natural history stud-
ies will help gauge the ‘typical disease course’ for a particu-
lar disorder; advances in multi-omics tools will also
facilitate the development of blood, urine, and cere-
brospinal fluid biomarkers for future use in clinical trials.

PRECISION MEDICINE APPROACHES FOR GENETIC
CHILDHOOD MOVEMENT DISORDERS
In this section, we discuss different precision medicine
approaches for genetic childhood movement disorders
(Fig. 1 and Table S1, online supporting information),
focusing on those that are currently available and those
that may become available in the near future. The cate-
gories are broad and while not an exhaustive list, several
salient examples will be used to exemplify each approach.

Reduction of accumulating toxic molecules
Copper chelation and zinc salts for Wilson disease
Recessive ATP7B mutations in Wilson disease lead to failure
of biliary copper excretion, abnormal copper homeostasis,
and toxic copper accumulation in various organs, most nota-
bly the liver and nervous system.13 Neurologically, this classi-
cally manifests as tremor, dystonia, parkinsonism, dysarthria,
and/or dysphagia. If diagnosed early before the development
of advanced liver disease or brain injury, increasing urinary
copper excretion through chelation therapy (D-penicillamine
and trientine dihydrochloride) and reducing copper absorp-
tion through zinc salts can result in neurological improve-
ment in up to 60% of patients over 1 to 3 years.13

Manganese chelation for hypermanganesemia with
dystonia
There are two inherited disorders of hypermanganesemia
associated with neurotoxicity type 1 (due to mutations in
SLC30A10 – dystonia, polycythaemia, and chronic liver dis-
ease) and type 2 (due to mutations in SLC39A14 – rapidly
progressive dystonia without polycythaemia or chronic liver
disease). Both diseases have characteristic brain magnetic
resonance imaging (MRI) changes (T2 hypointensity of the
globus pallidus and T1 hyperintensity of the globus pallidus
and white matter with pathognomonic sparing of the ventral
pons).14 Manganese chelation with intravenous sodium cal-
cium edetate (for 5–8d every 4wks) along with oral iron sup-
plementation, which reduces manganese absorption by
being a competitive ligand on the manganese transporter, is
the current mainstay of treatment.14 Treatment can reduce
manganese accumulation, avoid progression of liver disease
(in hypermanganesemia associated with neurotoxicity type
1), and treat the neurological symptoms.14

Iron chelation for pantothenate kinase-associated
neurodegeneration
Pantothenate kinase-associated neurodegeneration (PKAN)
is a type of neurodegeneration characterized by iron accu-
mulation in the brain caused by autosomal recessive muta-
tions in PANK2. PKAN can be rapidly progressive with
onset in early childhood (<6y, mean age at onset=3y in
classic PKAN) or progress more slowly with onset in older
children (>6y in atypical PKAN).15 Progressive dystonia
predominates in classic PKAN whereas parkinsonism and
neuropsychiatric features are prominent features in atypical
PKAN.15 For most patients, there is a distinctive pattern
seen on brain MRI with a central hyperintense signal
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surrounded by hypointense signal in the globus pallidus on
T2-weighted images, also known as the ‘eye of the tiger’
sign.15 Iron chelation therapy in the form of oral deferi-
prone (which crosses the BBB) has been recently trialled in
patients with PKAN. The results of the double-blind, ran-
domized controlled trial with open-label extension showed
that oral deferiprone was well tolerated and lowered the
iron content in the basal ganglia, as measured on R2*-
MRI.16 It appeared to slow disease progression (as assessed
by the Barry–Albright Dystonia Scale), although this did
not achieve statistical significance at the end of the 18-
month trial period nor in the additional 18-month exten-
sion study.16 Interestingly, in the subgroup analysis,
patients with atypical PKAN had a statistically significant
(p=0.019) improvement on their Barry–Albright dystonia
score.16 The study results suggest that while iron accumu-
lation is an important factor in PKAN pathogenesis, it is
still a secondary phenomenon downstream of the primary
molecular defect; this may explain the limited benefit
observed with chelation in this trial.

Miglustat for Niemann–Pick disease type C
Niemann–Pick disease type C (NPC) is a rare lysosomal
storage disorder due to autosomal recessive mutations in
the NPC1 or NPC2 genes, with visceral, neurodegenerative,

and/or psychiatric manifestations. Characteristic neurologi-
cal features include vertical supranuclear saccadic palsy and
gelastic cataplexy.17 Other common neurological manifes-
tations include ataxia, dysarthria, dysphagia, dystonia, and
cognitive impairment.17

Miglustat is a disease-specific therapy approved for NPC
that acts by inhibiting the glucosylceramide synthase
enzyme, addressing the lipid trafficking defect in patients
with NPC; it is thought to reduce the neurotoxic effects of
excess GM2 and GM3 gangliosides and unesterified
cholesterol.18 Miglustat has been shown to stabilize neuro-
logical symptoms and delay disease progression, as assessed
by neuropathological markers, quantitative neuroimaging,
clinical assessment, and survival.18

Chenodeoxycholic acid for cerebrotendinous
xanthomatosis
Cerebrotendinous xanthomatosis is a rare lipid storage dis-
ease due to autosomal recessive mutations in CYP27A1.
Deficiency of this mitochondrial enzyme sterol 27-hydrox-
ylase prevents cholesterol from being converted to the bile
acid chenodeoxycholic acid and upregulates an alternative
pathway, resulting in excess cholesterol and cholestanol.19

This excess lipid accumulates in various tissues, including
muscle tendons, eye lenses, and arteries, and also results in
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Figure 1: Precision medicine approaches in childhood genetic movement disorders. CMZ, carbamazepine. [Colour figure can be viewed at wileyonline
library.com]
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neuropathological abnormalities of the central and periph-
eral nervous system.19

Supplementation of exogenous chenodeoxycholic acid
exerts a negative feedback effect that reduces the production
of cholestanol.19 It can improve or stabilize motor function,
electrophysiological parameters, and brain structure, partic-
ularly if given during a therapeutic window before (or within
25y) of the onset of neuropsychiatric features.20

Dietary intervention
Ketogenic diet for glucose transporter 1 deficiency
syndrome due to SLC2A1
Heterozygous mutations in SLC2A1 were originally
described in patients with early-onset intractable seizures
and developmental delay associated with a low fasting cere-
brospinal fluid glucose to plasma glucose ratio (<0.4).21

Subsequently, the phenotype expanded to include patients
with paroxysmal exercise- or fasting-triggered movements
without epilepsy.21,22 The classical ketogenic diet (or the
better-tolerated modified Atkins/ketogenic diet23) is an
established effective treatment for this disorder since the
ketone bodies produced can cross the BBB via the mono-
carboxylic acid transporter, thereby bypassing the defective
glucose transporter 1 to provide an alternative energy
source for brain metabolism, thereby improving seizures,
movement disorder, and head growth.21

Oral supplementation and dietary restrictions
The inborn error of metabolism glutaric aciduria type 1 is an
organic aciduria due to recessive mutations in the GCDH
gene. If left untreated, it can lead to acute encephalopathic
crises (often triggered by intercurrent infection), which result
in acute bilateral striatal brain injury and a resultant complex
hyperkinetic movement disorder. If managed presymptomati-
cally (such as those identified through newborn screening or
from older siblings) with a strict low-lysine diet, carnitine
supplementation, and emergency regime for intercurrent ill-
ness, the neurological outcome is much improved and the
movement disorder can even be prevented.24

A similar approach is used for creatine deficiency syn-
dromes like guanidinoacetate methyltransferase deficiency
where patients can have pathological signal intensities in
the basal ganglia on brain MRI; some (approximately 30%)
also have movement disorders.25 Creatine monohydrate
and high-dose L-ornithine supplementation along with an
arginine-restricted diet are associated with improvement or
stabilization of symptoms.25

Vitamin and trace element supplementation
A number of genetic movement disorders are related to
inherited defects in vitamin/trace element transport or
metabolism, including cerebral folate deficiency,26 ataxia
due to vitamin E deficiency,27 thiamine transporter
defects,28 and hypomanganesemia glycosylation type II.29

Many of these can be treated successfully with replacement
strategies, which commonly lead to both biochemical
improvements and clinical benefit (Table S1).

Target drugs with known mechanisms of action
Levodopa for dopa-responsive dystonia
Dopa-responsive dystonia is a clinically and genetically
heterogenous group of disorders that are characterized by
dystonia that often begins in the limbs, fluctuate diurnally,
and have a sustained response to levodopa treatment.30

The archetypal condition in this group is caused by guano-
sine 50-triphosphate cyclohydrolase I deficiency due to
autosomal dominant mutations in GCH1 (also known as
Segawa disease or dystonia 5a). There are several other
genetic dopa-responsive dystonia conditions (e.g. sepi-
apterin reductase deficiency, tyrosine hydroxylase defi-
ciency) where it would be prudent to diagnose early given
that there is an effective treatment that targets the disease
mechanism, although levodopa-derived clinical benefit is
commonly less dramatic than that seen in guanosine 50-
triphosphate cyclohydrolase I deficiency. For tyrosine
hydroxylase deficiency, levodopa-induced dyskinesia that
can develop (precipitated by increments in levodopa
dosages, febrile illness, or stress) is usually amenable to
amantadine.31 By acting as a weak, non-competitive N-
methyl-D-aspartate receptor antagonist (increasing dopa-
mine release and preventing dopamine reuptake), aman-
tadine can be introduced when dyskinesia develops to
allow for further increases in levodopa as required.31 Of
note, there are also other dopamine-deficient neurotrans-
mitter disorders, such as aromatic L-amino acid decarboxy-
lase (AADC) deficiency where levodopa may be useful but
for only a small proportion of patients; in this case, the
majority of patients rely on dopamine agonists as well as
serotonergic therapies (e.g. monoamine oxidase inhibitors).

Caffeine in adenyl cyclase 5 dyskinesia
Heterozygous mutations in adenylyl cyclase 5 (ADCY5)
result in a hyperkinetic movement disorder classically char-
acterized by generalized chorea and dystonia that tend to be
more prominent in the upper body, with a propensity to
paroxysmal exacerbations. Paroxysmal exacerbations typi-
cally occur with regard to drowsiness or transitions in the
sleep–wake cycle. Anecdotal reports of response to caffeine
have emerged.32 This condition is thought to be due to a
gain-of-function effect of the ADCY5 enzyme predomi-
nantly expressed in the striatum and activated through ade-
nosine A2A receptors.32 Caffeine is an adenosine A2A
receptor antagonist and, as a result, may have inhibitory
effects on ADCY5 protein function. The effect of caffeine in
ADCY5-related disorders is currently being investigated in
larger studies.33 In a recent case report, a patient with
ADCY5-related disease responded to treatment with istrade-
fylline, a selective adenosine A2A receptor antagonist.34

The role of deep brain stimulation
Deep brain stimulation (DBS) involves utilizing electrical
impulses to alter neural signals in specific subcortical parts
of the brain through the implantation of electrode leads
that are connected to a pacemaker. In paediatrics, DBS
was initially considered only in pharmacoresistant cases of
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childhood dystonia. Over time, it is increasingly being used
as an early option for a number of monogenic inherited
dystonias where DBS is emerging as a highly efficacious
treatment modality.35 DBS is effective in children with
DYT1 dystonia due to mutations in the TOR1A gene,36

DYT6-related disease due to dominant mutation in the
THAP1 gene,37 GNAO1-associated hyperkinesia,38 and
KMT2B-related dystonia,39 and provides effective symptom
palliation in PKAN.36 The sustained benefits of DBS range
from improvement in gross motor function,35 prevention
of life-threatening hyperkinesia events,38 reduction in dys-
tonia,36,37,39,40 and even restoration of independent ambu-
lation.39

Target drugs with unknown mechanism of action
Carbamazepine for paroxysmal kinesigenic dyskinesia
Paroxysmal kinesigenic dyskinesia (PKD) is one of the
most common paroxysmal movement disorders; attacks are
typically short (<1min), without loss of consciousness and
pain. It is triggered by sudden voluntary movements
(‘kinesigenic’ trigger).41 Heterozygous PRRT2 gene muta-
tions are a major cause of PKD. PRRT2 clearly exemplifies
phenotypic pleiotropy, which is reported in association
with benign familial infantile seizures, hemiplegic migraine,
and PKD.41 In those with PRRT2-related PKD, low-dose
carbamazepine is highly effective with complete response
and cessation of triggered episodes observed in more than
95% of patients.41 The exact mechanism of carbamazepine
efficacy in PKD has not yet been fully elucidated but may
relate to its voltage-gated sodium channel blockage proper-
ties or possibly to inhibition of dopamine neurotransmis-
sion from increased striatal acetylcholine concentrations.42

Novel drug therapies
There are several novel compounds designed specifically to
target disease mechanisms that are actively being studied in
clinical trials. Results so far suggest that such targeted
therapies can be challenging in the clinic. In PKAN, fos-
metpantotenate replacement therapy aims to bypass the
enzymatic block in the vitamin B5–coenzyme A pathway.
Despite promising preclinical data,43 it has not been shown
to be effective in patients with PKAN in the Fosmetpan-
totenate Replacement Therapy trial.44 Another vitamin B5

intermediary metabolite (coenzyme A-Z), which targets a
different part of the vitamin B5–coenzyme A pathway has
shown promising results in the mouse model of PKAN45

and is currently being studied in a phase II clinical trial.46

Building on the work on a Drosophila model of PLA2G6-
associated neurodegeneration (PLAN), RT001 (a deuter-
ated homologue of linoleic acid that aims to make polyun-
saturated fatty acids resistant to lipid peroxidation) is
currently being evaluated in an ongoing clinical trial.47

Although huge progress is being made in this area, it is
likely that improvements in preclinical data sets, better
brain targeting, and accurate dosing studies will further
advance the efficacy of such novel targeted therapeutic
compounds.

GENETIC THERAPIES
Advances in genetic technologies have meant that there are
now multiple therapeutic approaches either in trial or
being developed for genetic disorders (Fig. 2).

Adeno-associated viral vector-related gene therapy
Adeno-associated viruses (AAVs) were first discovered in the
1960s; as early as the 1980s, recombinant AAVs were vector-
ized for in vitro gene delivery.48 Recombinant AAVs have
the same capsid sequence and structure as wild-type AAVs
but all the AAV protein-coding sequences are replaced by
therapeutic gene expression cassettes.48 In the 2000s, the
AAV toolbox was greatly expanded by the discovery of a
new set of primate AAV serotypes, such that today it is the
leading platform for gene therapy delivery48 (Fig. 2) and is
being utilized in clinical trials. In spinal muscular atrophy
type 1 (a rapidly progressive neuromuscular disease with
early mortality in infancy), due to lack of a functional sur-
vival motor neuron 1 gene, a single-dose intravenous admin-
istration of onasemnogene abeparvovec (an AAV serotype 9
vector containing the human SMN gene that can cross the
BBB) has resulted in improved outcomes in survival, motor
function, and motor milestone achievement.49 In aromatic
L-amino acid decarboxylase deficiency (an inherited neuro-
transmitter disorder), a recombinant AAV cassette contain-
ing L-dopa decarboxylase complementary DNA has been
delivered with targeted stereotactic neurosurgery into either
the bilateral putamen or substantia nigra pars compacta and
ventral tegmental area of affected children resulting in sus-
tained improvements in motor function, reduction/ablation
of dystonic attacks and oculogyric crisis, and improvement
in autonomic dysfunction.50–52

Antisense oligonucleotides
Antisense oligonucleotides are single-stranded DNA
sequences that are complementary to specific messenger
RNA. This RNA–DNA hybrid can be used to target muta-
tions that produce disease-causing protein, modulate splic-
ing sites, block translation, or reduce protein levels by
inducing RNA degradation (Fig. 2).53 This elegant system
has been used effectively in spinal muscular atrophy, by
increasing the incorporation of exon 7 and functional SMN
protein, and is in the advanced stages of testing for Hunting-
ton disease (by selectively lowering mutant huntingtin pro-
tein expression by targeting its RNA for destruction).53

Recently, a customized antisense oligonucleotide was even
designed for a child with ceroid lipofuscinosis neuronal sub-
type 7, also known as Batten disease (a rare genetic neurode-
generative condition), based on a specific mutation, resulting
in neurological stabilization and seizure reduction.54

Genome editing technology
The ability to perform increasingly accurate genome edit-
ing is continually evolving. By taking advantage of nature’s
DNA repair processes, the bacterial CRISPR–Cas9 system
can be manipulated with a guide RNA to induce a double-
stranded break (conventional genome editing) or a single-
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strand break (base editing) by the Cas9 enzyme (Fig. 2).55

However, these methods have issues (e.g. unwanted inser-
tions and deletions at the point of the double-stranded
breaks, off-target effects) and limitations (e.g. base editing
only allows single-base repair). The latest addition to the
gene editing toolbox, which bypasses these issues, is prime
editing.56 The most exciting and pertinent feature of prime
editing for neuroscience research is that prime editing is
possible in postmitotic, terminally differentiated primary
cells (including neurons) with a much higher efficacy of
edited DNA compared to conventional methods.56

A PRAGMATIC APPROACH FOR ACCELERATION OF
PRECISION MEDICINE
From the development of vaccines to next-generation
sequencing technologies, medical history has shown that
major scientific breakthroughs have the potential to com-
pletely revolutionize the entire field. As novel precision thera-
pies emerge for genetic movement disorders, multidisciplinary
collaborative working will be key to driving the process.

The role of the clinician
Given the scientific advances in genomics, artificial intelli-
gence, and automated processes, it is easy to overlook the
importance of the clinician’s role. However, we postulate
that clinicians have never been more important since they
are in the position to deliver and accelerate such precision
medicine approaches. Careful clinical delineation of signs
and symptoms to aid interpretation of genetic findings is
essential to reach the right diagnosis. Furthermore, clini-
cians are important drivers of the necessary clinical trials
for these novel therapies.

The role of the scientist
Scientists are rising to the challenge of accelerating transla-
tional research, bringing advances from bench to bedside
faster than ever. The team who developed and delivered a
customized oligonucleotide therapy for the patient with
ceroid lipofuscinosis neuronal subtype 7 (Batten disease)
was able to do so within 1 year.54 Increasingly, newer
in vitro techniques, such as induced pluripotent stem cells

Figure 2: Genetic therapies for precision medicine. AAV, adeno-associated virus. [Colour figure can be viewed at wileyonlinelibrary.com]
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and three-dimensional models like neural organoids and
minibrains for drug discovery,57 are being harnessed to
accelerate the translation of preclinical work in better
humanized laboratory disease models. They have the
potential to complement the necessary animal model work
for elucidating disease mechanisms and driving drug devel-
opment. They are also particularly useful for diseases
where an animal model either does not exist or fails to
accurately recapitulate the human disease.

The role of the community and wider society
Many childhood genetic movement disorders are rare and
the justification or applicability of research into rare diseases
is often questioned. However, the rarity of disease can
prompt global international collaborations with resource
sharing (e.g. study consortiums, disease registries, biobanks).
Moreover, the study and treatment of such rare but well-de-
fined, homogenous groups of patients means that rare disor-
ders often act as a stepping stone to further scientific
advancement for the wider society, by providing insights
into more common diseases that may have overlapping dis-
ease features and underlying mechanisms. For example, elu-
cidation of the underlying genetic basis of early-onset and
juvenile Parkinson disease revealed key pathways contribut-
ing to disease pathogenesis, such as mitophagy, a-synucle-
inopathy, and clathrin-mediated endocytosis, which are also
relevant in the understanding of the more common later-on-
set sporadic forms of the disease. Thus, it is likely that
advances in precision medicine for rare disorders will also
advance the field generally for the wider society.

Patient, parent, and lay public involvement is playing an
increasing role in research. Given their first-hand experi-
ence of managing their child’s movement disorder, families
have unique and invaluable insights into these rare dis-
eases. From helping to set research priorities and fundrais-
ing, to actively participating in research and raising
awareness, parent organizations and patient and public

involvement and engagement groups are helping to accel-
erate further development of precision medicine.

In conclusion, genetic childhood movement disorders
are being ushered into the exciting era of precision medi-
cine, addressing a huge unmet clinical need. Increasingly,
effective targeted precision medicine is either already avail-
able or in development for a number of conditions.
Although there are many challenges in developing such
precision medicine, anticipating and addressing the key
issues (including ensuring that natural history studies are
undertaken, robust biomarkers and good outcome mea-
sures are developed, strong preclinical data sets in multiple
patient-relevant laboratory models are created that circum-
vent the BBB, and good trial design is implemented before
clinical trials) will aid the development of efficacious thera-
pies. In tandem with these scientific advances, close collab-
oration between clinicians, researchers, affected families,
and stakeholders in the wider community will be key to
successfully delivering such precision therapies.
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