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Abstract: Background: With advances in clinical genetic testing, associations between genetic
neurodevelopmental disorders and parkinsonism are increasingly recognized. In this review, we aimed to
provide a comprehensive overview of reports on parkinsonism in genetic neurodevelopmental disorders and
summarize findings related to genetic diagnosis, clinical features and proposed disease mechanisms.

Methods: A systematic literature review was conducted in PubMed and Embase on June 15, 2021. Search terms
for parkinsonism and genetic neurodevelopmental disorders, using generic terms and the Human Phenotype
Ontology, were combined. Study characteristics and descriptive data were extracted from the articles using a
modified version of the Cochrane Consumers and Communication Review Group’s data extraction template.
The protocol was registered in PROSPERO (CRD42020191035).

Results: The literature search yielded 208 reports for data-extraction, describing 69 genetic disorders in 422
patients. The five most reported from most to least frequent were: 22q11.2 deletion syndrome, beta-propeller
protein-associated neurodegeneration, Down syndrome, cerebrotendinous xanthomatosis, and Rett syndrome.
Notable findings were an almost equal male to female ratio, an early median age of motor onset (26 years old)
and rigidity being more common than rest tremor. Results of dopaminergic imaging and response to
antiparkinsonian medication often supported the neurodegenerative nature of parkinsonism. Moreover,
neuropathology results showed neuronal loss in the majority of cases. Proposed disease mechanisms included
aberrant mitochondrial function and disruptions in neurotransmitter metabolism, endosomal trafficking, and the
autophagic-lysosomal and ubiquitin-proteasome system.

Conclusion: Parkinsonism has been reported in many GNDs. Findings from this study may provide clues for
further research and improve management of patients with GNDs and/or parkinsonism.

Although genetic brain disorders are traditionally dichotomized with advances in clinical genetic testing for neurological disease
into neurodevelopmental and neurodegenerative disorders, it is and an increase in life expectancy because of improved medical
becoming clear that some conditions are associated with both neu- care, a growing number of genetic neurodevelopmental disorders
rodevelopmental problems and neurodegeneration,’ and there are (GNDs) has been associated with the development of Parkinson’s
indications for a shared underlying genetic susceptibility.> Indeed, disease and other forms of parkinsonism.*
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REVIEW

PARKINSONISM IN GNDs

Although individually rare, research in GNDs may help to
better understand different pathophysiological mechanisms that
are believed to play a role in the development of parkinsonism.
An analogy may be found in Down syndrome that is associated
with early-onset Alzheimer’s dementia. Research in Down syn-
drome has provided important insights into dementia etiology’
and has facilitated research into disease-modifying treatments.>’
Genetic variants associated with GNDs are often identified in
childhood, before neurologic symptoms emerge, and long-term
follow up of children and adolescents with GNDs may increase
knowledge on disease trajectories. In addition to the potential to
identify disease and/or mechanism-specific treatment through
animal models that are available for many genetic conditions,
recognition of GNDs associated with parkinsonism may improve
anticipatory care for patients with these GNDs. Therefore,
knowledge about GNDs that may present with parkinsonism is
important to optimize clinical practice and further research.

In this systematic literature review, a comprehensive overview
is provided of studies that reported on parkinsonism in GNDs.
We summarize findings related to patient characteristics, parkin-
sonian features, and proposed disease mechanisms and outline
implications for clinical practice and future research.

Methods

The study protocol was published in the PROSPERO Interna-
tional Register for Systematic Reviews (CRID42020191035).
We made a few minor amendments to the initial protocol,
including the addition of two co-authors, a repeated search, and
inclusion of non-rare GNDs (eg, Down syndrome). We
followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis Protocol (PRISMA)."?

Search Strategy and Selection

We performed a comprehensive literature search in PubMed and
Embase on June 15, 2021 (see the Supplementary Methods and
Fig. S1). We used the Human Phenotype Ontology (HPO)
(https://hpo.jax.org/) term “neurodevelopmental abnormality”
(HP:0012759) for GNDs, in combination with database-specific
subheadings and text words for “Parkinson’s disease/parkinson-
ism.”!! Two reviewers independently screened titles and abstracts
for eligibility. Relevant records were screened against selection
criteria for inclusion based on full-text. In case of uncertainty,
two other reviewers were consulted. Discrepancies were dis-
cussed until consensus was reached.

We included all reports on patients who met the inclusion
criteria for a neurodevelopmental disorder (ie, listed in the HPO
as “neurodevelopmental” and/or representing patients showing a
deviation from normal of the neurological development in child-
hood, including any or all aspects of the development of per-
sonal, social, motor, and cognitive abilities, in the presence of a
disease-causing genetic variant) and parkinsonism (bradykinesia
in combination with either rigidity, rest tremor or both),'* or
who were likely to have Parkinson’s disease, operationalized as a
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clear beneficial response to levodopa, reduced dopamine trans-
porter binding with dopaminergic imaging, and/or neuropatho-
logical hallmarks of Parkinson’s disease. We considered
hypokinesia, akinesia, and hypomimia equal to bradykinesia if
parkinsonism was diagnosed, in case bradykinesia was not explic-
itly noted. We excluded: (1) reports on patients with uncertain
genetic etiology (ie, not molecularly confirmed or according to
standard clinical diagnostic criteria); (2) ultra-rare genetic condi-
tions with less than three reported cases, because of difficulties
determining whether these were associated with brain develop-
ment and because significance of the variant was often uncertain;
and (3) neurogenetic disorders with solely motor aspects of
development in childhood, such as most spinocerebellar ataxias.
Results were limited to studies written in English and reports
that provided original data. We performed a thorough cross-ref-
erence check.

Quality Assessment

We critically appraised full-text articles using the National Heart,
Lung and Blood Institute (NIH-NHLBI) study quality assess-

.13
ment tools for case—control and cohort studies.

Data Extraction

We extracted study characteristics and descriptive data from the
included studies using a modified version of the Cochrane Con-
sumers and Communication Review Group’s data extraction
template (https://cccrg.cochrane.org). Data extracted comprised:
general information (eg, first author, year of publication, study
design, and number of patients reported to have parkinsonism),
patient characteristics (eg, age, sex, presence/absence and severity
of intellectual disability, full scale intelligence quotient), other
cognitive disorders or problems on other cognitive domains,
genetics (eg, specific diagnosis and results of genetic testing
including those related to Parkinson’s disease disease-causing and
risk genes), and parkinsonian features (eg, age at motor onset,
presence/absence of cardinal motor features and [proposed]
pathophysiology).

Data Presentation

We use descriptive summaries to present our findings. Patient
characteristics and parkinsonian features per genetic disorder are
presented in a heatmap, illustrating which features were most
reported per genetic disorder in addition to the proposed under-
lying mechanisms (Fig. 1 and Fig. S2).

Results

Of a total of 5269 identified records, 208 reports met the inclu-
sion criteria: 186 case studies and 22 observational case—control
or cohort studies (see flow-chart, Fig. S1). The 208 reports con-
tained individual data of 422 patients with 69 different GNDs.
Sex was reported in 395 patients, and 212 (53.7%) were male.
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REVIEW

PARKINSONISM IN GNDs

The median age at last examination in 362/422 of the patients
was 35 (range, 0-77) years (for a list of included studies see
Tables S1 and S2, and for excluded studies Table S3).

Quality Assessments

The assessment of study quality for cohort and case—control stud-
ies is detailed in Tables S4 and S5. Of the 22 cohorts and case—
control studies, 15 were rated good, six were rated fair and one
case—control study was considered to be of poor quality because
of a very limited description of aims and methods.

Different GNDs that Presented
with Parkinsonism

Most patients in the cohort had a monogenic disorder, with
more than 10 patients, from most to least frequent, reported for
each of the following: beta-propeller protein-associated neu-
rodegeneration (BPAN), cerebrotendinous xanthomatosis, Rett
syndrome, POLG, SYNJ1, DNAJC6, tyrosine hydroxylase defi-
ciency, Dravet syndrome (SCN1A), neurofibromatosis type I,
phosphoglycerate kinase deficiency, and spastic paraplegia type
11. Between five and 10 patients had juvenile neuronal ceroid
lipofuscinosis JNCL), PTRHD1, RAB39B, X-linked parkinson-
ism with spasticity, Alexander disease, dopa-responsive dystonia-
parkinsonism (NR4A2), Fragile-X syndrome or spastic paraplegia
type 15 (SPG15). The only copy number variation (CNV) and
aneuploid conditions with more than 10 reported patients were
22q11.2 deletion syndrome and Down syndrome, respectively.
The only aneuploid condition with between five and ten
patients reported was Klinefelter syndrome. Forty-nine patients
without genetic confirmation, but with a biochemical or clinical
diagnosis were included, with five or more patients reported for:
Rett syndrome, neurofibromatosis type I, Down syndrome, and
glutaric aciduria type one. Less than five cases were reported for
another 47 GNDs (see Fig. S2).

Thirteen of 422 patients (3.1%) were reported to have an
additional genetic variant of potential clinical relevance for the
development of parkinsonism, annotated in Figures 1 and S2.

Parkinsonian Features

The median age at onset of motor symptoms, available for 349
of 422 patients, was 26 (range, 0—-66) years. For those with motor
symptoms reported, rigidity was the most prevalent parkinsonian
feature after bradykinesia, being present in 330 of 346 patients
(95.4%). Rest tremor was seen in 218 of 355 (61.4%), postural
instability in 138 of 179 (77.1%), asymmetry in 176 of 212
(83.0%), and progression of motor symptoms in 239 of 267
(89.5%) patients with data. Reduced dopamine transporter
(DAT)-binding was seen in the majority of the 39 GNDs with
available dopaminergic imaging results, but not in Rett syn-
drome, Dravet syndrome (SCN1A), dihydropteridine reductase
deficiency, and CLTC. A clear and beneficial response to anti-
parkinsonian medication was reported in 187 of 262 patients
(71.4%). GNDs with questionable or no response to
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antiparkinsonian medication in most cases were Rett syndrome,
Dravet syndrome (SCN1A), phosphoglycerate kinase deficiency,
dystonia 16, Leigh syndrome, and Menkes disease. Levodopa-
induced dyskinesia was described in 74 of 157 patients (47.1%).

Neurological and Psychiatric
Comorbidity

Intellectual functioning was reported for 320 of 422 patients
(75.8%), with intellectual disability present in 193 patients
(60.3%). Cognitive decline or dementia was reported in 70
patients (16.6%). In 103 patients (24.4%) psychiatric comorbidity
was present, such as depression, anxiety or psychosis. An addi-
tional neurologic disorder, not including dementia, was reported
in 256 (60.7%) of 422 patients: dystonia in 128 (30.3%), epi-
lepsy/seizures in 112 (26.5%) and ataxia in 38 patients (9.0%).

Pathophysiology

The main causes of parkinsonism, as proposed in the articles,
were the underlying genetic disorder, Parkinson’s disease and
drug-induced parkinsonism, with the latter reported in only two
patients. The proposed pathophysiological mechanism (summa-
rized in Table 1 per genetic disorder and depicted in Fig. 2),
from most to least frequent, included: abnormalities in mito-
chondrial function and oxidative stress, lysosomal-autophagic
function, endosomal trafficking, and ubiquitin-proteasome sys-
tem. Disruptions of monoaminergic neurotransmitter metabolism
were also implicated in several GNDs that presented with
parkinsonism.

Neuropathology

Neuropathological findings were reported for 16 patients (11
male; 73.3%) at median age 57 (range, 2-74) years: 22q11.2
deletion syndrome (n = 3), Down syndrome (n = 2), POLG
(n = 2), BPAN (n = 1), CTX (n = 1), Cornelia de Lange syn-
drome (n = 1), DNAJC12 (n = 1), DOORS syndrome (n = 1),
5, 10-methylenetetrahydrofolate reductase deficiency (n = 1),
NR4A2 (n = 1), PPP2R5D (n = 1), and RAB39B (n = 1)
(Table 2). In 14 patients, the presence of Lewy bodies was exam-
ined, with positive findings in six cases (42.9%): 22q11.2 deletion
syndrome (n = 2/3), Down syndrome (n = 2/2), NR4A2
(n = 1/1) and RAB39B (n = 1/1). Neurites were examined in
nine patients and present in seven: 22q11.2 deletion syndrome
(n = 2/3), Cornelia de Lange syndrome (n = 1/1), DNAJC12
(n = 1/1), Down syndrome (n = 1/1), NR4A2 (n = 1/1) and
RAB39B (n = 1/1). Neuronal loss was reported in all, but one
patient (92.9%), the latter who had DOORS syndrome.

Discussion

In this first systematic literature review on parkinsonism in
patients with GNDs, we provide a comprehensive overview of
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TABLE 1  Pathophysiologic mechanisms that may underlie parkinsonism in genetic neurodevelopmental disorders

Genetic condition Mechanisms/pathophysiology that may be considered

Mitochondrial dysfunction

HSD10 (HSD17B10) HSD17B10 encodes an enzyme that is essential for mitochondrial maintenance.*® Pathogenic
variants may affect enzyme function and result in mitochondrial dysfunction.
Leigh syndrome (MT-ATP6 Leigh syndrome is caused by over 50 different mitochondrial and nuclear encoded genes, most
and MT-MFT) often affecting the respiratory chain and oxidative phosphorylation.*’ Mitochondrial dysfunction

may result in brain stem and basal ganglia lesions.

Leigh-like syndrome (MT-TI) ~ MT-TI is a mitochondrial gene of which pathogenic variants may result in mitochondrial
dysfunction and basal ganglia lesions, similar to what has been proposed for Leigh syndrome.

MT-CYB MT-CYB is a mitochondrial gene that encodes for a component of the respiratory chain.
Pathogenic variants may result in mitochondrial dysfunction and progressive basal ganglia lesions,
as has been proposed for Leigh syndrome.

POLG POLG encodes a DNA polymerase that is essential for replication of mitochondrial DNA. Mice
that were homozygous for variants that may disrupt the function of POLG protein exhibited

- 50,51
premature aging.

WARS2 Pathogenic variants in WARS2, which encodes for the WARS2 protein located in the
mitochondrion, may result in respiratory chain defects and nigrostriatal degeneration.>”

Mitochondrial dysfunction combined with other mechanisms

22q11.2 deletion syndrome The 22q11.2 deletion region encompasses several genes including COMT, essential for

catecholamine degradation, and six mitochondrial genes.”>>> Haploinsufficiency of these genes

may result in dopamine autotoxicity and mitochondrial dysfunction.>®

Down syndrome Mitochondrial dysfunction, neuroinflammation, oxidative stress, and lysosomal dysfunction have all
. —59
been reported in Down syndrome.>”

Early infantile epileptic Pathogenic variants in STXBP1 may cause significant impairment of complex I of the

encephalopathy 4 (STXBP1) mitochondrial respiratory chain and may disrupt the self-replicating aggregation of a-synuclein.®

Glutaric aciduria type [ GCDH plays a key role in the catabolism of lysine, hydroxylysine, and tryptophan. Deficiency of
(GCDH) GCDH leads to accumulation of glutaric acid and 3-hydroxyglutaric acid that can induce
neuronal death through excitotoxicity as well as mitochondrial dysfunction and altered
neurotransmission.®'
Mevalonic aciduria (MVK) Pathogenic variants in MI’K may result in mitochondrial dysfunction, impaired cholesterol

. . . . . . . . 62.63
biosynthesis, toxic basal ganglia mevalonate accumulation, and intracerebral inflammation.””

NR4A2 Pathogenic variants in NR4A2 are implicated in development and survival of dopaminergic
neurons in the substantia nigra, and may lower expression of genes associated with mitochondrial
function and oxidative phosphorylation.**

Pyruvate carboxylase deficiency PC encodes for pyruvate carboxylase, a mitochondrial enzyme that catalyzes pyruvate to

(PC) oxaloacetate, intermediates in the Krebbs cycle and is important for neurotransmitter synthesis.®*
SPG10 (KIF5A) Axonal transport defect of mitochondria has been shown in a KIF5A knockout mouse model.®®
Autophagic-lysosomal system
Alexander disease (GFAP) GFAP encodes for glial fibrillary acidic protein (GFAP), an intermediate filament protein in
astrocytes. GFAP accumulation has been associated with autophagy in astrocytic cells.*®
BPAN (IWDR45) Pathogenic variants of WDR45, encoding for WIPI4 protein, may cause iron accumulation in the

basal ganglia by impeding autophagy,®” that may result in neuroinflammation and swelling of the
substantia nigra.

Christianson syndrome SLC9A6 encodes the endosomal Na+-/H+4- exchanger 6 and is involved in endosomal luminal pH
(SLCY9A6) and trafficking, synapse development, and plasticity.®® Findings in Slc9a6 knock-out mice were
consistent with endosomal-lysosomal dysfunction.®’
DOORS syndrome ATP6V1B2 encodes a subunit of the lysosomal transmembrane proton pump. Altered lysosomal
(ATP6V1B2) pH is associated with chronic changes in autophagy.”’
(Continues)
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PARKINSONISM IN GNDs

TABLE 1 Continued

Genetic condition

Mechanisms/pathophysiology that may be considered

JNCL (CLN3)
Mucolipidosis type II
(GNPTAB)

NUS1

RAB39B

SPG15 (ZFYVE26)

SPG11 (SPG11)

Tay-Sachs disease (HEXA)

X-linked parkinsonism with
spasticity (ATP6AP2)

6p25 deletion, involving
FOXC1

Dihydropteridine reductase
deficiency (QDPR)

DNAJC12

Dopamine transporter
deficiency syndrome
(SLC6A3)

Dravet syndrome (SCN1A)

GTP cyclohydrolase 1

deficiency, dopa-responsive

dystonia (GCH1)

Neurofibromatosis type I (NF1)

Phenylketonuria (PAH)

PPP2R5D

CLN3 is involved in autophagic-lysosomal function. CLN3 is required for fusion of

71
autophagosomes to lysosomes.

Pathogenic variants in GNPTAB, that encodes for GlcNAc-1-phosphotransferase, may cause
lysosomal accumulation of nondegraded material, leading to neuronal dysfunction.”?

Deficiency of NUS1, encoding the Nogo B receptor, may result in lysosomal defects, most likely

caused by lysosomal cholesterol accumulation.”

Ras-related proteins play an essential role in neuronal maintenance, survival and synapse formation.
It has been suggested that RAB39B plays a role in autophagy of dopaminergic neurons. Loss of

. N . . 7475
function may impair the clearance of a-synuclein.”™"”

Pathogenic variants of ZFYTE26 encoding spastizin, a protein mediating autophagic lysosome
: : 76
reformation, are believed to cause abnormal lysosomal storage.

Pathogenic variants of SPG11 encoding spatacsin, a protein mediating autophagic lysosome

3 77
reformation may cause abnormal lysosomal storage.

HEXA encodes for B-hexosaminidase A, a lysosomal enzyme that degrades GM2 ganglioside.
Deficiency of this enzyme A has been associated with GM2 ganglioside accumulation nerve
cells.”®

ATP6AP2 encodes an accessory unit of an essential lysosomal enzyme. Haploinsufficiency of
ATP6AP2 may lead to autophagy defects, disrupted presynaptic transmission, and
neurodegeneration.”’

Disorders of neurotransmitter metabolism

Pathogenic variants in FOXC1 may affect genes involved in dopamine synthesis and dopaminergic

80,81
neuronal development.

Deficiency of dihydropteridine reductase, that is required for resynthesis of tetrahydrobiopterin, an
essential cofactor for the activity of phenylalanine-, tryptophan, and tyrosine hydroxylases, may
impair neurotransmitter synthesis.*

DNAJC12 has a critical role in chaperoning amino-acid hydrolase interactions required for
catecholamine synthesis.*?

SLC6A3 encodes for the dopamine transporter (DAT). DAT deficiency syndrome may lead to
impaired DAT activity, apoptotic neurodegeneration, and dopamine toxicity.”

SCN1A, that encodes a voltage-gated sodium channel, may lead to impaired neurotransmitter

85
release.

GTP cyclohydrolase 1 is important for the biosynthesis of tetrahydrobiopterin, an essential cofactor
for the activity of phenylalanine, tryptophan, and tyrosine hydroxylases. Deficiency of this

: : - 86
enzyme may disrupt neurotransmitter synthesis.””

NF1, a tumor suppressor gene, encodes for neurofibromin. Among other genes, it is involved in
the activation of GTPase, mTOR signaling, learning (via impaired long-term potentiation), and

: 3 . 87
regulation of dopamine homeostasis.

PAH encodes for phenylalanine hydroxylase. Deficiency results in a decreased conversion of
phenylalanine to tyrosine. Phenylalanine inhibits dopamine and serotonin synthesis in the brain
by inhibition of tyrosine and tryptophan transport, and inhibition of tyrosine and tryptophan

hydroxylases.*®%

PPP2R5D encodes a regulatory subunit of protein phosphatase-2A (PP2A), an intracellular serine/
threonine phosphatase. PP2A regulates phosphorylation of one site (S129) of a-synuclein.
Increased activity of PP2A influences tyrosine hydroxylase and subsequently may aftect

. - 90,91
dopamine synthesis.

Sepiapterin reductase deficiency Deficiency of sepiapterin reductase, essential for tetrahydrobiopterin biosynthesis, may result in
<

(SR)

disturbed dopaminergic and serotonergic neurotransmission.
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TABLE 1 Continued

Genetic condition

Mechanisms/pathophysiology that may be considered

Tyrosine hydroxylase
deficiency, dopa-responsive

dystonia (TH)

CLTC

DNAJC6

SYNJ1

Angelman syndrome, involving

UBE3A

Partial 6q trisomy, involving
PRKN

PTRHD1

Cerebrotendinous
xanthomatosis (CYP27A)

Incontinentia pigmenti
(IKBKG)

Klinefelter syndrome

L2-hydroxyglutaric aciduria
(L2ZHGDH)

Menkes disease (ATP7A)

Molybdenum cofactor
deficiency type B (MOCS2)

Partial 4q trisomy, involving
SNCA

Phosphoglycerate kinase
deficiency I (PGK1)

SCA27 (FGF14)

Smith-Magenis syndrome
(RAI)

Deficiency of tyrosine hydroxylase, the rate-limiting step in dopamine biosynthesis, may lead to a

shortage of dopamine.”

Endosomal trafficking

A defective clathrin heavy chain polypeptide protein, caused by pathogenic variants of CLTC, may

result in depletion of biogenic amines by altering their synaptic turnover.”

DNAJC6 encodes for auxilin, a neuronally expressed J-chaperone protein involved in the
uncoating of clathrin-coated vesicles, which is necessary for the regeneration of synaptic vesicles.

Impaired uncoating is thought to lead to neurotransmission deficits.””

SYNJ1 encodes a phosphoinositide phosphatase called synaptojaninl and plays an important role in
early endosomal compartments and clathrin-mediated endocytosis.”

Ubiquitin-proteasome system

UBE3A encodes the ubiquitin-protein ligase E3A, part of the ubiquitin-proteolytic pathway,”” that
has been suggested to be involved in the clearance of alpha-synuclein.”®

Pathogenic variants of PRKN are associated with early-onset autosomal recessive Parkinson’s
disease.”” PRKN encodes the E3 ubiquitin-protein ligase Parkin, involved in mitophagy, and
possibly in the formation of Lewy bodies.'”

PTRHD1 encodes for peptidyl-tRNA hydrolase that belongs to the PTH2 family. The deduced
ubiquitin-like domain-binding protein is thought to suppress ubiquitin-mediated protein
degradation.'”" a-Synuclein homeostasis is maintained by proper function of the ubiquitin-
proteasome system.

Other

Accumulation of cholesterol and cholestanol cause neurotoxicity and axonopathy.'%?

It has been suggested that pathogenic variants in IKBKG, involved in neuronal anti-apoptotic

" - 103
signaling, may cause neurodegeneration.

Melatonin may have a neuroprotective role in Parkinson’s disease. It has been suggested that
reduced melatonin levels in Klinefelter syndrome may play a role in the development of

. - 104,105
parkinsonism.

L2HGDH encodes for 1-2-hydroxyglutarate (L2HG) dehydrogenase that oxidizes L-2-
hydroxyglutarate to a-ketoglutarate. L2ZHG deficiency may result in impaired hippocampal

. B 7 2106
neurogenesis and neurodegeneration in adult mouse brains.

Haploinsufficiency of ATP7A, encoding a transmembrane copper-transporting ATPase, may result

in dysregulation of copper metabolism in the basal ganglia.'”"'%®

MOCS2 encodes for molybdenum cofactor. Deficiency leads to loss of sulfite oxidase activity,
. . . - 109 :
resulting in cumulative metabolic effects on the basal ganglia.”~ Elevated concentrations of S-

sulfocysteine and toxic sulfite may trigger neuronal apoptosis.' '

SNCA encodes a-synuclein, the primary component of Lewy bodies. The patient with partial 4q
trisomy had a de novo SNCA duplication. Other genes in the duplicated region may have
contributed to the phenotype.'"

Phosphoglycerate kinase is an important enzyme in the glycolytic pathway. It has been suggested
that neuronal damage occurs as a consequence of energy failure.''?

FGF14, expressed in axons of the striatopallidal and striatonigral pathways, encodes a regulatory

protein of voltage-gated sodium channels (Nav1.6). Haploinsufficiency of FGF14 may alter

. . L. . . .. 1113
expression of sodium channels with impaired firing of Purkinje neurons.

Pathogenic variants of RAI1 may result in an inversion of circadian melatonin secretion with a lack

. . . . 104,105,114
of nocturnal melatonin, which may play a role in the development of parkinsonism,'**!'%>!*

MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(1): 17-31. doi: 10.1002/mdc3.13577 23

85U8017 SUOWIIOD BAEa.D 3|qeol(dde au Ag peusenob afe Ssolle O 8sn JO S9N 10} AReiqiT8ul|UO /8|1 UO (SUORIPUOD-PUB-SWLBIWI0D A8 | 1M ATeIq 1BU1|UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[7202/80/82] U0 AfeidiT8ulluo A8|IM ‘SpUeieyieN auely0d Aq 2/GET EOPW/Z00T OT/I0P/LLI00" A3 | 1M ARe.q 1 BUIUO'S IBPI0S IPILBLLBAOW/SA1Y Wo1j pepeojumod ‘T ‘€202 ‘6TITOEET



REVIEW

PARKINSONISM IN GNDs

@; Misfolded a-synuclein

PRKN
UBE3A
PTRHD1

Ubiquitin-proteasome
dysfunction

Mitochondrial dysfunction
and oxidative stress

MT-ATP6
- =it {WMEMET
POLG
WARS2
HSD17B10

22q11.2 deletion
STXBP1

DNAJC6 T
CcLTC _m Abnormalities in l
SYNJ1 endosomal trafficking
JO@
& g Lysosome
WDR45 Autophagic-lysosomal
ATP6V1B2 |’ it dysfunction
ZFYVE26
SPG11
ATP6AP2
RAB39B
HEXA
GFAP
GNPTAB
NUST

Neuroinflammation

|

L-DOPA .
v @ @
Neuronal loss >

. Protein aggregation e i e ----+-{ SCNA

Disrupted monoaminergic
neurotransmission

Tyrosine

I .
HO, NH, Bk
m): : i ﬁ

Blue boxes indicate examples of
associated genetic mutations.

Orange boxes indicate pathophysiological
mechanisms that have been reported most

in genetic neurodevelopmental disorders.

FIG. 2. Schematic diagram depicting mechanisms that may underlie parkinsonism in genetic neurodevelopmental disorders, with

examples of associated genetic variants.

phenotypic characteristics and proposed pathophysiology in 69
different GNDs, based on a total of 422 patients. The main mes-
sages and implications of this review can be found in Figure 3.
Parkinsonism has been reported in a growing number of
GNDs. This number may be expected to further increase given
advances in clinical genetic testing and an increase in life expec-
tancy because of improved medical care for patients with GNDs.
Parkinsonism in these populations, however, appears to be under
recognized in clinical practice and to be an understudied research

14716 An explanation may be that, on the one hand,

topic.
patients with GNDs may not always be aware of motor symp-
toms and may not be capable to express their symptoms ade-
quately. Professionals, on the other hand, may attribute motor
symptoms to manifestations of the GND, antipsychotic medica-
tion-induced parkinsonism, or co-existing neurologic disorders,
whereas in fact they may miss a treatable condition of

. 17
parkinsonism.

Phenotypic Characteristics

Many patients showed the typical phenotypic characteristics
found for patients with Parkinson’s disease: presence of cardinal
motor signs, a good response to antiparkinsonian medication,
and reduced DAT binding with dopaminergic imaging.

24 MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(1): 177-31. doi: 10.1002/mdc3.13577

However, there were some notable findings. For example,
almost half of the patients included in our review were female,

18
and

atypical for idiopathic Parkinson’s disease sex distribution,
the median age at motor onset was 26 years, much younger
compared to age-related parkinsonism in the general popula-

19,20

tion. Many patients had co-existing neurologic disorders, of

which dystonia, seizures, and ataxia were most common.?1?
Although previous research has suggested that patients with

neurodevelopmental disorders may be susceptible to drug-

induced parkinsonism,"*** drug-induced parkinsonism as the

main cause was reported in only two patients.

Pathophysiologic Mechanisms

The group of GNDs in this review was diverse, consistent with
the multiple pathways and mechanisms involved in the patho-
genesis of both neurodevelopmental and neurodegenerative dis-
orders, including autophagic, lysosomal and mitochondrial
function, endosomal trafficking, and the ubiquitin-proteasome
system.>*2® Dysregulation of these cellular processes, that are
especially important in long-lived cells such as neurons, may

. 26,27 . . 2829 L 30
affect neurogenesis,” "’ synaptic function, neuroplasticity,
and neuronal survival increasing the vulnerability for neurologi-

cal and psychiatric disorders across a patient’s lifespan.”>' These
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TABLE 2 Neuropathological findings in patients with genetic neurodevelopmental disorders and parkinsonism

Genetic neurodevelopmental disorder Age, y Sex LB LN Neuronal loss
22q11.2 deletion syndrome'” 56 F + + +
58 M + + +
61 M +
BPAN'' 27 F = NR +
cTX'*” 56 M NR NR +
Cornelia de Lange syndrome''® 38 M = qp & +
DNAJC12Y 74 M - + * +
DOORS syndrome”’ 72 M NR =
Down syndrome’'”'"® 54 M + I & +
49 M + NR +
MTHER deficiency'"” 2 F NR NR +
NR4A2"° 74 NR + + +
POLG® 61 F - = +
60 M = - +
PPP2R5D'"! 61 M - - +
RAB39B'* 48 M + + +
Abbreviations: —, absent; + *, neurites (unspecified); 4, present; BPAN, beta-propeller protein associated neurodegeneration; CTX, cerebrotendinous xanthomatosis; F,

female; LB, Lewy bodies; LN, Lewy neurites; M, male; MTHFR, 5,10-methylenetetrahydrofolate reductase; NR, not reported; y, years.

mechanisms may interact and when disrupted, contribute to a
vicious cycle including the formation of protein aggregates, as
has been implicated in Parkinson’s disease.>** Studying parkin-
sonism in patients with GNDs, and related animal models, may
be wuseful to wunravel the complex processes underlying
parkinsonism.

Interestingly, in almost all GNDs with available data on neu-
ropathology, neuronal loss was found, consistent with growing
recognition that neurodevelopmental and neurodegenerative dis-
orders overlap, rather than should be seen as opposite

.23
conditions.”

Clinical Implications

The large number of GNDs that may present with parkinsonism
prompts questions about prevention, diagnosis, and management.
Given the young onset and the co-occurrence of other move-
ment disorders seen in GNDs, early motor signs should be care-
fully monitored in patients with these conditions. Periodic
standardized motor evaluations (eg, Movement Disorder Soci-
ety-Unified Parkinson’s Disease Rating Scale [MDS-UPDRS]
and video-recordings), and involvement of a movement disorder
specialist may be considered. When parkinsonism presents and
progresses, dopaminergic imaging may assist distinguishing medi-
cation-induced parkinsonism from degenerative parkinsonism,
which may be particularly difficult in patients with GNDs and

s 34
complex neuropsychiatric expression.

Clinicians treating patients with early-onset parkinsonism and
intellectual disabilities or other neurodevelopmental problems,
should consider ordering a genetic test. Identification of an
underlying diagnosis can be important for long-term clinical
management. It allows the opportunity for preventive and treat-
ment strategies, may reduce the burden on patients and their
families searching for answers (sometimes referred to as the
“Diagnostic Odyssey”), inform disease risks for family members,
and help patients and their families connecting with patient orga-
nizations for peer support.”> It is important to realize that patients
with GNDs may develop multiple early- and late-onset com-
orbidities that require proactive attention depending on the con-
dition, which are typically not restricted to neurological

36,37 .
7" Increasingly,

problems, but may involve all body systems.
expert clinics specializing in specific GNDs are available, typically
providing multidisciplinary care to improve patient outcomes
and quality of life.

Next generation sequencing techniques, such as whole exome
sequencing (WES), which may reveal a monogenic disorder,”
or chromosomal microarray analysis, that identifies genome wide
CNVs,*® may be used as first line diagnostic tests. Certain fea-
tures, including congenital anomalies and “dysmorphic facial fea-
tures,” may point to the presence of a specific syndrome, but are
absent in many patients. Here, it should also be noted that con-
ventional karyotyping will not detect CNVs or monogenic dis-
orders and that most currently available Parkinson’s disease
genetic diagnostic panels typically do not include GNDs. There-
fore, an additional panel for intellectual disability may need to be

MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(1): 17-31. doi: 10.1002/mdc3.13577 25

85U8017 SUOWIIOD BAEa.D 3|qeol(dde au Ag peusenob afe Ssolle O 8sn JO S9N 10} AReiqiT8ul|UO /8|1 UO (SUORIPUOD-PUB-SWLBIWI0D A8 | 1M ATeIq 1BU1|UO//:SANY) SUORIPUOD Pue SWe 1 8y} 89S *[7202/80/82] U0 AfeidiT8ulluo A8|IM ‘SpUeieyieN auely0d Aq 2/GET EOPW/Z00T OT/I0P/LLI00" A3 | 1M ARe.q 1 BUIUO'S IBPI0S IPILBLLBAOW/SA1Y Wo1j pepeojumod ‘T ‘€202 ‘6TITOEET



REVIEW

PARKINSONISM IN GNDs

Parkinsonism has been reported in 69 different genetic neurodevelopmental
disorders (GNDs).

Patients with both a GND and parkinsonism is a growing population due to
improved detection and clinical care.

Identification of a genetic disorder is important for several reasons, e.g.: to
end the ‘Diagnostic Odyssey’, counsel patients and their families, connect
patients to patient organizations for peer support, and provide long-term
clinical/preventative care.

Many GNDs are multisystem diseases with neurological and non-
neurological manifestations.

Many GNDs that present with parkinsonism require coordinated
multidisciplinary care involving health care professionals from several
medical and non-medical disciplines.

Treatable inborn errors of metabolism that present with neurodevelopmental
problems and parkinsonism are an evolving group of disorders.

Research in GNDs may help unravel the complex processes underlying
parkinsonism.

International research collaborations with detailed phenotype analysis (‘deep
phenotyping’) are needed to further our knowledge, and to overcome the

issue of the limited number of patients with individually rare conditions.

FIG. 3. Main messages of the review.

ordered. It should also be realized that family history is often not
a good predictor and many patients with a GND have a de novo
mutation. Selecting the most appropriate genetic test can how-
ever be difficult and choosing the right test can require consulta-
tion with a clinical geneticist. Limitations of most genetic tests
include the high costs and these tests are not readily available for
many people, or inaccessible.

With recent advances in diagnosis and treatment of GNDs,
targeted disease-modifying therapies have become available for
an increasing number of patients diagnosed with a GND (ie, for
those with an inborn error of metabolism or tuberous sclerosis

39-41
complex).

Early detection of such disorders allows for timely
interventions to prevent further brain damage and/or disease
progression. Prominent examples of treatable inborn errors of
metabolism in this review include phenylketonuria and other
conditions that lead to disruptions in monoaminergic neurotrans-
mitter metabolism (eg, TH and DNAJC12).>* These patients

may receive great benefit from specific nutritional and/or

26 MOVEMENT DISORDERS CLINICAL PRACTICE 2023; 10(1): 17-31. doi: 10.1002/mdc3.13577

pharmacological interventions with improvement in parkinson-
ism.* Other examples include disorders of lipid metabolism (like
cerebrotendinous xanthomatosis and X-linked adrenoleukodys-
trophy) and 5,10-methylenetetrahydrofolate reductase.” Discov-
eries continue to be made regarding the development of
treatment in inborn errors of metabolism that may have been
associated with parkinsonism, making it an important and evolv-
ing group of disorders.

Management of parkinsonism requires a coordinated multi-
disciplinary approach in view of the comorbidity in many
GNDs, which may involve clinical experts from many subspe-
cialties in addition to the family doctor and movement disorder

specialist.

Research Implications

Phenotypic heterogeneity may be significant in GNDs given
incomplete penetrance of genetic variants, variable expression,
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and pleiotropy,” and may be particularly relevant in those
GNDs involving multiple genes, such as is the case in 22q11.2
deletion syndrome. Detailed phenotype analysis (“deep-
phenotyping”) is crucial to further our knowledge on the com-
plex relationships between genetics, pathophysiological mecha-
nisms, environmental factors, and the phenotypic characteristics
of parkinsonism in GNDs. International collaborative research is
needed, to overcome the issue of the limited number of patients
with individually rare conditions. In addition to routine assess—
ments, including careful history taking that focusses on parkinso-
nian/neurological features and comorbid conditions of the
genetic variant, and structured physical examinations (eg, MDS-
UPDRS), this should include careful family history taking. Peri-
odic video assessments may also be considered. Despite the chal-
lenges, GNDs are often diagnosed at an eatly age, long before
the onset of motor and non-motor Parkinson’s disease related
symptoms, facilitating early-stage research of parkinsonism. In
addition to human studies, recognizing GNDs make it possible
to use cell and animal models, available for many GNDs, to
expand the possibilities of studying the pathophysiologic mecha-
nisms, identify potential biomarkers, and design rational inter-
ventions."*> Disease-specific intervention strategies have been
suggested in several human and animal models of GNDs and
clearly demonstrate the benefits of these kinds of studies. ***”

With an increased life expectancy for many GNDs, future
research should also focus on overlap between GNDs and other
neurodegenerative disorders (eg, major neurocognitive disorder)
to understand shared underlying mechanisms and improve clini-
cal care.

Strengths and Limitations

The strengths of this systematic review include the pre-registra-
tion of the protocol, the comprehensive search strategy, and the
extensive data extraction on key characteristics of parkinsonism
and its proposed pathophysiologic mechanisms. Several limita-
tions should also be mentioned. The data need to be considered
in view of the retrospective nature of most studies. Notably,
given the large number and wide spectrum of genetically and
clinically heterogeneous disorders, the absence of a perfect classi-
fication system that would prevent any inconsistency in inclu-
sion/exclusion of reports, and differences in availability of
information among genetic neurodevelopmental disorders, we
cannot rule out the possibility of some inconsistencies in inclu-
sion/exclusion of reports. Furthermore, because non-English
reports, studies lacking detailed information on the genetic disor-
der and/or criteria for parkinsonism, and studies reporting on
genetic conditions with less than three reported cases were
excluded, this review may not have captured all relevant publica-
tions. Moreover, because we included all conditions listed in
HPO as “neurodevelopmental abnormality,” we may have
included conditions that should not be considered to affect brain
development. Heterogeneity in reporting made summarization
of results difficult, hampering comparability between GND phe-
notypic characteristics. For example, the percentages depicted in
the heatmap color scheme were based on the availability of data,

which greatly varied from one report to the other (Fig. 1 and
Fig. S2). Publication bias will have influenced the findings. Vari-
able strength of the evidence linking genes to phenotypes and
the preliminary nature of some findings should be taken into
account.

Conclusion

Parkinsonism has been reported in many GNDs. Findings from
this study may provide clues for further research and improve

management of patients with GNDs and/or parkinsonism.
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