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Parkinson’s disease (PD) is a common and incurable neurodegenerative disease, af-
fecting 1% of the population over the age of 65. The disease has clinical and pathological
definitions through its cardinal motor manifestations and substantia nigra neuronal loss
associated with intraneuronal Lewy bodies, respectively. Nevertheless, the molecular mech-
anisms that lead to neurodegeneration remain elusive. It is becoming increasingly apparent
that genetic factors contribute to its complex pathogenesis. More than 23 loci and 13 genes,
including LRRK2, SNCA, GBA1, PRKN, PINK1, and PARK7/DJ-1, clearly linked to inherited
forms of Parkinsonism, have been identified to date. The knowledge acquired from their
protein products revealed pathways of neurodegeneration that Mendelian and sporadic
Parkinsonism may share. These pathways include synaptic, lysosomal, mitochondrial, and
immune-mediated mechanisms of pathogenesis.

This Special Issue, “Parkinson’s Disease: Genetics and Pathogenesis”, collects 12 high-
quality papers, including 7 original research articles and 5 reviews, that seek to deepen the
knowledge of multiple aspects related to Parkinsonism.

Two reviews by Jia et al. [1] and Elsayed et al. [2] provide a comprehensive overview
of the current knowledge of PD genetics in the genotype–phenotype relationship and
associated pathophysiology with a focus on genetic testing and its current challenges and
limitations. In addition, Jia et al. [1] discuss the role of heterozygous mutations in genes
associated with autosomal recessive PD and the impact of digenism (i.e., dual LRRK2
and GBA1 mutation carriers) on the clinical outcomes. It is now recognized that critical
genetic differences exist according to ethnicities and regions. Including ethnic diversity,
specifically under-represented populations, in PD genetics research is essential to provide
novel insights regarding the generalized genetic map of the disease. It will also improve
our understanding of the disease biology, pathogenesis, and health care of PD patients.
In the future, global efforts will play a key role in exploiting genomic data to identify
rare genetic causes of PD or to replicate important gene discoveries. Furthermore, newer
global initiatives such as the Global Parkinson’s disease program (GP2) [3] will offer
diverse and expansive representation of under-represented populations from different
ethnic groups and geographical regions. A third review by Kim et al. [4] covers the most
common mutations in PD-related genes, such as LRRK2, SNCA, GBA1, PRKN, PINK1,
and PARK7/DJ-1, the function of these protein products, and the consequences of their
mutations on the pathophysiological mechanisms leading to PD. They emphasize further
consequences of these mutations using induced pluripotent stem cells (iPSCs) for a disease-
in-a-dish approach and genetic animal models.

To identify potential early predictive biomarkers in PD, Mangone et al. [5] investigated
the presence of immuno-stained misfolded α-Synuclein in minor salivary gland biopsies
with substantia nigra pars compacta (SNc) damage measured by magnetic resonance imaging.
They studied 27 idiopathic PD, 16 with isolated rapid eye movement sleep disorders, a
prodromal form of α-synucleinopathies, and 18 healthy controls. The authors concluded
that the α-Synuclein detection in minor salivary gland biopsies lacks sensitivity and speci-
ficity and does not correlate with SNc damage. In a second original paper, Usenko et al. [6]
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compared the gene expression profile in monocyte-derived macrophages from four healthy
controls, five PD patients, and four asymptomatic relatives carrying either heterozygous
GBA1 L444P or N370S mutations. They found dysregulated genes involved in neuronal
functions, inflammation and zinc metabolism in GBA1-PD patients, independent of the na-
ture of GBA1 mutations compared to the other two groups. In particular, altered expression
of DUSP1 encoding the mitogen-activated protein kinase 1 (MKP-1) phosphatase impli-
cated in regulating apoptosis, endoplasmic reticulum stress, cell cycle, and autophagy can
be considered a potential biomarker for GBA1-related PD. Taking advantage of newer tech-
nologies, Pantaleo et al. [7] used whole blood transcriptome data and advanced machine
learning approaches for the future selection and classification of 390 early (drug-naïve) PD
patients against 189 age-matched healthy controls. The authors identified approximately
500 genes implicated in a certain number of significant functions and pathways. Some have
already been linked to the pathogenesis of PD (e.g., oxidative stress, inflammation, and
vesicular dysfunction) and associations between PD and diseases (e.g., diabetes mellitus
or inflammatory bowel disease). The narrative review by Prasuhn and Brüggemann [8]
highlights the importance of one of the known PD-associated pathways: mitochondrial
dysfunction as a molecular cause in monogenic and idiopathic PD. They focus on gene
therapeutic targets and challenges necessary to translate molecular findings into potential
clinical applications, highlighting different treatment strategies.

Epigenetic modifications cause functional gene regulation during development, adult
life, and aging and have been recently implicated in neurodegenerative diseases, such
as PD. The regulation of genes responsible for monogenic forms of PD may be involved
in sporadic PD. Lanoré et al. [9] reviewed the epigenetic mechanisms regulating gene
expression, including DNA methylation, histone modification and epigenetic changes by
non-coding RNAs. An example is SNCA, encoding α-Synuclein, with the understanding of
its regulation being a longstanding central focus for the community working on PD. The
accumulation of this protein in the Lewy bodies or neurites, the identification of mutations
in the coding regions of the gene or multiplications (duplications or triplications) of the
whole gene in familial PD, and the strong association of single nucleotide polymorphisms
(SNPs) with sporadic PD indicate the importance of this protein in the pathogenesis of the
disease. Interestingly, SNCA contains several transcriptionally activated histone modifica-
tions and associated potential transcription factor binding sites in the non-coding regions
of the gene that strongly suggest alternative regulation pathways. Thus, studies report that
DNA methylation of SNCA may modulate its expression, particularly hypomethylation
in intron 1 of SNCA, which was observed in several brain regions or in peripheral tissues
of sporadic PD patients and an increased SNCA expression. On the other hand, in post-
mortem midbrain samples, an enrichment of three histone modification marks, such as
H3K4me3, H3K27ac, and H3K27me3, was reported in SNCA regulatory regions. Finally,
micro-RNAs (miRNAs), such as miR-7, miR-153, and miR-34b/c, bind to the 3′-UTR of
SNCA mRNA, destabilizing the mRNA and reducing its levels.

Genome-wide association study (GWAS) has widened our understanding of the genet-
ics of PD and has identified more than 90 genetic loci associated with PD [10]. Jo et al. [11]
performed a GWAS on dementia in 318 PD patients with dementia, 326 PD patients without
dementia, and 648 healthy controls, all of Korean origin. The data analysis led to identifying
the new loci of MUL1 associated with dementia in PD, suggesting an essential role of mito-
chondrial dysfunction in the development of dementia in patients with PD. Two other loci
containing ZHX2 and ERP29 were also found to be associated with dementia in PD patients.
In the original research publication, Koch et al. [12] used the development of polygenic risk
scores (PRSs) to summarize the effect of genetic background on an individual’s disease
risk in a single number. The authors were able to replicate the performance of the PD-PRS
developed by Nalls et al. [13] in an independent dataset, suggesting that the PRS may be
a meaningful research tool to investigate and adjust for the polygenic component of PD.
However, this tool is not relevant for individual risk prediction.
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Emerging studies revealed that expansions or intermediate repeats of simple short
DNA sequences could cause or act as risk factors for different neurological diseases, includ-
ing PD, depending on the number of repetitions. In the original paper by Kobo et al. [14],
stratified analysis in 1106 Ashkenazi PD patients and 600 ethnically matched controls
suggest that intermediate-size hexanucleotide repeats (20-60 repeats) in c9orf72 are a risk
factor for PD in individuals without common Ashkenazi Jewish founder mutations in
LRRK2, GBA1, or SMPD1 compared with those with these mutations. The authors pro-
pose a model that may drive the risk for PD by the number of repeats and the genotypes
of 44 informative single nucleotide variants (SNVs) within the risk-haplotype, affecting
the c9orf72 RNA expression levels. In the second original research paper, Lüth et al. [15]
established a straightforward Nanopore long-read deep sequencing workflow to quantify
the hexanucleotide repeat number in the TAF1 SINE-VNTR-Alu (SVA) insertion in patients
with X-linked dystonia-Parkinsonism (XDP). In addition, the authors utilized this novel
technology to investigate variations within the SVA locus other than the repeat motif and
to detect CpG methylation using a Cas9-targeted approach across a large-22 kb region
containing the TAF1 SVA.

Overall, this Special Issue highlights the richness of studies bringing recent advances
in our knowledge on the genetic architecture contributing to PD. This volume should be an
important contribution to the field by improving our understanding of the pathophysiology
and thus will help with the efforts to develop targeted therapies and personalized medicine.
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Human Induced Pluripotent Stem Cell Phenotyping and
Preclinical Modeling of Familial Parkinson’s Disease
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Abstract: Parkinson’s disease (PD) is primarily idiopathic and a highly heterogenous neurodegenera-
tive disease with patients experiencing a wide array of motor and non-motor symptoms. A major
challenge for understanding susceptibility to PD is to determine the genetic and environmental
factors that influence the mechanisms underlying the variations in disease-associated traits. The
pathological hallmark of PD is the degeneration of dopaminergic neurons in the substantia nigra pars
compacta region of the brain and post-mortem Lewy pathology, which leads to the loss of projecting
axons innervating the striatum and to impaired motor and cognitive functions. While the cause
of PD is still largely unknown, genome-wide association studies provide evidence that numerous
polymorphic variants in various genes contribute to sporadic PD, and 10 to 15% of all cases are linked
to some form of hereditary mutations, either autosomal dominant or recessive. Among the most
common mutations observed in PD patients are in the genes LRRK2, SNCA, GBA1, PINK1, PRKN,
and PARK7/DJ-1. In this review, we cover these PD-related mutations, the use of induced pluripotent
stem cells as a disease in a dish model, and genetic animal models to better understand the diversity
in the pathogenesis and long-term outcomes seen in PD patients.

Keywords: Parkinson’s disease; genetic basis for pathophysiology; induced pluripotent stem cells;
brain organoids; in vitro models of familial Parkinson’s disease; personalized medicine

1. Parkinson’s Disease Pathology, Symptoms, Treatments

Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder that
arises from the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc)
of the midbrain and other organ systems [1,2]. It was first characterized by Dr. James
Parkinson in 1817 in his “An essay on the Shaking Palsy”, where he described patients
with trembling extremities, hunched posture, and a shuffling gait [3]. It is the second most
prevalent neurodegenerative disease that affects 1% of the population older than 60 years
of age [4,5]. The number of PD patients has doubled from 1990 to 2015 and is projected to
double again by 2040 [6]. At the onset of the disease, 30–70% of midbrain dopaminergic
neurons are lost [7] yet the disease progresses slowly over years with a prodromal stage that
may last 10–15 years before the presentation of motor deficits and proper diagnosis [8,9].

The loss of dopaminergic neurons in the SNpc severs the nigrostriatal pathway, which
is one of four major dopamine pathways in the brain. When the connection between the
SNpc and the dorsal striatum is lost, the ability to produce controlled movement becomes
impaired. The symptoms of the disease include uncontrollable resting tremors, postural
imbalance, cogwheel rigidity, bradykinesia, akinesia, and cognitive impairment [10–16].
Depression, dementia, and hallucinations are also observed [17–25]. Available treatments
only provide symptomatic therapy. Levodopa or dopamine agonists are used to replace
lost dopamine. However, long-term use of levodopa may lead to adverse side effects, such

Genes 2022, 13, 1937. https://doi.org/10.3390/genes13111937 https://www.mdpi.com/journal/genes
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as dyskinesia [26]. Monoamine oxidase B (MAO-B) and catechol-O-methyl transferase
(COMT) inhibitors are provided in conjunction with levodopa to inactivate dopamine
metabolism and degradation [27]. When the patient no longer responds positively to
dopamine replacement treatment, a neurosurgical procedure known as deep brain stimula-
tion can be performed to alleviate symptoms [28–32]. This procedure utilizes an electrode
that is surgically implanted into the ventral intermediate nucleus of the thalamus, globus
pallidus, and subthalamic nucleus to reduce severe motor complications [33,34]. To date,
there is no curative treatment available for PD.

For the vast majority of patients, the cause of PD remains unknown, and it is primarily
an idiopathic disease. Nevertheless, there are many environmental risk factors that are
known contributors to PD, including metals such as iron, copper, manganese, lead, and
mercury, as well as toxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
rotenone, paraquat, dieldrin, hexachlorohexanes, and 2-4-dichlorophenoxyacetic acid [35].
The use of amphetamines and methamphetamines also increases risk [36]. However, age
remains to be the strongest risk factor for PD [37].

At least 5% of cases are linked to specific genetic mutations [38]. Mutations in genes,
such as leucine-rich repeat kinase 2 (LRRK2), α-synuclein (SNCA), glucosylceramidase β 1
(GBA1), phosphatase and tensing homolog-induced kinase 1 (PINK1), parkin (PRKN)and
PARK7 (also referred to as DJ-1), are associated with increased PD risk [39]. Much of
what we know about these mutations was discovered by using in vivo transgenic animal
models and in vitro stem cell models [40–43]. The consequences of these mutations lead
to aberrations in oxidative stress, mitochondrial dysfunction, perturbed protein quality
control, protein aggregation, and altered kinase activity. Some mutations may also lead to
the early onset of PD.

2. Leucine-Rich-Repeat Kinase 2 (LRRK2)

The LRRK2 protein has Roc-COR-kinase domains and exhibits profound kinase and
GTPase activity [44–46]. It exists as an oligomeric structure with minimal kinase activity.
Once bound to guanosine triphosphate (GTP), it dissociates to form an intermediate struc-
ture whereupon it autophosphorylates to form a homodimer kinase [47]. It has functions
linked to transcription, translation, autophagy, mitochondrial function, cytoskeletal remod-
eling vesicular transport, dopamine homeostasis, and synaptogenesis [48–53]. It has also
been shown in human brains to be constitutively expressed in neurons and glia [54]. LRRK2
interacts with 14-3-3 proteins via phosphorylated Ser910 and Ser935 [55]. The binding of
14-3-3 to LRRK2 is thought to be disrupted with PD-related mutations [56]. Knockout of
wild-type LRRK2 causes impairment of protein degradation pathways, accumulation of
α-synuclein (α-syn), and apoptotic cell death in aged mice, signifying LRRK2 is essential
in those pathways [57]. Furthermore, increased LRRK2 kinase activity was observed in
post-mortem brain tissue and immune cells of idiopathic PD patients, providing clinical
significance of LRRK2 as a therapeutic target [58–60].

LRRK2 is known to be phosphorylated at these sites: Ser910, Ser935, Ser955, Ser973,
Ser1292, and Thr826 [61]. Specifically, the Ser1292 residue is the site of autophosphoryla-
tion [62]. Autophosphorylation is significantly increased in disease-causing variants [63].
The kinase activity is also required for the cytotoxicity of LRRK2 mutants [64,65]. Autophos-
phorylation was observed to have decreased when LRRK2 was chemically inhibited [55].
Pharmacological inhibition was reported to protect against the toxic phenotype of hyper-
kinase activity [66]. However, LRRK2 kinase inhibition was shown to have off-target effects
in peripheral tissues in animal models [67–69].

LRRK2 was reported to phosphorylate cytoskeletal proteins, such as tau, microtubule
affinity regulating kinase 1 (MARK1), tubulins, rho guanine nucleotide exchange factor 7
(ARHGEF7), and ezrin-radixin-moesin (ERM) [70–76]. LRRK2 also exhibits physical interac-
tion with F-actin and microtubules [66,77]. Pathogenic LRRK2 is believed to alter cytoskele-
tal scaffolding leading to deficits in neurite outgrowth and axonal transport [78,79]. In fact,
phosphorylation of ezrin, radixin, and moesin (ERM) family proteins by pathogenic LRRK2
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promoted the cytoskeletal rearrangement [76]. Rab10 is another phosphorylation target
of LRRK2, specifically at Thr73 [80]. LRRK2 variants augmented Rab10 phosphorylation
which affected vesicular transport [81]. Increased Rab10 phosphorylation was observed in
dopaminergic neurons in the SNpc of idiopathic PD patients, which makes this an excellent
and indirect measure for the LRRK2 kinase activity [82]. LRRK2 was also shown to control
the vesicle trafficking [83,84]. Snapin, EndophilinA, and Rab5a were identified as possible
LRRK2 substrates involved in synaptic vesicle exo- and endocytosis [85–88]. Evidence sug-
gests that LRRK2 could inhibit autophagy, causing accumulation of autophagic organelles,
that is reversed through kinase inhibition [89–91]. Hyperphosphorylation also affected
4E-BP1, leading to excessive protein translation and neurodegeneration in Drosophila
model [50]. However, Drosophila only possesses LRRK1 and not LRRK2 and such findings
were not strongly translated to mammalian models [92]. Although, LRRK2 phosphory-
lates ribosomal protein S15, regulating protein synthesis in the G2019S LRRK2 transgenic
Drosophila and human dopaminergic neurons [93].

3. Common LRRK2 Mutations That Lead to Parkinson’s Disease

The most prevalent genetic mutation has been identified in the LRRK2 gene [94,95].
This particular mutation, known as the G2019S, accounts for at least 1% of all PD cases
and 5–15% of familial PD cases [96]. Clinically, symptoms of LRRK2 mutant carriers are
indistinguishable from idiopathic PD [97]. LRRK2 variants either increase or decrease
the risk of developing PD. The common variants in Asia associated with increased risk
of PD are A419V, R1628P, and G2385R [98–100]. These missense variants increase the
risk for disease by about two-fold [101]. Interestingly, the variants N551K, R1398H, and
K1423K appear to reduce the risk of PD [102,103]. There are eight isoforms of LRRK2
that lead to autosomal dominant familial PD: R1441C/H/G/S, Y1699C, N1437H, I2020T,
and G2019S [104–107]. Each of these isoforms is a single amino acid substitution. The
R1441C/H/G/S, N1437H, and Y1699C variants are located in the GTPase domain and
reduce the GTP hydrolysis [108–110]. The variants in the GTPase and kinase domains are
linked to neurotoxicity [52,63]. The I2020T and G2019S mutations are found on the kinase
domain and lead to increased LRRK2 kinase activity [63–65,107,111,112]. Although the
effect on kinase activity is not as pronounced in I2020T as it is in the G2019S variant [113],
it has been well established that the mutations within the kinase domain augment kinase
function and lead to Parkinsonism.

4. The G2019S LRRK2 Mutation

The most prevalent of all LRRK2 mutations is the G2019S point mutation located in the
kinase domain of the protein [95,114]. This mutation exhibits high prevalence in Ashkenazi
Jewish, North African Berber, and Arab PD patients [115–117]. Interestingly, it is not as com-
mon among Asian PD patients [39,118–123]. It is an autosomal dominant point mutation
that resides in the kinase domain. This in turn leads to the hyper-kinase activity of LRRK2
exhibited in enhanced autophosphorylation at S1292, up to four-fold increase [63–65,124].
However, the mutation does not alter the gene expression of LRRK2. The symptoms that
arise in disease-manifesting carriers closely resemble those associated with idiopathic
PD [125,126]. Kinase inhibition blocks neurotoxicity in vitro and in vivo [66]. Interestingly,
there is no marked phenotypic difference between heterozygous and homozygous G2019S
mutant carriers [127]. Dopaminergic neurons derived from induced pluripotent stem cells
(iPSC) harboring the G2019S mutation demonstrate increased susceptibility to oxidative
stress and early neuritic branching defects [128]. G2019S LRRK2 is also linked to an upreg-
ulation of the p53-p21 pathway, contributing to cellular senescence and accumulation of
α-syn [129]. However, the full impact of G2019S mutation is still largely unknown [97].

5. G2019S LRRK2 Induced Pluripotent Stem Cell Models

In vitro disease modeling has been revolutionized with the use of iPSCs [130–134]. To
generate iPSCs, somatic cells are reprogrammed with the transfection of pluripotent factors
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octamer-binding protein 3/4 (Oct3/4), SRY-box transcription factor 2 (Sox2), c-Myc, and
Krüppel-like factor 4 (Klf4) [135]. The reprogramming of adult somatic cells allows for the
creation of patient-specific iPSCs that harbor known pathological genetic mutations [136].
The reprogrammed cells express embryonic stem cell markers and are capable of differenti-
ating into any cell type of the three germ layers. Patient iPSCs can be genetically modified
to correct mutations with CRISPR/Cas9, transcription activator-like effector nucleases
(TALENS), or zinc-finger nuclease [137–142]. iPSCs can then be differentiated into a cell
type of choice and sequenced to identify differentially expressed genes. Patient-derived
iPSCs are a powerful tool to study a disease in a dish, and indeed many groups have used
neurons derived from PD patient iPSCs to advance our understanding of the cause of
neuronal degeneration.

The first LRRK2 iPSCs were generated from the PD patient fibroblasts of a 63-year-old
male homozygous carrier and a 42-year-old male heterozygous for G2019S LRRK2 [143].
Accumulation of α-syn and neurite retraction have been observed in LRRK2 G2019S
cells [128,144,145]. Endogenous α-syn accumulation also occurred when exogenous α-syn
in the form of recombinant human preformed fibrils was cultured in iPSC-derived neu-
rons [146]. Neural stem cells derived from G2019S iPSCs exhibited increased suscep-
tibility to proteasomal stress and passage-dependent deficiencies in nuclear-envelope
organization, clonal expansion, and neuronal differentiation [143]. Specifically, neuronal
differentiation was affected as dopaminergic neurons showed early neuritic branching
defects [147]. Sensory neurons derived from iPSCs also showed shortened neurites as well
as microtubule-rich axon aggregation and altered calcium dynamics [148]. Furthermore,
G2019S iPSC-derived dopaminergic neurons also displayed lower baseline ER-Ca2+ lev-
els with Ca2+ influx increased, and Ca2+ buffering capacity decreased after membrane
depolarization [149].

Single-cell RNA-sequencing (scRNA-seq) of G2019S PD patient iPSC-derived neural
stem cells revealed affected genes involved in mitochondrial function, DNA repair, protein
degradation, oxidative stress, lysosome biogenesis, ubiquitin–proteasome system, endo-
some function, autophagy, and mitochondrial quality control [150]. It was also recently
shown in another scRNA-seq experiment that neuroepithelial stem cells (NESC) derived
from G2019S iPSCs exhibited mitochondrial defects [151]. They found that the G2019S
NESCs exhibited fragmented mitochondria, impaired mitochondria function, and impaired
autophagosomal-lysosomal pathway, and the cells were more prone to release reactive
oxygen species (ROS). They later expanded on their scRNA-seq data to show that G2019S
LRRK2 NESCs initiated early cell-cycle exit and earlier neural differentiation than wild type
(WT), leading to increased cell apoptosis [152]. This was in part due to the downregulation
of the core regulatory circuit transcription factor Nuclear Receptor Subfamily 2 Group F
Member 1 (NR2F1) and altered distal super-enhancer activity. Importantly, using a single-
cell longitudinal imaging platform, early studies demonstrated that Nrf2 expression in
neurons directly mitigates toxicity induced by α-synuclein and mutations in LRRK2 and
that this effect is time-dependent [153]. Furthermore, mitochondrial genome damage and
mitochondrial transport-related PD pathogenesis were also present [154,155]. It is also
believed that G2019S LRRK2 disrupts the interaction between the mitochondrial transport
protein, Miro, to PINK1 and Parkin, arresting the movement of damaged mitochondria
along the cytoskeleton and delaying mitophagy [156]. Dopaminergic neurons derived from
G2019S iPSCs show this abnormal mitochondrial trafficking and distribution as well [157].
This group also revealed that despite high levels of sirtuin, there was a reduction of sir-
tuin deacetylase activity, nicotinamide adenine dinucleotide (NAD+), and protein lysine
deacetylase activity, leading to bioenergy deficits.

In addition to mitochondrial deficits, hyper-kinase activity also disrupts the endocyto-
sis of synaptic vesicles in iPSC-derived ventral midbrain neurons [158]. Transcriptomics
and proteomics revealed that clathrin-mediated endocytosis was disrupted [159]. Specifi-
cally, endothelial cytokines I–III, dynamin-1, and various Rab proteins were significantly
downregulated. Evidence suggests that the synaptic defects are due to LRRK2 phos-
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phorylation of auxilin (DNAJC6) which causes differential clathrin binding and disrupts
endocytosis [160]. This impaired endocytosis led to the accumulation of oxidized dopamine
and caused reduced glucocerebrosidase activity and increased α-syn accumulation.

As mentioned before, LRRK2 G2019S mutant neurons were found to exhibit increased
accumulation and release of α-syn [161]. Mutant iPSC-derived midbrain dopaminergic
neurons also showed higher basal levels of LC3 II. This aberrant autophagy was reversed
with the inhibition of mitochondrial fission with fission dynamin-related protein 1 (DRP1)
peptide inhibitor p110 [162]. Additionally, LRRK2 phosphorylation of leucyl-tRNA syn-
thetase (LRS) was shown to reduce leucine binding and impair autophagy, leading to
protein misfolding and endoplasmic reticulum stress [163].

LRRK2 further plays a role in the innate and acquired immunity of the peripheral and
central nervous system [164]. Interestingly, LRRK2 is highly expressed in macrophages
and microglia [164]. Evidence suggests that LRRK2 controls the secretion of inflamma-
tory mediators [164–166]. LRRK2 GTPase function is also implicated in the inflammatory
response [167–169]. Indeed, LRRK2 mutant microglia and astrocytes exhibit increased
inflammatory cytokine and chemokine production [170–174]. Knockout or pharmacolog-
ical inhibition of LRRK2 alleviates this inflammatory response [175–179]. Furthermore,
LRRK2 mutations that lead to α-syn accumulation also impair nuclear factor kappa B
(NF-κB) signaling in iPSC-derived neurons [180]. G2019S iPSC-derived astrocytes exhibited
downregulation of matrix metalloproteinase 2 (mmp2) and transforming growth factor β1
(TGFβ1) [181]. Finally, LRRK2 may also play a role in hematopoiesis as G2019S LRRK2
iPSC-derived monocytes undergo accelerated production while CD14+CD16+ monocytes
are reduced [182]. These mutant monocytes also exhibit migratory deficits.

6. G2019S LRRK2 Animal Models

LRRK2 animal models have provided insights into the regulation of protein translation,
vesicle trafficking, neurite outgrowth, autophagy, and cytoskeletal dynamics [93,183,184].
Different models exhibit different clinical aberrations, such as degeneration of midbrain
dopaminergic neurons, accumulation of α-syn, abnormal dopamine secretion, and be-
havioral deficits. LRRK2 overexpression in Drosophila led to the age-dependent loss of
dopaminergic neurons and reduction of locomotor activity [185–187]. G2019S LRRK2 in-
duced loss of photoreceptors and the impaired visual system was also observed [188]. The
mutation also induced the mislocalization of tau in dendrites, causing degeneration [189].
Overexpression of G2019S LRRK2 in C. elegans also resulted in dopaminergic neuron
degeneration, enhanced vulnerability to mitochondrial dysfunction, and inhibition of au-
tophagy [190,191]. Transgenic mice expressing G2019S mutations exhibited motor deficits
but with minimal evidence of neurodegeneration [192]. Only two groups have demon-
strated the G2019S LRRK2 model of age-dependent loss of dopaminergic neurons in the
SNpc [193,194]. Transgenic rats expressing the G2019S mutation exhibited oxidative stress
in the striatum and SNpc with increased inducible nitric oxide synthase expression and
abnormal morphology of SNpc dopaminergic neurons [195,196]. Unfortunately, genetic
animal models display inconsistent phenotypes and do not fully replicate the human condi-
tion (neurodegeneration, Lewy body formation, and significant motor deficits), thus better
models are needed [197].

7. Synuclein α (SNCA)

The SNCA gene encodes the presynaptic protein α-Synuclein (α-syn), which has been
found to be localized in the nuclear membrane and synaptic vesicles [198]. The function
of this protein is not well understood but current evidence suggests it participates in the
axonal transport of synaptic vesicles by binding and transporting fatty acids [199–201]. It
is also believed to participate in the differentiation and survival of dopaminergic neuron
progenitor cells of mice and humans [202,203]. In fact, α-syn is expressed in the SNpc,
especially in neurons containing neuromelanin, an insoluble granular pigment [204].
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The misfolding of α-syn can lead to aberrant aggregation in the form of insoluble
filaments and deposits in nerve cells [205]. These α-syn aggregates are also a major com-
ponent of Lewy bodies, cellular inclusions in the neuronal cytoplasm that may lead to PD
pathogenesis [206]. Lewy bodies impair neuronal communication and may even spread
to healthy neurons [207,208]. They are also known to increase oxidative stress, disrupt
axonal transport for neurotransmitter vesicles, and contribute to transcriptional dysregula-
tion, protein sequestration, mitochondrial and synaptic dysfunction, and inhibition of the
ubiquitin–proteasome system [207–213]. Accumulation of α-syn also affects the lysosomal
clearance of protein aggregates, thus resulting in a vicious cycle perpetuating the toxic
effects of α-syn aggregates [214]. It has been shown that the majority of α-syn in Lewy
bodies in postmortem PD brain tissue appears as phosphorylated S129 α-syn [215,216].
Evidence suggests that S129 phosphorylation promotes α-syn aggregation and neurotoxic-
ity [217]. Aggregated forms of α-syn are in fact more prone to S129 phosphorylation and
accumulation during disease progression [218–220]. Polo-like kinases, casein kinases, and
G protein-coupled receptor kinases have been shown to modulate the phosphorylation
of α-syn at S129 [220–225]. Interestingly, numerous reports suggest that LRRK2 may be
involved in phosphorylating S129 and α-syn aggregation [226,227]. Ultimately, it is still
uncertain whether S129 α-syn is indeed neurotoxic [228].

Braak et al. hypothesized that neurodegeneration occurs in a predetermined sequence
caused by an unknown pathogen in the gut or nasal cavity initiating sporadic PD [229,230].
This is associated with a specific α-syn spreading pattern, which may be why PD patients
exhibit gastrointestinal and olfactory problems [231–233]. Indeed, Lewy body pathology
has been confirmed in neurons of the olfactory tract and enteric nervous system [234–237].
Therefore, it is possible that α-syn propagates in a prion-like fashion [238]. In fact, the
cell-to-cell transmission of α-syn has been observed after transgenic α-syn overexpres-
sion or exposure to preformed fibrils of α-syn and homogenates from postmortem PD
patients [239–244]. Therefore, the pathological aggregation of misfolded α-syn is hypothe-
sized to be critical in PD pathogenesis.

An increased risk of developing PD in humans can result due to an overexpression
of the SNCA gene because of locus triplication [245]. Alternatively, SNCA missense
mutations have also been shown to increase PD risk. Mutations in the SNCA gene were
first identified as causing autosomal dominant PD in a large Italian family known as the
Contursi kindred [246]. These patients carried the A53T point mutation and exhibited
hallmark characteristics of PD including Lewy body pathology and positive response to
L-dopa treatment. However, early onset and rapid disease progression were also observed.
Other missense mutations include A30P [247–249], E46K [250], A53E [251,252], A53V [253],
G51D [254,255], H50Q [256], and A18T and A29S [257]. Copy number variations have also
been reported in PD patients [245]. Carriers of the A30P mutation were also associated
with early onset, but a milder disease progression was observed compared to those with
the A53T mutation [247]. The A53T and A30P mutations increase the likelihood of α-syn
protein oligomerization instead of fibrillation [258], which is believed to accelerate α-syn
aggregation [259]. Patients with A53T and E46K developed dementia consistent with Lewy
body dementia [250,260] as the E46K mutation also promotes α-syn aggregation similar to
A53T [261]. Interestingly, patients with the E46K mutation have also experienced visual
hallucinations [250]. The A18T and A29S missense mutations were found in patients with
sporadic PD [257].

8. SNCA Induced Pluripotent Stem Cell Models

Dopaminergic neurons derived from iPSCs of a PD patient with SNCA triplication
have been studied. The level of α-syn protein in these dopaminergic neurons was twice
the amount compared to those derived from normal iPSCs [262]. These neurons exhib-
ited changes in growth, viability, cellular energy metabolism, and stress resistance when
challenged with starvation or toxins [263], and increased oxidative stress [264]. SNCA
triplication also led to a reduced capacity for iPSCs to differentiate into neurons, de-
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creased neurite outgrowth, and lower neuronal activity compared to normal neurons [265].
The mRNA levels of nuclear receptor-related 1 protein (NURR1), G-protein-regulated
inward-rectifier potassium channel 2 (GIRK-2), and tyrosine hydroxylase (TH) were also
significantly reduced. Furthermore, lysosomal dysfunction has also been also induced by
the α-syn accumulation [266]. Aggregates appeared to interact with ATP synthase and lead
to premature mitochondrial permeability transition pore opening, making neurons more
vulnerable to cell death [267]. Interestingly, SNCA triplication also affects non-neuronal
cells, such as microglia. Microglia derived from SNCA triplication iPSCs exhibited impaired
phagocytosis compared to isogenic controls [268].

An isogenic gene-corrected iPSC line for A53T was generated with zinc-finger nuclease-
mediated genomic editing [140]. Gene correction reversed nitrosative stress and endoplas-
mic reticulum stress in iPSC-derived neurons [269]. A53T mutation increased apoptotic
cell death in iPSC-derived midbrain dopaminergic neurons by increasing S-nitrosylation
of MEF2C, affecting the transcriptional regulation of PGC1a, a master regulator of mi-
tochondrial biogenesis [270]. A53T iPSC-derived neurons also displayed irregular pro-
tein aggregation, compromised neuritic outgrowth, contorted or fragmented axons with
varicosities containing α-syn and Tau, and disrupted synaptic connectivity [271]. Inter-
estingly, A53T midbrain dopaminergic neurons contained higher concentrations of α-syn
monomers relative to tetramers when compared to isogenic controls, ultimately decreasing
solubility α-syn [272]. Oligomeric α-syn has emerged as the key mediator for α-syn accu-
mulation [273]. In fact, A53T and SNCA triplication iPSC-derived dopaminergic neurons
exhibited increased α-syn oligomerization in a proximity ligation assay [274]. Increased
sensitivity to mitochondrial toxins and nitrosative stress-induced neuronal loss were also
observed in A53T dopaminergic neurons [275]. Furthermore, transcriptomic analysis of
A53T and SNCA triplication iPSC-derived dopaminergic neurons revealed perturbations
in the expression of genes likened to mitochondrial function, which was consistent with a
reduction in mitochondrial respiration, impaired mitochondrial membrane potential, aber-
rant mitochondrial morphology, and decreased levels of phosphorylated DPR1 Ser616 [274].
They also observed increased endoplasmic reticulum stress and impaired cholesterol and
lipid homeostasis. Single-cell transcriptomic analysis of A53T iPSC-derived dopaminergic
neurons compared to an isogenic gene-corrected counterpart revealed perturbations in
glycolysis, cholesterol metabolism, synaptic signaling, and ubiquitin–proteasomal degra-
dation [276]. Apart from neuronal lineage cells, O4+ oligodendrocyte linage cells derived
from A53T iPSCs also exhibited impaired maturation compared to controls [277].

9. SNCA Animal Models

Transgenic models with SNCA mutations have typically failed to display clear dopamin-
ergic neurodegeneration or parkinsonian motor deficits [278]. However, there has been
apparent α-syn aggregation and altered neuronal functions in these models. For example,
transgenic mice expressing truncated α-syn show a reduced number of nigro-striatal neu-
rons due to cell loss during early development [279]. However, the clinical relevance of
these transgenic models remains questionable as the mutated α-syn protein is affecting
early developmental stages rather than the later onset of neurodegeneration as seen in
human patients [280].

SNCA overexpression models in rodents have been shown to affect the development
and maintenance of dopaminergic neurons [281]. Overexpression has led to the formation
of α-syn aggregates in the brain causing motor and olfactory deficits but not dopamin-
ergic neurodegeneration [282]. E46K SNCA rats also display α-syn aggregation, altered
metabolism of striatal dopamine, and increased oxidative stress but again not dopaminergic
neurodegeneration [283].

Viral vectors such as adeno-associated virus (AAV) and lentivirus (LV) have also
been used for transfecting rodents with SNCA. The AAV6 serotype generated an 80% loss
of dopaminergic neurons and profound motor deficits [284]. This model also showed
progressive neurodegeneration over a 2-to-4-month period. Using an LV vector led to
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α-syn aggregation but with no apparent loss of dopaminergic neurons nor behavioral
changes [285]. Alternatively, AAV2/7-α-syn transduction in mouse SNpc produced dose-
dependent dopaminergic neurodegeneration and motor deficits [286]. AAV2/2 was used
to deliver WT and A53T α-syn into marmosets, leading to 30–60% nigral dopaminergic neu-
rodegeneration and subsequent striatal dopamine depletion with mild motor deficits [287].
AAV1/2-A53T α-syn in macaques displayed 30% nigrostriatal dopaminergic neurodegen-
eration, 50% dopamine depletion, and 40% DAT reduction [288].

10. Glucocerebrosidase 1 (GBA1)

GBA1 encodes a lysosomal protein β-glucocerebrosidase (GCase). Mutations in this
gene result in the accumulation of glycolipid substrates in lysosomes which disrupts lyso-
somal function and can lead to an autosomal recessive lysosomal storage disorder known
as Gaucher’s disease (GD) [289]. Although a small minority of GBA1 mutation carriers
develop PD [290,291], mutations in GBA1 increase the risk of developing PD [292,293]. In
fact, GBA1 mutations are common genetic risk factors for PD, where 7–10% of patients
with PD are carriers of a GBA1 mutation [291,294]. The L444P point mutation has been
identified as being associated with PD and GD patients [291,295]. Furthermore, the L444P
mutation appears to have a higher risk of developing PD compared to other GBA1 point
mutations [296–298]. Interestingly, there is no difference in risk between patients with
either homozygous or heterozygous mutations, although homozygous carriers tend to
have PD onset 6 to 11 years earlier than heterozygous counterparts [290,294,298,299]. The
clinical features of GBA1-associated PD are similar to those associated with idiopathic PD,
including olfactory deficits and sleep disturbance but with earlier onset and accelerated
autonomic, cognitive, and motor decline [298]. These patients also present with a more
pronounced loss of nigrostriatal dopaminergic neurons and greater Lewy body pathology
compared to those with idiopathic PD. GCase deficiency and lysosomal dysfunction as a
result of GBA1 mutations are thought to be important pathogenic mechanisms for PD [300].
GBA1 mutations appear to impair α-syn degradation in the lysosome due to perturbed
GCase activity [301,302]. Interestingly, GCase activity is also reduced in postmortem brain
tissue of PD patients without GBA1 mutations [303,304]. It is possible that the GlcCer
substrate accumulation may promote the pathogenic conversion of α-syn into its insoluble
form [305,306]. Indeed, the GlcCer substrate also stabilizes a-syn oligomeric intermediates
and induces rapid polymerization of fibrils [302].

11. GBA1 Induced Pluripotent Stem Cell Models

Interestingly, WT GCase activity is reduced in brain tissue and iPSC-derived
neurons of idiopathic PD patients and other genetic forms of PD without GBA1 muta-
tion [160,303,304,307,308]. It was noted that mitochondrial oxidative stress leads to the accu-
mulation of oxidized dopamine, resulting in reduced GCase activity, lysosomal dysfunction,
and α-syn accumulation [309]. The iPSCs were generated from patients with GD and PD
harboring GBA1 mutations and differentiated into midbrain DA neurons. The iPSC-derived
neurons exhibited reduced GCase activity and protein levels, increased glucosylceramide
and α-syn levels as well as autophagic and lysosomal defects [310]. The mutant neurons
also exhibited dysregulation of calcium homeostasis and increased vulnerability to stress re-
sponses involving the elevation of cystolic calcium. Gene correction of the mutation rescues
the observed pathological phenotypes [310]. N370S iPSC-derived dopaminergic neurons
exhibited disruption of the autophagy pathway and ER stress leading to elevated extracellu-
lar a-syn [311]. GBA-PD patient-derived dopaminergic neurons with heterozygous N370S
and L444P mutations display stress responses, sphingolipid accumulation, mitochondrial
dysfunction, increased mitochondrial ROS, and changes in NAD+ metabolism, ameliorated
with NAD+ precursor nicotinamide riboside [312]. Heterozygous-null GBA1 iPSC-derived
cortical neurons and astrocytes exhibit reduced lysosome number, increased lysosomal pH,
reduced lysosomal cathepsin protease activity, and increased accumulation of soluble and
insoluble α-syn without changes in α-syn mRNA levels [313,314].
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GCase chaperones were able to recover GCase activity and reduce α-syn levels in
iPSC-derived DA neurons and mouse models [308]. GBA1 iPSC-derived neurons exhibited
prolonged mitochondria–lysosome contacts due to defective modulation of the untethering
protein TBC1D15, which mediates Rab7 GTP hydrolysis for contact untethering, ultimately
leading to disrupted mitochondrial distribution and function [315]. This defect was rescued
with a GCase modulator, indicating deficits were due to a lack of GCase activity. Another
GCase chaperone S-181 was tested on 84GG GBA1 patient-derived dopaminergic neurons
partially restored lysosomal function and lowered accumulation of oxidized dopamine,
glucosylceramide, and α-syn [307].

Interestingly, G2019S LRRK2 iPSC-derived dopaminergic neurons also exhibited re-
duced GCase activity [316]. In fact, pharmacological inhibition of LRRK2 kinase activity
increased GCase activity in both iPSC-derived dopaminergic neurons carrying LRRK2
and GBA1 mutations. The increase in GCase activity was sufficient to partially rescue the
accumulation of oxidized dopamine and α-syn. Heterozygous-null GBA-1 iPSC-derived
cortical neurons did not exhibit any differences in WT LRRK2 kinase activity [314]. How-
ever, LRRK2 inhibition rescued lysosomal number and Cathepsin L activity, and partial
lysosome re-acidification. Interestingly, they did not see any change in GCase activity with
LRRK2 inhibition, contradicting previous findings [316]. The possible interplay between
LRRK2 and GBA1 is fascinating and needs to be further explored.

12. GBA1 Animal Models

There are over 200 known GD-associated mutations; therefore, it is difficult to deter-
mine which mutations are particularly responsible for PD susceptibility [295]. Homozygous
L444P mice generated partial gene duplication and either died soon after birth due to com-
promised epidermal permeability barrier caused by defective glucosylceramide metabolism
or exhibited systemic inflammation [317,318]. L444P conditional knock-in mice lived longer
and exhibited increased striatal α-syn levels and astrogliosis at 1 year of age, although
motor performance was not assessed [319]. Heterozygous L444P mice demonstrated im-
paired neuronal autophagy and mitophagy as well as mitochondrial dysfunction [320,321].
Heterozygous L444P mice also demonstrated impaired α-syn degradation and increased
α-syn levels but interestingly did not form α-syn aggregates [320–322]. Furthermore, het-
erozygous L444P mice did not exhibit nigrostriatal neurodegeneration, neuroinflammation,
or impairments in olfaction, coordination, and cognition [321–323]. The D409H mutation
is a rare but severe mutation found in GBA1 PD patients [324]. α-Syn aggregation was
observed in the cerebellum and brainstem of homozygous D409H mice [325]. However, het-
erozygous and homozygous D409H mice did not exhibit nigrostriatal neurodegeneration,
neuroinflammation, or motor deficits [326]. Treatment with a GCase chaperone resulted
in the activation of WT GCase and reduction of GCase lipid substrates and α-syn in brain
tissue [307]. Homozygous V394L mice have 27% of WT GCase activity but do not exhibit
α-syn aggregation [325]. Homozygous R643C mice exhibited increased nigrostriatal α-syn
and neuroinflammation [319]. Homozygous N370S mutation has been neonatal lethal
despite mild phenotype in patients [327]. Furthermore, several GBA1-PD models combine
GBA1 mutation with overexpression of α-syn mutations to induce α-syn aggregation and
pronounced PD symptoms despite the fact that these two mutations are not reported in PD
patients [323,326,328].

13. PTEN-Induced Kinase 1 (PINK1)

Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1) is a
mitochondria-targeted Ser/Thr protein kinase. In normal physiological conditions, PINK1
is imported into the mitochondria via the translocase of the outer membrane and translocase
of the inner membrane [329]. PINK1 is cleaved in the transmembrane segment by the
mitochondrial intramembrane protease PARL, where it is then retranslocated to the cytosol
for proteasomal degradation [330]. Once the mitochondrial inner membrane becomes
depolarized, PINK1 mitochondrial transport is arrested and phosphorylates Parkin on
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the ubiquitin-like domain and activates the E3 ligase activity of Parkin [331,332]. Parkin
ubiquitinates mitochondrial outer membrane proteins and induces autophagic clearance
of depolarized mitochondria [333–335]. PINK1 is localized on the mitochondria and may
exhibit a protective effect, but as a result of a mutation that protection is lost, resulting
in increased susceptibility to cellular stress [336]. It is also known to phosphorylate TNF
receptor-associated protein 1 (TRAP1), 5-hydroxytryptamine receptor 2a (5-HT2A), and
Parkin [337–339]. PINK1 mutations are the second most common autosomal-recessive
form of early onset PD [329,340,341]. Furthermore, Pink1 mutation carriers may develop
psychiatric comorbidity alongside gait disturbances [342,343].

14. PINK1 Induced Pluripotent Stem Cell Models

PINK1 kinase activity was significantly reduced in G411S PINK1 mutant iPSC-derived
neurons [344]. In iPSC-derived neurons, PINK1 mutations reduced complex I activity,
which lead to a reduction in mitochondrial membrane potential [345]. PINK1 PD patient
iPSC-derived neurons treated with valinomycin, which triggers rapid loss of mitochon-
drial membrane potential, impaired recruitment of overexpressed Parkin to mitochon-
dria [346,347]. Interestingly, loss of PINK1 abolished the degradation of mitochondrial
protein only in fibroblasts, but not in isogenic iPSC-derived neurons, which do not exhibit
significant mitophagy even with parkin overexpression and valinomycin treatment [346].
Phosphorylation of Ser250 in NdufA10 regulates the activity of ubiquinone reductase in
mitochondrial complex I. A phosphomimetic mutant of NdufA10 reversed the deficiencies
in complex I activity and ATP synthesis in PINK1 iPSC-derived neurons [345]. Furthermore,
direct supplementation of cardiolipin, a mitochondrial inner membrane-specific lipid, to
isolated mitochondria rescues PINK1-induced complex I defects [348]. Additionally, antiox-
idant treatment with coenzyme Q10 can rescue the cellular vulnerability associated with
mitochondrial dysfunction in iPSC-derived neurons from PINK1 PD patients [349]. Apart
from abnormal mitochondrial morphology, PINK1 PD patient iPSC-derived midbrain
dopaminergic neurons exhibited α-syn accumulation and increased cytosolic dopamine
levels [350]. Interestingly, increased expression of LRRK2 mRNA and protein was observed
in PINK1 iPSC-derived neurons [351]. Moreover, transient overexpression of WT PINK1
can downregulate LRRK2 expression. The implication of this study suggests a convergent
pathway between these two genes in PD pathogenesis.

15. PINK1 Animal Models

PINK1 knockout mice appear to have an age-dependent and moderate reduction in
striatal dopamine levels accompanied by low locomotor activity due to deficient mitochon-
drial respiration and increased sensitivity to oxidative stress [352,353]. This model does not
exhibit significant neurodegeneration, Lewy body formation, or loss of dopamine. Another
PINK1 knockout mouse model has been reported to show olfactory and gait disturbances,
similar to prodromal symptoms of human PD patients [354]. Pink1 deficient mice also have
impaired dopamine release [355] and exhibited impaired complex I function, mitochondrial
depolarization reduced ATP synthesis, and increased sensitivity to apoptotic stress [356].
As such, PINK1 knockout mice may be useful as a model for prodromal PD [357,358]. On
the other hand, PINK1 null mice with an exon 4–5 deletion showed progressive loss of
striatal dopamine, but nigrostriatal neurodegeneration was not observed [359].

The phenotype for rats differs from mice, with a closer resemblance to PD pathology.
PINK1 knockout rats exhibit age-dependent loss of nigral dopaminergic neurons beginning
at age 6–8 months [360,361]. Motor deficits including reduced rearing frequency and
distance traveled in an open field, reduced hind limb grip strength, and increased foot
slips and traversal time on a tapered balance beam were apparent [360,362]. These rats
also exhibited mitochondrial respiration deficits and α-syn aggregation, although different
from Lewy body pathology [361,362].
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16. Parkin (PRKN)

Parkin is a RING domain-containing E3 ubiquitin ligase important for mitochondria
quality control through mitophagy [363]. Autosomal recessive juvenile parkinsonism was
first identified in Japanese patients with early onset PD [364]. Currently, there are more
than 100 known mutations identified in Parkin [365–368]. Parkin mutations account for 50%
of familial and 15% of sporadic cases of European PD patients with onset before 45 years
of age [369,370]. Parkin mutations are also the most common form of juvenile PD or early
onset PD [365,366,369,371–373]. Carriers of Parkin mutations exhibit earlier and more
symmetrical onset, slower disease progression, and greater response to L-dopa, but seem
to develop dyskinesia earlier as well [369,374,375]. Furthermore, cognitive impairment is
rare, and dementia or depression are not present in Parkin mutation patients [369,376,377].
Most PD patients with Parkin mutations do not develop Lewy body pathology [378].
Furthermore, it appears that missense mutations are equally as detrimental to truncation
and deletion mutations [379].

17. PRKN-Induced Pluripotent Stem Cell Models

Parkin patient iPSC-derived neurons present abnormal or enlarged mitochondria
accompanied by increased oxidative stress and enhanced activity of nuclear factor ery-
throid 2-related factor 2 (Nrf2) pathway [380]. Proteomics analysis of Parkin knockout
iPSC-derived neurons revealed disturbances in oxidative stress defense, mitochondrial
respiration and morphology, cell cycle control, and cell viability [381]. Structural and
functional analysis verified an increase in mitochondrial area and the presence of elongated
mitochondria as well as impaired glycolysis and lactate-supported respiration. This ab-
normal mitochondria phenotype, such as elongated shape and larger volume, has been
observed by other groups as well [350,380,382]. However, two different studies using
qPCR showed that there was no significant difference in mitochondria DNA copy num-
ber [380,383]. Additionally, it seems Parkin mutations in iPSC-derived neurons may alter
mitochondrial morphology in a portion of cells, particularly TH+ dopaminergic neu-
rons [382]. In fact, Parkin patient iPSC-derived dopaminergic neurons exhibited smaller
and less functional mitochondria than those in non-dopaminergic neurons [384] and exhib-
ited increased cytotoxicity with known PD environmental risk factors, such as exposure to
heavy metals such as copper and cadmium [385]. They also showed a significant increase in
mitochondrial fragmentation, initial ROS generation, and loss of mitochondrial membrane
potential following copper exposure. Transfected Parkin cell lines have shown that Parkin
is recruited to the mitochondria to ubiquitinate a variety of substrates for the induction
of mitophagy [363,386]. However, the recruitment of endogenous Parkin to mitochondria
has not been robustly seen in cell lines [387,388], mice [389,390], or iPSC-derived human
neurons [346,383].

The precision of dopaminergic transmission is significantly disrupted by increased
spontaneous dopamine release and decreased reuptake [383]. Dopamine induces oscilla-
tory neuronal activities in Parkin iPSC-derived neurons but not in normal iPSC-derived
neurons [391]. Interestingly, this phenotype mirrors the widespread rhythmic bursting of
neuronal activities in the basal ganglia of PD patients [392]. Parkin iPSC-derived midbrain
dopaminergic neurons exhibited reduced length and complexity of neuronal processes
understood to be caused by a marked decrease in microtubule stability, as the phenotype
was rescued by taxol, a microtubule-stabilizing drug, or the overexpression of Parkin [393].
This decreased neurite length and complexity was also mimicked in normal neurons treated
with colchicine, a microtubule-depolymerizing agent. Reduced microtubule stability in
iPSC-derived neurons was observed by other groups as well [394].

In iPSC-derived neurons from two Parkin patients, increased accumulation of α-syn
was observed in the patient with Lewy body pathology, but not in the other patient
who did not have Lewy body pathology [380]. There was no significant difference in
α-syn protein levels in iPSC-derived midbrain dopaminergic neurons from two Parkin PD
patients and two normal subjects [383]. Although, an increased level of α-syn protein was
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observed in two other studies using iPSC-derived neurons from PD patients with Parkin
mutations [350,382]. The inconsistency of α-syn accumulation in Parkin PD patient-derived
cells may suggest that α-syn accumulation is independent of Parkin as Parkin PD patients
do not necessarily develop Lewy body pathology.

18. PRKN Animal Models

Transgenic rodent models with Parkin overexpression exhibited protection from
6-OHDA or α-syn overexpression in the SNpc [395–398]. Parkin knockout mice have
nigrostriatal mitochondrial respiration deficits and increased markers for oxidative stress
but did not exhibit any significant nigrostriatal dopaminergic neurodegeneration nor PD-
like locomotor deficits [360,399–405]. Although there were instances of Parkin knockout
mice exhibiting slight impairment of dopamine release [406,407], they did not show signifi-
cant behavioral deficits or age-dependent nigral dopaminergic neurodegeneration [360].
They also lacked Lewy body pathology similarly to human parkin mutant carriers that
rarely showed LB pathology [408]. Successful transgenic rodent models that recapitulated
dopaminergic neurodegeneration were eventually developed. Indeed, Parkin-Q311X-
DAT-BAC mice expressing a C-terminal truncated human mutant Parkin in dopaminergic
neurons exhibited late onset and progressive hypokinetic motor deficits, age-dependent
nigrostriatal dopaminergic neurodegeneration, α-syn accumulation, and a significant re-
duction in striatal dopamine neuron terminals and dopamine levels [409]. Overexpression
of both T240R Parkin and human WT Parkin in rats with AAV2/8 induced progressive and
dose-dependent dopaminergic neurodegeneration [410].

19. Parkinsonism Associated Deglycase (DJ-1 Also Known as PARK7)

The DJ-1 protein is 189 amino acid residues with three cysteines and normally forms
a homodimer that exhibits antioxidant activities [411]. DJ-1 is highly expressed in as-
trocytes in the frontal cortex and SNpc of idiopathic PD brains and is not an essential
component of Lewy bodies [412,413]. It is also involved in the regulation of apoptosis
and pro-survival signaling, autophagy, inflammatory responses, and protection against
oxidative stress [414,415]. In fact, DJ-1 overexpression protects against oxidative stress
while DJ-1 knockout increases oxidative stress-induced cell death [416–421]. It seems that
the cysteine residue at position 106 is required for DJ-1 mediated protection from oxida-
tive stress [411,422–424]. DJ-1 levels increase in response to oxidative stress caused by
dopamine to suppress ROS accumulation [425]. DJ-1 also functions as a redox-sensitive
chaperone that is activated in an oxidative cytoplasmic environment and can inhibit the
generation of α-syn aggregates [426,427]. It can directly interact with α-syn monomers
and oligomers, where mutant DJ-1 exhibits α-syn dimerization [428]. Furthermore, DJ-1
deficiency decreases LAMP2A expression, a receptor required for CMA-mediated α-syn
degradation, thus leading to α-syn accumulation [429]. It can also act as a glyoxalase III
to detoxify reactive dicarbonyl species, such as glyoxal and methylglyoxal into glycolic or
lactic acid in the absence of glutathione [430].

A deletion mutation in a Dutch family and a homozygous point mutation L166P in an
Italian family were identified to cause parkinsonism [431]. DJ-1 mutations only account
for less than 1% of all early onset PD cases [432]. The median age of onset for DJ-1 PD
is 27 years [433]. PD patients carrying DJ-1 mutations exhibit early onset of dyskinesia,
rigidity, and tremors and respond well to L-DOPA treatment [431,434,435]. Cognitive
deficits and psychotic disturbances typically arise later in disease progression [436]. The
L166P mutation abolishes DJ-1 dimerization, abrogating its neuroprotective activity [437].
Post-mortem brain tissue of a patient with L172Q DJ-1 mutation exhibited Lewy body
pathology [438]. The clinical manifestations of DJ-1 patients are like those with Parkin and
PINK1 mutations. However, compared to Parkin and PINK1, DJ-1 mutation carriers exhibit
a higher percentage of non-motor symptoms such as anxiety, cognitive decline, depression,
and psychopathic symptoms [433,439,440]. It has been reported that PD brains exhibit
decreased levels of DJ-1 mRNA and protein, but also show the presence of extra-oxidized
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DJ-1 isoforms [441] and that acidic isoforms of DJ-1 monomer were accumulated in sporadic
PD brains [442]. It remains unclear how DJ-1 contributes to PD pathogenesis.

20. DJ-1 Induced Pluripotent Stem Cell Models

Homozygous DJ-1 mutant iPSC-derived midbrain dopaminergic neurons exhibited
increased dopamine oxidation and neuromelanin-like pigmented aggregates compared
to an isogenic gene-corrected control [309]. Oxidative stress from dopamine metabolism
triggered mitochondrial oxidative stress, which was significantly attenuated by blocking
dopamine synthesis [309]. Dopamine-induced oxidative stress inactivated GCase inhibited
lysosomal function and led to increased expression of α-syn [309]. DJ-1 knockout iPSC-
derived dopaminergic neurons also exhibited enhanced α-syn fibril-induced aggregation
and neuronal death [443]. Other DJ-1 patient-specific iPSCs have been generated very
recently, but phenotypic analysis has yet to be performed [444–446].

21. DJ-1 Animal Models

DJ-1 knockout mice show mild motor deficits and altered nigrostriatal synaptic phys-
iology, but without dopaminergic neuron loss or significant change in dopamine lev-
els [417,447,448]. However, one report showed that the DJ-1 knockout mouse line exhibited
a loss of dopaminergic neurons in the ventral tegmental area and slight behavioral changes,
such as diminished rearing behavior and impaired object recognition [449]. It was also
observed that DJ-1 deficient mice exhibit alteration in dopamine metabolism, specifically
an increase in dopamine reuptake causing an accumulation of striatal dopamine [450]. The
higher overall level of oxidized dopamine did not result in neurodegeneration as seen in
PD patients and this may be due to the fact that human SNpc dopaminergic neurons have
higher overall dopamine levels than those in mice. A DJ-1 nullizygous mouse was fully
backcrossed with a C57BL/6 background and displayed dramatic early onset unilateral loss
of nigrostriatal dopaminergic neurons that progressed bilaterally with aging [451]. These
mice also exhibited age-dependent bilateral degeneration in the locus ceruleus nucleus
and displayed mild motor deficits. DJ-1 knockout mice also exhibited more microglial
activation, especially in response to lipopolysaccharide insult [452]. On the other hand, DJ-1
knockout rats showed significant age-dependent nigrostriatal dopaminergic neuron loss
(~50%) between 6 and 8 months of age, accompanied by motor deficits [360]. Furthermore,
mitochondria from DJ-1 knockout rats showed altered respiration compared to that of WT
rats [453].

22. Overall Discussion

As PD is primarily an idiopathic disease, the major challenge is in understanding
the interplay between genetic and environmental factors that influence susceptibility to
PD. In the last two decades, research into PD genetics has deepened our understanding
of PD risk, onset, progression, and therapeutic approaches. These studies have revealed
pathogenic pathways of neurodegeneration shared between inherited and sporadic PD. No
animal PD model is perfect as it is challenging to recapitulate the age of onset, the timing
of disease progression, and the spectrum of pathologies present in PD patients. Single
model modalities, such as neurotoxin models recapitulate neurodegeneration and PD-like
symptoms and are appropriate for addressing specific questions tailored to this model, as
is the case for the genetic models. Current research has been utilizing iPSCs for a disease-
in-a-dish approach. Isogenic gene-corrected cell lines offer unequivocal perturbations
caused by genetic mutations. Since iPSC-based in vitro models are patient-derived they
present many advantages including the ability to generate a variety of neural lineages
in 3D complex systems that serve to model the in vivo brain tissue cytoarchitecture for
studying pathogenesis. PD is not a single disease entity, but rather made up of subtypes
based on differences in the spectrum of symptoms and the nature and distribution of Lewy
body pathologies.Thus, it is necessary to combine iPSC-based in vitro models, ex vivo
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post-mortem brain specimens, and in vivo models to further our understanding of the
different cellular and molecular mechanisms underlying PD pathogenesis.
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Abstract: We investigated the presence of misfolded alpha-Synuclein (α-Syn) in minor salivary
gland biopsies in relation to substantia nigra pars compacta (SNc) damage measured using magnetic
resonance imaging in patients with isolated rapid eye movement sleep behavior disorder (iRBD) and
Parkinson’s disease (PD) as compared to healthy controls. Sixty-one participants (27 PD, 16 iRBD, and
18 controls) underwent a minor salivary gland biopsy and were scanned using a 3 Tesla MRI. Deposits
of α-Syn were found in 15 (55.6%) PD, 7 (43.8%) iRBD, and 7 (38.9%) controls using the anti-aggregated
α-Syn clone 5G4 antibody and in 4 (14.8%) PD, 3 (18.8%) iRBD and no control using the purified
mouse anti-α-Syn clone 42 antibody. The SNc damages obtained using neuromelanin-sensitive
imaging did not differ between the participants with versus without α-Syn deposits (irrespective
of the antibodies and the disease group). Our study indicated that the α-Syn detection in minor
salivary gland biopsies lacks sensitivity and specificity and does not correlate with the SNc damage,
suggesting that it cannot be used as a predictive or effective biomarker for PD.

Keywords: Parkinson’s disease; alpha-Synuclein; minor salivary gland biopsy; immunostaining;
microscopy; neuromelanin
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1. Introduction

Parkinson’s disease (PD) is the second most common progressive neurodegenerative
disorder after Alzheimer’s disease, affecting 1–2% of individuals over 60 years of age,
and increasing to 4–5% of the population by the age of 85 years [1]. According to the
clinical criteria of the Movement Disorders Society (MDS), the diagnosis of PD is based on
typical motor symptoms such as bradykinesia, rigidity, and tremor. However, non-motor
symptoms such as hyposmia, isolated rapid eye movement sleep behavior disorder (iRBD),
oral and gastrointestinal dysfunction, and depression can precede the onset of motor
symptoms by a decade. The accuracy of the clinical diagnosis of PD is estimated between
46% and 90% [2] and depends on prolonged clinical observation and clinical response to
Levodopa. Therefore, there is a critical need for reliable diagnostic biomarkers.

The pathological hallmark of PD is the degeneration of dopaminergic neurons in the
substantia nigra pars compacta (SNc) and the presence of intra-neuronal inclusions (Lewy
bodies) enriched in misfolded alpha-Synuclein (α-Syn) [3]. The accumulation of α-Syn is
not limited to the brain but also occurs in the peripheral autonomic nervous system that
innervates the skin, olfactory mucosa, gastrointestinal tract, salivary glands, retina, adrenal
gland, and heart in PD patients [3].

We investigated whether minor salivary gland biopsies (MSGBs) could be used as
an early predictive biomarker for the diagnosis of PD by investigating the presence of
misfolded α-Syn immunostaining in patients with early idiopathic PD and iRBD, a prodro-
mal form of α-synucleinopathies (PD, dementia with Lewy bodies, and multiple systemic
atrophy) compared to HC. In addition, we investigated whether the presence of α-Syn
immunostaining in MSGB was associated with more severe motor or cognitive disorders or
with the severity of lesions in the SNc using MRI measures. We explored the neurodegener-
ative changes in the SNc using neuromelanin-sensitive MRI in PD [4] and iRBD [5].

2. Materials and Methods

2.1. Standard Protocol Approval, Patient Consent, Funding

The study was sponsored by INSERM, approved by French regulatory authorities
and by the local Committee on Ethics and Human Research, and conducted in accordance
with the Declaration of Helsinki. All patients and HCs provided written informed consent
(CPP Paris VI, RCB 2014-A00725-42) for inclusion. All participants were fully informed
of assured anonymity, why the research was being conducted, how their data would be
used, and the associated risk. The study was funded by a grant from the French State
“Investissements d’Avenir” (ANR-10-IAIHU-06). Additional funding was obtained from a
grant from the France Parkinson Association and EDF foundation.

2.2. Subjects

Participants were included in the ICEBERG study (ClinicalTrials.gov Identifier:
NCT02305147), an ongoing observational, prospective, monocentric, four-year natural
history study including patients with PD, iRBD, and HCs conducted at the Paris Brain
Institute (Institut du Cerveau—ICM, Pitié-Salpêtrière Hospital, Paris, France). PD patients
were defined according to International Movement Disorders Society (MDS) criteria and
had less than 4 years disease duration at inclusion. All patients with iRBD were defined
by sleep neurologists (I.A. and S.L.S.) using polysomnography (i.e., tonic muscle atonia
greater than twice the minimal level during >50% of epochs, during >18% of REM sleep,
and/or behaviors on video during REM sleep) following the criteria of the International
Classification of Sleep Disorders, third edition (ICSD-3, 2014) [6]. All subjects are compre-
hensively assessed at baseline and every year thereafter. Subjects underwent clinical (motor,
neuropsychiatric, sleep, ocular, and cognitive evaluations) and imaging assessments. In
all participants, clinical, MRI, MSGB, and polysomnography evaluations were performed
during the inclusion visit. All participants signed informed consent.
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2.3. Clinical Assessment

The (part I–IV) Movement Disorders Society Unified PD Rating Scale (MDS-UPDRS) [7]
was carried out in all groups by movement disorder specialists (M.V., G.M., and J.-C.C.).
In the PD patients, the motor examination was carried out in the OFF-drug conditions,
after a 12 h interruption of the antiparkinsonian medication, and in the ON-drug condi-
tions after the administration of a single suprathreshold dose of antiparkinsonian medica-
tions. Dopaminergic drugs and doses were converted to levodopa-equivalent daily doses
(LEDD) [8]. Cognition was assessed using the Montreal Cognitive Assessment (MoCA)
(range 0–30) [9].

2.4. MRI Data Acquisition and Analysis

All subjects were scanned on a 3 Tesla Prisma MRI (Siemens, Erlangen, Germany) using
a 64-channel head coil for signal reception. The MRI protocol included a whole-brain T1-
weighted three-dimensional (3D) anatomical image acquired using magnetization-prepared
two rapid gradient echoes (MP2RAGE) and a T1-weighted two-dimensional (2D) turbo
spin echo (TSE) protocol for neuromelanin-sensitive imaging [4]. For the TSE acquisition,
the transverse slices were oriented perpendicular to the long axis of the brainstem, and
the field of view included both the SNc and the locus coeruleus. Briefly, two experienced
raters blind to the subject’s clinical status manually segmented the SNc (S.L., R.G.). A
background region comprising the tegmentum and superior cerebral peduncles was also
manually traced in order to obtain the signal-to-noise ratio (SNR) by normalizing the mean
signal in the SNc relative to the background signal as previously described [4]. A total of six
scans were not analyzed either due to image artifacts (one PD patient) or the unavailability
of MRI (three PD, one iRBD, and one HC). All analyses were performed using software
programs written with an in-house algorithm in MATLAB 9.3 (version R2017b; MathWorks
Inc, Natick, MA, USA), Statistical Parametric Mapping (SPM) (version SPM12, London,
UK, http://www.fil.ion.ucl.ac.uk/spm, accessed on 20 September 2022), FreeSurfer (v5.3.0;
MGH, Harvard, MA, USA, http://surfer.nmr.mgh.harvard.edu/, accessed on 20 September
2022), and FSL (Version 5.0; FMRIB Software Library, Oxford, UK).

2.5. Labial Salivary Gland Biopsy

After an anesthetic injection of lidocaine 2% into the inner side of the lower lip, a
0.5–1 cm horizontal incision was performed along the long axis of the lower lip mucosa just
lateral to the midline while stretching the lip, allowing the removal of one–two accessory
salivary glands with a scalpel, which were placed into a saline solution. Hemostasis was
achieved by maintaining pressure with gauze. No antibiotics or pain medications were
needed, and no adverse event was reported.

2.6. Immunohistochemistry

Small salivary gland biopsies were immersed in saline solution in a 4% buffered
formalin solution for less than 72 h and embedded in paraffin. Serial 5 μm-thick sections
were performed. To identify nerve fibers and α-Syn aggregates, immunohistochemistry
was performed with the following antibodies: anti-phosphorylated high and medium
molecular weight neurofilament (anti-NF) (clone SMI 310, mouse monoclonal, Biolegend,
dilution 1/4000), anti-aggregated-α-Syn (clone 5G4, amino acids 46–53, mouse monoclonal,
Merck, dilution 1/4000) [10], and anti-α-Syn (clone 42/Synuclein, amino acids 15–123,
mouse monoclonal, BD Transduction Laboratories, dilution 1/4000) [11]. Immunohisto-
chemistry was performed in a Nexes station automated system (Ventana Medical System,
Inc., Roche, Basel, Switzerland). A pre-treatment was performed using a proprietary high
pH buffer (pH8) (CC1). The detection of the anti-NF and the anti-α-Syn was performed
with the UltraView Universal DAB Detection Kit (Ventana Medical System, Inc., Roche,
Basel, Switzerland). The detection of the anti-aggregated-α-Syn was carried out with the
OptiView DAB Immunohistochemistry Detection Kit (Ventana Medical System, Inc., Roche,
Basel, Switzerland). The concordance between the two neuropathologists (C.D., S.B) who
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examined the slides blindly was 93%. The following variables were collected: lymphocytes
infiltrate, α-Syn aggregates, and neurofilaments (Supplementary Figure S1).

2.7. Statistical Analyses

In order to compare the SNc measurements and the presence of α-Syn deposits be-
tween PD, iRBD, and HCs, a general linear model (GLM) adjusted for age and gender
was performed, with identity link and normal distribution for the former and with logit
link and Bernoulli distribution for the latter. Post hoc Tukey HSD tests were performed
when the group effect was significant. Using Wilcoxon–Mann–Whitney tests, we conducted
separate analyses in the PD, iRBD, and HC groups to compare demographics, clinical
score, and SNc measurements between subjects who showed α-Syn deposits either using
α-Syn clone 5G4 or clone 42 antibodies to those who did not. Differences were considered
significant at p < 0.05. Statistical analyses were performed using R 4.1.2. (R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/, accessed on 20
September 2022).

3. Results

The study data were collected and managed using REDCap electronic data capture
tools hosted at the ICM [12]. There was no age difference between the PD, iRBD, and
HC groups, with a mean age of 64.5 ± 8.3 years old in the cohort (Table 1). There were
more men in the iRBD group than in the PD and HC groups. The PD patients had a
lower educational level than the iRBD patients. The PD patients had a mean age at
disease onset of 61.5 ± 9 years old, disease duration of 21.7 ± 12.8 months, and took an
LEDD of 342.3 ± 176.8 mg/d, including 77.4 ± 88.6 mg/d of dopamine agonists and
169.4 ± 178.7 mg/d of levodopa. Patients had iRBD for 88.3 ± 93.3 months and a mean
age at iRBD onset of 59.6 ± 10.7 years old. The cognitive scores did not differ between the
groups. The motor scores were worse in the PD than in the iRBD and HC groups. The non-
motor symptom scores of PD and iRBD patients differed from those of HC and were similar
between PD and iRBD for the Scales for Outcomes in Parkinson’s disease—Autonomic
(SCOPA-AUT), Non-Motor Symptoms Scale (NMSS), and the University of Pennsylvania
Odor Identification Test (UPSIT)—and differed from the HC group as reported in Table 1.
Deposits of α-Syn were detected in nerve fibers of the minor salivary glands in 15 (55.6%)
PD patients, (43.8%) iRBD patients, and 7 (38.9%) HCs using the anti-aggregated α-Syn
clone 5G4 antibody and in 4 (14.8%) PD patients, 3 (18.8%) iRBD patients, and no HC using
the purified mouse anti-α-Syn, clone 42 antibody (Supplementary Figure S1). No difference
was found between the three groups (α-Syn clone 5G4 antibody, p = 0.49; anti-α-Syn, clone
42 antibody p = 0.12). The SNRs were lower in the PD than in the other groups (mean
difference estimate (MDE) ± standard error (SE), vs. controls: −1.90 ± 0.61, post hoc
p = 0.009; vs. iRBD patients: −1.73 ± 0.68, post hoc p = 0.037) (Table 1). The volumes of the
SNc were also lower in PD and iRBD than in the controls but the difference did not reach
significance (Supplementary Figure S2). The comparison between subjects with α-Syn
deposits and subjects without α-Syn deposits in each group did not differ for disease course,
as well as clinical motor and non-motor symptoms scores, except for the olfaction scores,
which were higher in PD patients with misfolded α-Syn deposits (Table 2). In addition, no
difference in SNc volume and SNR were found in PD and iRBD, suggesting that there was
no relationship between neuromelanin loss and α-Syn deposition as evaluated by MSGB
(Table 2).
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4. Discussion

In this study, misfolded α-Syn deposits were found in the salivary glands of two-
thirds of the PD patients, half of the patients with iRBD, but surprisingly also in more
than one-third of HC, which is higher than in most previous studies [13,14], indicating
that these measures lack specificity at this age. These cases may be considered “incidental
or preclinical cases” given that post-mortem studies in the brain have shown Lewy body
pathology in about 10–20% of people over the age of 60 without parkinsonism or dementia
during their lifetime [15].

There were no differences for any SNc measures between subjects with vs. without
α-Syn deposits, regardless of the antibody used for the clinical group. The volumes of
the SNc were also lower in PD and iRBD than in HCs but the difference did not reach
significance. These results indicate an absence of a link between neuromelanin loss in the
SNc and α-Syn deposits in the salivary glands.

Although the procedure was safe, our results suggested that MSGB lacks sufficient
accuracy to detect α-Syn deposits in salivary glands in PD and in iRBD, thus it cannot
be considered a useful and relevant biomarker of synucleinopathy. The sensitivity and
specificity of the measures of α-Syn deposits in the MSGB were disappointing, as reported
in unlike previous studies.

The abnormal accumulation of α-Syn around gland cells was reported in minor
salivary glands in PD patients but in none of the HCs [16,17]. Another study found an
abnormal accumulation of α-Syn in 3 out of 16 PD patients, and 2 out of 11 HCs exhibited
weak phosph-α-Syn [13]. In another study, the ratio of nerve fibers immunoreactive to α-
Syn was slightly decreased in seven PD patients as compared to seven HCs [18]. Conversely,
Ser129-phosphorylated-α-Synuclein immunoreactive nerve fibers were identified in five
of seven PD cases but no HCs [18]. Phosph-α-Syn was detected in 31 of 62 patients with
iRBD, in 7 of 13 patients with PD, in 5 of 10 patients with dementia with Lewy bodies, and
in 1 of the 33 HCs [14].

The differences between our results and those of previous studies using MSGB are
likely due to different methods used to search peripheral Lewy bodies, including biological
specimen collection techniques, biopsy locations, histological methods, observation, and
experience criteria.

Many studies have shown that submandibular gland biopsy is more sensitive and
specific than the MSGB in the diagnosis of PD. α-Syn aggregates were detected in the nerve
fibers of the glandular parenchyma in 8 (89%) of 9 patients with iRBD and 8 (67%) of 12
with PD, but none of the HCs [19]. In an autopsy-based study of submandibular glands,
Lewy pathology was present in all PD patients (nine of nine cases) and incidental Lewy
body disease (two of three cases) but not in multiple system atrophy or HC [11]. Using
sections of large segments (simulating open biopsy) and needle cores of submandibular
glands from 128 subjects, immunoreactive phosph-α-Syn-positive nerve fibers were present
in all 28 PD patients and three patients with Alzheimer’s disease and Lewy bodies, but
none in HCs. Cores from frozen submandibular glands were positive for phosph-α-Syn in
17 of 19 PD patients [20].

Based on these results, needle core biopsy of submandibular glands and MSGB was
performed in patients with PD showing 9/12 biopsies positive for phosph-α-Syn (75%)
while only 1/15 MSGB were positive (6.7%) [21]. Subsequently, a study of submandibular
gland needle biopsies from patients with early PD (<5 years of disease duration) showed
positive staining in 14 of 19 patients (74%) and only 2 of 9 HCs (22%) [22].

Another factor of variability comes from the wide range of available antibodies that
have been used in the different studies depending on the divergent fixation, epitope
exposure, and signal development methods [23]. It is noteworthy that some studies looked
for α-Syn and others for phosph-α-Syn. However, it became clear that peripheral α-Syn is
detectable even in HCs. Therefore, previous studies suggested using antibodies against
phosph-α-Syn with proteinase K pretreatment, since phosph-α-Syn is expressed at very low
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levels in normal controls, and proteinase K is able to digest normal α-Syn. They concluded
that phosph-α-Syn is the best hallmark for α-Synucleinopathy [20].

Baseline reductions in neuromelanin-based SN volume and signal intensity were ob-
served in early PD (although not significant), as reported previously in de novo patients [24]
and early PD [25] and in line with histological studies [26]. In previous studies, volume
reductions correlated positively with disease duration [27,28]. iRBD patients also displayed
lower neuromelanin volume and signal intensity than healthy controls [4,5]. The lack of
significance in PD and iRBD was probably due to the small number of subjects [4].

5. Limitation of Study

Our study has several limitations including a small sample size of each subgroup and
a small number of labial salivary glands analyzed. The short disease duration of PD and the
realization of the MSGBs at the time of the inclusion visit are limiting factors in interpreting
our results. It would have been interesting to perform again MSGBs at a later stage to
investigate whether the presence of peripheral α-Syn changed over time. The choice of
antibodies could also explain the differences observed between studies. For our study, we
performed immunohistochemistry with two -Syn antibodies: (a) clone 42/-synuclein [11],
which is a highly sensitive antibody and has been previously described to detect -Syn
pathological aggregates in the submaxillary gland and peripheral nervous system, (b) 5G4
clone [10] which also has high sensitivity and detects the oligomeric and fibrillary forms of
-Syn but not the normal soluble monomeric form of the protein. The latter was employed
in substitution of the phosph-α-Syn, expecting to observe a higher number of cases with
pathology while preserving the specificity of the detection of the pathological aggregates.

6. Conclusions

In recent years, a major research effort has been made to find biomarkers that would
allow an accurate and early diagnosis of synucleinopathies. Recent immunohistochemistry
studies have demonstrated, with varying success, that accumulation of α-Syn also occurred
in the peripheral autonomic nervous system that innervates the skin, olfactory mucosa,
gastrointestinal tract, retina, adrenal gland, and heart in PD [3] as well as in human fluid
(saliva, red blood cells, and cerebrospinal fluid) in iRBD patients [29,30]. Therefore, further
explorations aimed at studying the pathological protein by non-immuno-histochemical tech-
niques and characterizing the inflammatory infiltrate in peripheral tissues from multiple
organs in combination with human fluid are needed. Novel methods for pathological α-Syn
detection in human tissues, including real-time quaking-induced conversion (RT-QuIC) and
protein misfolding cyclic amplification (PMCA), seem to have higher diagnostic sensitivity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13101715/s1, Figure S1: Immunohistochemistry of minor
salivary glands in a PD patient. Figure S2: Manual tracing of the SNc in neuromelanin-sensitive
images: neuromelanin images of a representative PD (left column), an iRBD patient (middle column)
and an HC (right column).
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Abstract: The increased incidence and the significant health burden associated with Parkinson’s
disease (PD) have stimulated substantial research efforts towards the identification of effective
treatments and diagnostic procedures. Despite technological advancements, a cure is still not available
and PD is often diagnosed a long time after onset when irreversible damage has already occurred.
Blood transcriptomics represents a potentially disruptive technology for the early diagnosis of PD.
We used transcriptome data from the PPMI study, a large cohort study with early PD subjects and
age matched controls (HC), to perform the classification of PD vs. HC in around 550 samples. Using
a nested feature selection procedure based on Random Forests and XGBoost we reached an AUC
of 72% and found 493 candidate genes. We further discussed the importance of the selected genes
through a functional analysis based on GOs and KEGG pathways.

Keywords: blood transcriptomics; Parkinson’s disease; machine learning; xgboost; feature selection;
oxidative stress; inflammation; mitochondrial dysfunction

1. Introduction

Parkinson’s disease (PD) is a chronic, degenerative disease of the central nervous
system with a pattern of incidence that increases with age; as the population ages, its
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burden is poised to increase [1]. Despite considerable research efforts, PD is incurable;
available treatments can only help manage the symptoms, and its diagnosis often occurs
a long time after onset after substantial loss of function of substantia nigra dopamine
neurons [2].

Massively parallel analysis of cellular RNAs can provide an unbiased set of biomarkers
of PD and can generate hypotheses about disease mechanisms. It may be particularly useful
for decoding a disease with considerable environmental and epigenetic contributions
not readily explained by variations in the genomic fingerprint such as PD [3]. Brain
transcriptomics has already shown its potential to uncover the functional mechanisms at
the basis of this disease although its signal is confounded by underlying differences in cell
type composition and it can only be performed after death [4]. Whole blood transcriptomics
represents a convenient and less invasive alternative to brain transcriptomics for early
PD diagnosis, as blood is a readily accessible peripheral biofluid and blood and brain
share significant transcriptional profile similarities [5,6] although more investigations
are needed in this field. A number of experimental observations have shown molecular
and biochemical changes in the blood cells of PD subjects [7,8] and RNA-sequencing
experiments on blood leukocytes have revealed the diagnostic potential of long non coding
RNAs (lncRNAs) [9]. Some studies have identified biomarkers from blood that are robust
and have great potential for helping reduce misdiagnosis [10–12].

As high throughput technologies such as transcriptome sequencing can now generate
huge amounts of biological data at relatively low costs, the processing and extraction of
relevant signal requires the adoption of artificial intelligence methodologies. A number
of Machine Learning (ML) approaches have been undertaken for PD classification that
use as input vocal and gait [13] or neuroimaging [14] features, or genetic risk scores from
Genome Wide Association Studies (GWAS) studies [15] and microarray transcriptional
profiles [16,17]. We used advanced Machine Learning techniques for feature selection and
classification of early (drug-naive) PD patients and healthy controls (HCs) using gene
expression data from blood RNA sequencing.

For blood transcriptomics, experience suggests that large cohorts are needed, and that
drug-naive patients should be used, as medications certainly affect gene expression [18].
Microarray assays for whole blood transcriptomics have been used to classify early stage
drug-naive PDs vs. HCs [19,20] with a small number of samples (less than 50 PD sub-
jects), while previous experiments with a large number of samples used PD subjects on
dopaminergic medication [17].

Given the importance of using large cohorts of drug-naive patients, we used open
access gene expression data from the Parkinson’s Progression Markers Initiative (PPMI),
an international study that has enrolled the largest to date cohort of untreated PD patients
(around 430 subjects) across multiple sites (www.ppmi-info.org/data accessed on 11 March
2022) [21].

2. Materials and Methods

2.1. PPMI Data

We downloaded PPMI whole blood transcriptome data from the LONI Image and
Data Archive (IDA) (data dowloaded in July 2021). From the available set of sequenced
samples, we selected 579 samples collected from different individuals, namely 390 subjects
in the early PD cohort and 189 age-matched subjects in the HC cohort. Therefore the dataset
consisted of twice as many PD cases as HCs. Each sample had expression values (read
counts) for a total of around 60,000 transcripts. The early PD cohort included subjects
with PD that were not treated with dopaminergic medications, that were not carriers of
‘LRRK2’, ‘GBA’ or ‘SNCA’ mutations, and that did not have a first relative with one or
more mutations. Sequence data had been aligned to GRCh37(hs37d5) by STAR (v2.4K) [22]
using exon-exon junctions from GENCODE v19 and gene count data had been obtained
via featureCounts [23] by the same GENCODE annotations. Samples that failed quality
control were excluded [24].
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Subject metadata that we downloaded from the PPMI website included biological
variables such as age, sex, clinical site and clinical measures of motor symptoms such as in-
dicators of tremor dominant (TD) or postural instability gait difficulty (PIGD), of non motor
symptoms such as categorical REM sleep behavior disorder (RBD), of cognitive impairment
(CI) such as the Montreal Cognitive Assessment or MoCA index (adjusted for education),
and of olfactory function (UPSIT or University of Pennsylvania Smell Identification Test
score). Additional metadata included technical variables such as, for instance, RIN (RNA
integrity number), percent usable bases, total number of reads, sequencing plate. Table 1
reports some statistics on the metadata.

Table 1. Relevant clinical, pathological and technical metadata of the cohort divided by disease status.

Variable PD HC

Gender (male %) 252/390 (64%) 123/189 (65%)
Age at enrollment 62 ± 10 61 ± 11
Disease duration 2 ± 2 -

RBD 37% 20%
TD 70% 13%

Number of sites 25 23
MoCA ≤ 26 (CI-adjusted for education) 33% 0.5%

RIN 8 ± 1.7 8 ± 1.7

For up-to-date information on the study and for access to the data, visit www.ppmi-
info.org accessed on 11 March 2022.

2.2. Overview of the Methodology

Our computational workflow consists of three main phases: (i) a first preprocessing
phase, which was essential to manage the informative content of highly heterogeneous
and computationally demanding data such as transcriptomes; (ii) a second learning phase,
which exploited a feature importance evaluation embedded in a Random Forest (RF) classi-
fication procedure [25,26] and whose best features were used to feed an eXtreme Gradient
Boosting (XGBoost) algorithm [27]; (iii) finally, an unbiased evaluation of classification per-
formances and of the set of important features obtained through a nested cross-validation
scheme. A schematic overview of our workflow is presented in Figure 1. A detailed
description of the previously mentioned processing steps is presented in the following
methodological subsections.

Figure 1. Schematic workflow of the performed analyses. The main phases are: (i) preprocessing,
(ii) learning and (iii) performance evaluation.
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For all analyses we used R version 4.0.3, packages xgboost v1.6.0.1, caret v6.0-90,
and Bioconductor packages DESeq2 v1.30.1, limma v4.46.0, enrichR v3.0, AnnotationDbi
v1.52.0, and org.Hs.eg.db v3.12.0. The code used to conduct this research is available upon
request.

2.3. Empowering Informative Content of Gene Expression Values

The first phase of our workflow consists of multiple preprocessing procedures. This
phase is essential given the large number of features, namely gene expression values based
on the GENCODE v19 comprehensive annotation. A number of label independent filtering
steps, where the labels are “PD” and “HC”, were required to extract informative content.

First, we selected only transcripts corresponding to protein coding genes and long
intergenic non-coding RNAs (lincRNAs). Second, we discarded 2667 transcripts driving
technical variance [24], which left us with 18,727 protein coding genes and 7444 lincRNAs.
Third, we removed lowly expressed genes, by keeping only genes that had more than
five counts in at least 10% of the individuals, which left us with 21,273 genes. Fourth,
we estimated size factors, normalized the library size bias using these factors, performed
independent filtering to remove lowly expressed genes using the mean of normalized
counts as a filter statistic. This left us with 12,612 genes. Finally, we applied a variance
stabilizing transformation to accommodate the problem of unequal variance across the
range of mean values. We used DESeq2 to perform theses steps [28].

Afterwards, we used control samples to estimate the batch effect of the site, that we
subsequently removed in both controls and cases [29] using limma [30]. To perform this step
we removed subjects from sites with no control samples or with only one control sample,
i.e., sites “14” (1 sample), “26” (16 samples), “55” (4 samples), and “59” (10 samples), see
Figure 2.

site

nu
m

be
r 

of
 s

am
pl

es

10
0

20
40

10 12 13 14 15 16 17 18 19 20 21 22 23 25 26 27 28 29 30 51 52 53 54 55 59

PD
HC

Figure 2. Samples were collected across 25 different sites labeled with an integer number. Sites
“14”, “26”, “55”, and “59” had 0 or 1 control sample only (horizontal dotted line) and were excluded
from the classification analysis as batch effects due to site could not be estimated and therefore
corrected for.

After this step, we were left with a total of 548 samples. Then we removed further
confounding effects due to sex and RIN value, again with limma. Thus, for the subsequent
analyses we considered a database including 548 subjects described by 12,612 genes.
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2.4. Differential Expression Analysis

Before moving to the second phase of our workflow, namely the learning phase (see
next section), we performed differential expression (DE) analysis, which is a classical and
univariate approach towards the identification of biomarkers from RNASeq data. We
will also test the performance of our ML approach (XGBoost) when we used as input the
set of DE genes obtained with DESeq2 instead of the set of genes selected with RF. In
the discussion we will contrast the results of this univariate approach with results from
our machine learning multivariate approach. For DE analysis we used DESeq2 [28], a
popular tool. As it is standard procedure, we used as input to the algorithm counts prior
to independent filtering, batch correction and variance stabilization and defined a design
matrix with four variables: the normalized RIN value, factor site, factor gender and the
disease label. For the comparison between PD and HC, DESeq2 returns a positive fold
change value to indicate an increase of expression of a gene in PD subjects vs. HC, and a
negative fold change to indicate a decrease in expression. It also uses a shrinkage procedure
to combine information from multiple genes, but its approach is univariate as it tests
each gene individually for DE using a beta binomial generalized linear model. DESeq2
corrects for multiple testing using a Benjamini–Hochberg adjusted p-value. Genes with
adjusted p-value < 0.05 are called significantly differentially expressed in the two classes.
We will evaluate the fold change of genes with its associated error and adjusted p-value
and compare results with a multivariate analysis that uses Machine Learning algorithms.

2.5. A Robust Learning Scheme

After performing DE analysis, we moved to the second phase of our workflow, the
learning phase.

Our filtering procedure described in Section 2.3 had already significantly reduced the
amount of gene expression to consider. Nonetheless, we designed and implemented an
additional feature selection procedure (nested within the learning phase) to further reduce
the number of genes with the two-fold goal of enhancing classification performances and
optimizing model interpretability.

Within a repeated stratified (to tackle the control-patient mismatch) 10-fold cross-
validation framework (20 iterations), we trained multiple RF models (100 repetitions,
where each repetition used a different seed of the random generation process) to evaluate
permutation feature importance measures. We chose RF for two main reasons: on the one
hand, RF is easy to tune as it only depends on two parameters, namely the number of trees
to grow and the number of features randomly selected at each split; on the other hand, RF
is an extremely efficient algorithm on high dimensional data. Each forest was grown using
1000 trees, a sufficient value to allow the algorithm to reach a stable plateau of the out-of-bag
internal error. The features selected at each split were

√
f with f being the overall number

of genes, which is the default value for this parameter. As already mentioned, another
important advantage of the RF classifier is its embedded feature importance evaluation;
during the training phase, the algorithm can assess how much each feature decreases
the impurity of a tree, or the likelihood of incorrect classification of a new instance of a
random variable and then can make an average over all trees [26]. Using this embedded
feature importance procedure, we determined the overall feature importance ranking by
averaging over the 100 repetitions. Then, a subset of size C of the most important features
was used to train an XGBoost model; the XGBoost classification performance was evaluated
on the validation set, for the twenty 10-fold cross validation iterations, in order to obtain an
unbiased performance evaluation. As with RF, the XGBoost algorithm belongs to the set
of learning approaches called ensemble, which combines and manages the predictions of
several weak models to obtain a more robust model. While RF relies on bagging (Bootstrap
aggregation), XGBoost exploits the Gradient Boosting framework. In the Gradient Boosting
method, new models are applied to predicting residuals or errors of previous models and
then added together to obtain the final predictive model. This approach implements a
gradient descent algorithm to minimize the loss when including new models [27].
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Overall, our procedure is very robust because, in addition to the high number of
iterations implemented, we also use two different classification algorithms in the training
and test phases which makes the results independent from the model. Then, to compare
the performance of the ML approach to the performance of a simpler XGBoost classification
algorithm that uses as input features the set of DE genes obtained with DESeq2, we trained
the algorithm on 90% of the data and tested it on 10%.

Finally, we tested if the predicted probability of the algorithm was different between
PD subjects with different endo-phenotypes: (i) MoCA ≤ 26 and MoCA higher than
26; (ii) PDs with RBD an PDs without RBD; (iii) PDs with TD and PDs with PIGD or
undetermined; (iv) PDs with Normosmia and PDs with Hyposmia or Anosmia; (v) PD
subjects belonging to different age categories, namely age ≥ 56 and age < 56.

2.6. Performance Evaluation

The last phase of our workflow is performance evaluation. A binary classification
problem has only two class labels; therefore, the resulting model decisions can fall into
four categories: true positives (TP) when the model correctly predicts the positive class,
erroneous positive predictions (false positives, FP) and, analogously, true negatives (TN)
and false negatives (FN).

Given these four cases, one can define several metrics; in particular, we considered
here [31]:

• Accuracy
TP + TN

TP + TN + FP + FN
;

• Sensitivity
TP

TP + FN
;

• Specificity
TN

TN + FP
;

• Balanced Accuracy
Sensitivity + Speci f icity

2
;

• F1
2TP

2TP + FP + FN
;

• Area Under the Receiver Operating Characteristics (ROC) Curve (AUC), which plots
sensitivity against specificity by varying the decision threshold.

Sensitivity and specificity evaluate how well the model performs on the positive
and the negative class, respectively. The other metrics provide an overall performance
evaluation. Although these “overall” metrics are roughly equivalent, their values can ease
the comparison of our results with the state-of-the-art.

3. Results

3.1. Evaluating the Informative Content of Transcriptomic Data

The first research question addressed by this work concerned the evaluation of the in-
formative content provided by blood transcriptomic data. We first assessed the informative
content through a univariate DE analysis and we found a total of 1368 up-regulated genes
and 911 down-regulated genes with an adjusted p-value less than 0.05. Of the DE genes,
however, only one gene, namely ‘RAP1GAP’, had a log fold change (lfc) higher than 0.5
in absolute value (lfc = −0.65 ± 0.15, adjusted p-value∼10−5). In general, the DE signal,
except for this gene, was very low.
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We then evaluated the informative content of blood transcriptomic data using a
multivariate ML procedure and the classification AUC as a performance measure, see
Figure 3.
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Figure 3. In black, the median AUC over 20 runs of 10-fold cross validation; in red, the median
AUC ± its mean absolute deviation; in blue, the number of features (genes) where the maximum
median AUC (72%) was reached. For each run, we collected the AUC values obtained at different
thresholds C (or equivalently a different number of genes) and we interpolated these values to
build a curve. Then we obtained the black curve as the median of 20 curves, one for each 10-fold
Cross-Validation (CV) run.

Figure 3 shows the cross-validation median AUC with its mean absolute deviation for
a different number C of input features. The maximum median AUC of 72% with a mean
absolute deviation of 1.5% is reached with a number of input features equal to C = 493.
Despite classification results should depend on the number of features (genes) used to
learn the model, this analysis shows that over an extremely broad range of features the
informative content remains stable and accurate. For what concerns the other classification
metrics obtained using the previously mentioned 493 features, a detailed overview is
presented in Table 2.

Table 2. Average performances of XGBoost over 20 runs of 10-fold cross validation.

Mean Standard Deviation

AUC 71.3 1.2
Accuracy 69.3 1.2
Sensitivity 81.7 1.6
Specificity 45.5 2.3

Balanced Accuracy 63.6 1.3
F1 77.8 0.9
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The model is generally accurate, as shown by “global” metrics (AUC, F1, accuracy); it
is worth noting the performance drop revealed by the balanced accuracy, which reflects
the data imbalance. The same consideration holds for the performance gap in terms of
sensitivity and specificity.

We tested the performance of an XGBoost classification algorithm that used as input
features the set of DE genes obtained with DESeq2. We obtained an AUC of 64%, which is
considerably lower than the performance of our ML approach based on RF and XGBoost,
which proves how a multivariate ML model can be more effective on this type of data
compared to classical DE approaches.

A final note on the performance of the algorithm with respect to PD endo-phenotypes.
The predicted probability of the algorithm was higher for PD subjects in different age
categories: the algorithm had an average predicted probability higher for PD individuals
with age ≥ 56 (p-value 0.004, Wilcoxon test, average predicted probability = 0.77 for
age < 56 and 0.84 for age ≥ 56), while there was no significant difference between PD
subjects belonging to the other considered endo-phenotypic classes.

3.2. Evaluating Gene Importance

As the RF feature importance procedure in principle returns a different feature ranking
at each iteration (both because of the different cross-validation splits and intrinsic RF
variability), we designed an experiment to investigate which were the most important
genes for classification. Provided that the highest performance value was obtained with
493 features, within the cross-validation scheme, we evaluated the probability that an input
feature (gene) is one of the top 493 genes, see Figure 4.
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Figure 4. Histogram of the frequency of occurrence of the top 493 genes over 20 repetitions. At each
repetition we collected the 493 most important genes; over 20 repetitions we gathered in total around
800 genes, many of which (365) appeared in all 20 repetitions.

Among the most frequently selected genes, the 20 most important genes (according
to the average importance ranking) are listed in Table 3; a list with the genes that have
been selected in at least 70% of the iterations is presented in Table A1. This list includes
434 protein coding genes and 61 are lincRNAs (lincRNAs are marked with an asterisk).
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Table 3. List of the 20 most important protein coding genes and lincRNAs, ordered by importance.
LincRNAs are marked with an asterisk. For each gene, four attributes are listed: (i) Up-arrow/Down
arrow: significant over/under-expression in PD subjects compared to HC; (ii) HGCN HUGO Gene
Nomenclature Committee symbol (or Ensembl ID when missing); (iii) Average XGBoost importance
over 20 runs of 5-fold cross validation; (iv) Number of times that a gene is selected over 20 runs of
feature selection. For a more complete list, including the genes that are selected 70% of the times, see
Table A1.

e Symbol imp f e Symbol imp f

↑ MYOM1 82.1 20 ↑ SLC25A20 62.7 20
NRM 46.4 20 ↓ PHF7 45.9 20

↑ ENSG00000277763 * 39.4 20 ICA1 36 20
↑ CPT1A 33.8 20 LINC02422 * 33.3 20

GSTM1 32.4 20 PCDHGA6 31.6 20
AK5 31.5 20 ↓ GCNT2 29.9 20

CERS4 29.7 20 ↓ YJU2 29.4 20
SURF6 27.7 20 ENSG00000281181 * 26.7 20

ENSG00000285774 * 26.7 20 ↑ ENSG00000272688 * 26.2 20
SERF1B 25.8 20 ENSG00000284773 25.7 20

LincRNAs are marked with an asterisk.

3.3. Gene Set Enrichment Analysis

We performed KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway and
GO (Gene Ontology) functional annotation enrichment analysis with respect to biological
processes, cellular components and molecular functions using enrichR [32] on the list of
most frequent genes (Table A1). Figures 5–7 report all the resulting significant groups at a
False Discovery Rate (FDR) < 0.05; no GO molecular function was significant.
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Figure 5. List of all the GO Biological Processes that are enriched in the selected genes, with the
respective number of genes belonging to each term. The analysis was performed with enrichR at an
FDR < 0.05.
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Figure 6. List of all the GO Cellular Components that are enriched in the selected genes with the
respective number of genes belonging to each term. The analysis was performed with enrichR at an
FDR < 0.05.
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Figure 7. List of all the KEGG pathways that are enriched in the selected genes with the respective
number of genes belonging to each term. The analysis was performed with enrichR at an FDR < 0.05.
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4. Discussion

4.1. A Robust Machine Learning Model

With the robust methodology we implemented, we identified a set of around 500 genes
that could discriminate between PD and HC with an AUC of 72%. Over 20 runs of cross
validation (Figure 3) the AUC had a slightly increasing pattern for increasing values of
C, and reached a maximum at a number of features C = 493, then slowly decreased. This
behavior showed that the informative content of the selected genes was stable and accurate.
While there was an imbalance between sensitivity and specificity, it was moderate and,
if needed, this discrepancy could be mitigated with additional under-sampling of over-
sampling techniques that could be embedded in the described methodology.

Comparing our performance with the state-of-the-art is not straightforward because of
the nature of the data and because of ongoing research in the area. A comparable study on
a large cohort of 523 individuals performed on blood microarray gene expression data and
using Support Vector Machines reports an AUC of 79% on the validation set and of 74% on
the test set [17]. However in that study PD subjects with a positive family history were not
excluded and most importantly PD patients were treated with dopaminergic medication.
Dopaminergic medication alters gene expression and thus confounds the underlying signal:
higher discriminative performances are to be expected but are misleading.

A multivariate study not yet published [33] and performed on the same PPMI cohort as
ours used a multi-modal approach that combines the informative content of transcriptomics,
clinico-demographic data, genome sequencing data, and poligenic risk scores (PRS). To
compare our results with theirs, we considered their transcriptomics-only model. They
used Support Vector Machines (but they tested and tuned 12 different ML algorithms) and
divided the PPMI cohort at baseline into a training (70%) and a validation set (30%), then
they tested the resulting model on independent data from the PDBP (Parkinson’s Disease
Biomarkers Program) cohort, although performances of the uni-modal model were not
reported for this test set. After careful preprocessing, where they used limma to adjust for
additional covariates of sex, plate, age, ten principal components, and percentage usable
bases and then normalized counts, they used significantly over- or under-expressed protein
coding genes as determined through logistic regression (p-value < 0.01) on the training
set as input features to a Support Vector Machine classification algorithm. Using only
transcriptome data they reached an AUC of 79.73% on the validation set, 73.89% accuracy,
54.60% balanced accuracy, 97% sensitivity, and 12% specificity. When they combined
transcriptomics with the other multi-modal data using a union of the features as input
features; after tuning, they reached an AUC of 85.03%, 75% accuracy, 68.09% balanced
accuracy, 93% sensitivity and 43% specificity on the independent test set and determined,
by comparing the relative importances of the input features, that the UPSIT score, as well
as PRS, contributed most to the predictive power of the model, but the accuracy of these
were supplemented by many smaller effect transcripts and risk SNPs.

The strength of our work is its high balanced accuracy in delineating cases and
controls and its robustness. Our feature selection procedure identified a robust set of
around 500 genes listed in Table A1 that may have some impact on PD biology.

4.2. Candidate Genes, GOs and KEGG Pathways

Accurate characterization of the selected genes and of significantly enriched gene sets
is beyond the scope of this paper; however, we report a few comments on the enrichment
analysis and a few notes on the selected genes.

Our analyses revealed a number of significant functions and pathways, some of which
have already been linked to the pathogenesis of PD, such as oxidative stress, inflammation,
mitochondrial and vesicular dysfunction, as well as associations between PD and diseases
such as diabetes mellitus or inflammatory bowel disease (IBD) (see Figures 5–7). Oxida-
tive stress plays an important role in the degeneration of dopaminergic neurons [34]; its
involvement in PD is further substantiated by Reactive Oxygen Species (ROS) induced
Parkinsonian models and elevated oxidative markers in clinical PD samples [35]. Glu-
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tathione (GSH) is a ubiquitous thiol tripeptide that protects against oxidative stress-induced
damage by neutralizing reactive oxygen species; its deficiency has been identified as an
early event in the progression of PD [36]. Inflammation is another important contributor to
the pathogenesis of the disease [37]. Interestingly, our GO analysis has identified biological
processes that involve neutrophils. A very recent meta-analysis studying the association be-
tween the neutrophil-to-lymphocyte ratio (NLR), a well-established indicator of the overall
inflammatory status of the organism, and clinical characteristics in PD has demonstrated
that PD patients have an altered peripheral immune profile [38]. Neuronal expression of
major histocompatibility complex I (MHC-I) and II (MHC-II) also play a neuroinflammatory
role in PD [39,40]. The MHC gene family encodes molecules on the surface of cells that
enable the immune system to recognize presented self- and foreign-derived peptides. MHC
class II-positive microglia are a sensitive index of neuropathological change and are actively
associated with damaged neurons and neurites in PD [41]. Mitochondrial dysfunction is
another pathway that has been implicated in the pathophysiology of PD through both
environmental exposure and genetic factors. The discovery of the role of the PD familial
genes ’PTEN’-induced putative kinase 1 (PINK1) and parkin (PRKN) in mediating mi-
tochondrial degradation reaffirmed the importance of this process in PD aetiology [42].
Vesicular dysfunction is another known contributor of PD [43]. Finally, diabetes mellitus and
inflammatory bowel diseases (IBD) are known PD risk factors. In fact, population-based cohort
studies indicate that diabetes and IBD are associated with increased PD risk by about
38% [44] and 22% [45], respectively.

A few notes on the set of genes selected follow. In Table 3 we reported the first 20 most
important protein coding genes and lincRNAs in our analysis. We included lincRNAs
because long non coding RNAs in general assume various roles, which include regulatory
roles, and can thus modulate gene expression of protein coding genes; also they are very
relevant in neurobiology, as many are associated with neurological pathologies [9].

‘MYOM1’, Myomesin1, the most important gene, is a protein coding gene and is
up-regulated in PD subjects. Noticeably, ‘ENSG00000272688’ (Lnc-MYOM1-4) falls within
an intron of MYOM1 and is the fifth most important lincRNA; gene ‘MYOM2’ is also in
the list of selected genes and was selected in all the 20 repeated runs. Gene ‘MYOM1’ is
significantly up-regulated in human substantia nigra pars compacta from PD patients [46]
and is also one of the most important genes in [33], together with ‘SQLE’, ‘LGALS2’, and
‘NCR1’. The intersection between our and their set might be larger as in that paper only 29
out of a much larger set of genes selected are reported. Gene ‘SLC25A20’, Solute Carrier
Family 25 Member 20, the second most important gene, was up-regulated in PD, and was
one of the nine PD biomarkers identified by Jiang et al. [47], which used a meta-analysis
of microarray gene expression data from [17,48,49]. ‘PTGDS’, another gene in our set,
was also one of these nine biomarkers. In our set of genes, 6 other genes, ‘SLC18B1’,
‘SLC25A3’, ‘SLC11A2’, ‘SLC25A25’, ‘SLC25A43’, ‘SLC38A11’ belong to the solute carrier
(SLC) superfamily, one of the major sub-groups of membrane proteins in mammalian cells.
Their role in neurodegenerative disorders is described thoroughly in [50]. ‘NRM’, the third
most important gene, the integral nuclear membrane protein Nurim, plays a role in the
suppression of apoptosis [51], and apoptosis is the main mechanism of neuronal loss in
Parkinson’s disease [52]. ‘PHF7’, PHD Finger Protein 7, is a candidate gene for a PD risk
locus identified with a meta-analysis of genome-wide association studies [53]. Both protein
coding gene ‘NUP50’ (Nucleoporin 50) and lincRNA ‘NUP50-DT’ (‘NUP50’ divergent
transcript) are in our gene list. ‘CERS4’, Ceramide Synthase 4, is involved in Sphingolipid
metabolism and its relation to PD is described in [54]. Dysregulation of metabolic pathways
by carnitine palmitoyl-transferase 1 ‘CPT1A’ plays a key role in central nervous system
disorders [55].

Gene ‘RAP1GAP’ has been identified by both the DE analysis and the ML methodology
(it is selected 20 times over 20 repetitions) (see Table A1). This gene is under-expressed in
PD subjects and has a role in orchestrating the development and maintenance of different
populations of central and peripheral neurons [56].
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4.3. Final Considerations

Two final comments. First, the performance of a classification algorithm that used
as input features DE genes, as found by DESeq2, showed much lower performances
compared to those obtained with the set of features selected with the ML algorithm, thus
confirming the validity of our methodology and the importance of using ML models with
gene expression data from RNA sequencing of whole blood where the signal is significantly
low. Furthermore, we notice how some of the genes selected by the ML algorithm are not
DE between the class of PD and the class of HC subjects (see Table A1) but nonetheless
contain a relevant signal.

Last, the different average predicted probability between subjects that falls in different
age of onset classes (early-onset and late-onset PD subtypes) could reflect the heterogeneity
of PD at different ages. In fact, it has been observed that PD patients with older age onset
have more severe motor and non-motor burdens and a more widespread involvement of
striatal structures [57].

5. Conclusions

We used a robust ML approach to make predictions on PD from whole blood ex-
pression data. The studied cohort included 390 early stage drug-naive PD subjects and
189 age-matched HCs. After careful preprocessing, including batch correction and indepen-
dent gene filtering, we used a feature selection procedure based on RF and re-sampling and
an XGBoost algorithm to evaluate PD vs. HC classification performances within a nested
10-fold cross validation scheme. We explored classification performances for different
values of C, the number of features selected, and identified a set of around 500 genes listed
in Table A1 that corresponded to maximum discriminative power. We also performed an
enrichment analysis on this set of genes and identified significant GO terms and KEGG
pathways, many of which are in line with the current literature on PD, although further
analysis of these sets is needed and is outside the scope of our work. A strength of our
methodology is its robustness. The balanced accuracy of our algorithm compares favorably
with the state-of-the-art.

This area of research is cutting edge and requires further investigation. A possible
extension of our work could be the evaluation of the predictive power of the selected set of
genes on an independent dataset. We are also working on a multi-modal approach that
combines transcriptome data with epigenomic data (and other data possibly) with the final
aim of increasing the predictive performances of our model.
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Appendix A

Algorithm A1 Pseudocode.
1: Let F be the total number of features
2: for r = 1 to 20 do
3: Divide data into 10 stratified folds using random seed r
4: for fold k = 1 to 10 do
5: Set fold k as validation_set and the remaining 9 folds as training_set
6: for s = 1 to 100 do
7: Divide training_set into 5 stratified folds using random seed s
8: Take 4 of the folds as the new training set
9: Train a RF on this training set with 1000 trees

10: for f = 1 to F do
11: Set is_outlierr,s, f = 0
12: Estimate importancer,s, f
13: end for
14: Evaluate thr,s = MEDIAN( f )(importancer,s, f ) + 1.5 * IQR( f )(importancer,s, f ) where MEDIAN( f )

means median over the F values of f
15: for f = 1 to F do
16: is_outlierr,s, f = IFELSE(importancer,s, f > thr,s, 1, 0)
17: end for
18: end for
19: for f = 1 to F do
20: Set percentage_outlierr, f = 0
21: for s = 1 to 100 do
22: percentage_outlierr, f += is_outlierr,s, f
23: end for
24: end for
25: for C = 1 to 100 do
26: Evaluate is_selectedr, f ,C = IFELSE(percentage_outlierr, f > C, 1, 0)
27: Train XGBoost on the training_set using only features f with is_selectedr, f ,C=1
28: Estimate performance ROCAUCr,k,C on the validation_set
29: end for
30: end for
31: end for
32: for C = 1 to 100 do
33: Evaluate m_ROCAUCr,C = MEDIAN(k)(ROCAUCr,k,C) over the 10 values of k
34: end for
35: for C = 1 to 100 do
36: Evaluate m_ROCAUCC = MEDIAN(r)(ROCAUCr,C) over the 20 values of r
37: end for
38: Let C∗ = ARGMAXC(m_ROCAUCC)
39: for f = 1 to F do
40: Set count_selected f = 0
41: for r = 1 to 20 do
42: count_selected f += is_selectedr, f ,C∗
43: end for
44: end for
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Abstract: Parkinson’s disease (PD) is a disorder characterized by a triad of motor symptoms (akinesia,
rigidity, resting tremor) related to loss of dopaminergic neurons mainly in the Substantia nigra pars
compacta. Diagnosis is often made after a substantial loss of neurons has already occurred, and while
dopamine replacement therapies improve symptoms, they do not modify the course of the disease.
Although some biological mechanisms involved in the disease have been identified, such as oxidative
stress and accumulation of misfolded proteins, they do not explain entirely PD pathophysiology,
and a need for a better understanding remains. Neurodegenerative diseases, including PD, appear
to be the result of complex interactions between genetic and environmental factors. The latter can
alter gene expression by causing epigenetic changes, such as DNA methylation, post-translational
modification of histones and non-coding RNAs. Regulation of genes responsible for monogenic forms
of PD may be involved in sporadic PD. This review will focus on the epigenetic mechanisms regulating
their expression, since these are the genes for which we currently have the most information available.
Despite technical challenges, epigenetic epidemiology offers new insights on revealing altered biological
pathways and identifying predictive biomarkers for the onset and progression of PD.

Keywords: Parkinson’s disease; Parkinson’s and related diseases; epigenetic; neurodegeneration;
DNA methylation; histone modification; genetic; RNA-based gene regulation

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease, characterized by progres-
sive degeneration of the dopaminergic neurons of the Substantia nigra pars compacta. Its
pathology is multifactorial; influenced by both environmental and genetic determinants [1].
Several pathogenic mutations have been linked to autosomal dominant or recessive forms
of PD. The discovery of these genes allowed a new insight into the pathophysiology of
this disorder [2]. Pathological hallmarks of PD include the presence of cytoplasmic inclu-
sions, called Lewy bodies (LB), mainly composed of aggregated αsynuclein (α-Syn) [3].
Multiplication and point mutations of SNCA encoding α-Syn are now recognized to cause
autosomal dominant PD and they are suspected of promoting α-Syn aggregation. The
PINK1, PARKIN and DJ1 genes encode for proteins required by mitochondria, which are
essential components of neurons for ATP synthesis, calcium storage, lipid metabolism
and neuronal survival [2,4]. The fact that mutations in these genes lead to PD is a strong
argument that mitochondrial dysfunction is involved in the pathophysiology of PD.
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Genetic mutations account for only 10% of patients with PD, and therefore environ-
mental exposure seems to play a major role in PD [2]. Epigenetic modulation of gene
expression by environmental factors is increasingly studied. Epigenetic regulation involves
different mechanisms such as modification of the histones of chromatin and DNA methyla-
tion changes [5]. Chromatin is a dynamic scaffold and modification of its main components,
the histones, can modulate gene expression [6]. The effect of histone modification is me-
diated either by directly affecting the structure of chromatin, by disrupting the binding
of proteins that associate with chromatin or by attracting certain effector proteins to chro-
matin [5]. Histone acetylation decreases the compression of chromatin and promotes gene
transcription. Methylation of histone H3 lysine 4 (H3K4), H3K36 and H3K79 are marks of
transcriptional activation, whereas methylation of H3K9, H3K27 and H4K20 are repressive
modifications of transcription, involving the recruitment of methylating enzymes and HP1
to the gene promoter [7].

Direct DNA methylation is also a key epigenetic mechanism regulating gene ex-
pression. It is a reversible modification of DNA, which consists of the addition of a
methyl group to the fifth carbon position of a cytosine, converting it to 5-methylcytosine
(5mC). The transfer of a methyl group is carried out by DNA methyltransferase (DNMT)
enzymes [8]. This epigenetic mark is frequently found within a 5’-Cytosine-phosphate-
Guanosine sequence, called a CpG site [9]. DNA methylation is not homogeneously
distributed in the genome, CpG sites are clustered in sequences called CpG islands (CGI).
Methylation of promoter-associated CGIs can impair transcription factor binding or recruit
repressive binding proteins, thus reduce gene expression [10]. Cytosine methylation is
mediated by DNMTs, which can be classified as de novo (DNMT3A and DNMT3B) and
maintenance (DNMT1) [11].

Epigenetic regulation is also closely linked to non-coding RNAs. Non-coding RNAs
are classified according to their size, with small RNAs less than 200 nucleotides long and
long non coding (LncRNAs) longer than 200 nucleotides [12]. Among the small non-coding
RNAs, microRNAs (miRNAs) are the most studied. Mature miRNAs bind to comple-
mentary sequences of the target messenger RNA (mRNA), often in the 3′ untranslated
region (3’UTR), and can increase mRNA degradation but also inhibit translation without
reducing mRNA expression [13,14]. The regulation of gene expression by Long non-coding
RNAs (LncRNAs) is not yet fully understood. However, they appear to be important
genomic regulators, from the epigenetic to the post-translational level [15].

Epigenetic mechanisms influencing the development of sporadic PD have yet to be
identified. Genes involved in monogenic forms of PD could be over- or under-expressed in
the sporadic form compared to the general population without PD (controls). In the context
of altered expression of these genes in sporadic forms, it can be assumed that epigenetic
mechanisms may be involved in this dysregulation (Table 1).

We will review here the differences in the expression of these genes between sporadic
human PD and controls. We will then consider whether histone modification, DNA
methylation but also miRNA expression could account for the difference in expression.
Finally, we will discuss whether the observed changes are epiphenomena or are an integral
part of the pathophysiology of the disease.
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2. α Synuclein

2.1. Function and Subcellular Distribution of α-Syn in PD

α-Syn, encoded by SNCA, is a small protein expressed abundantly in neurons of the
central nervous system and located mainly at the presynaptic level [42]. In addition to the
synaptic localization, the protein has been detected in the nucleus, explaining the name
“synuclein” [43,44]. α-Syn is predominantly a soluble and highly mobile protein and since
its molecular weight is less than the nuclear pore cutoff (∼40 kDa), α-Syn can enter the
nucleus by simple diffusion [44].

In PD, α-Syn monomers assemble into insoluble β-sheets-rich fibrils that together
compose Lewy bodies (LB) [42]. It is assumed that the pathogenicity of α-Syn is caused
by its accumulation and oligomerization preceding the formation of aggregates [45]. Post-
mortem brain analysis of subjects without synucleopathy revealed that physiological α-Syn
expression is lower in brain regions not subjected to LB accumulation [46].

The N-terminal domain of α-Syn allows its association with anionic phospholipids,
preferentially binding to small vesicles [47,48]. It has been shown that α-Syn is involved in
the regulation of synaptic vesicle trafficking and neurotransmitter release [42]. The associa-
tion of α-Syn with lipids seems essential to allow the oligomers of this protein to disrupt
the membranes and, consequently, to induce a dysfunction of the vesicular systems [49].
Several studies have reported that SNCA point mutations located in the N-terminal region
of α-Syn p.A30P, p.A53T and G51D induce an increase in nuclear localization of α-Syn
compared to the wild-type protein [42]. This data suggests that the N terminal region
is functionally involved in the subcellular distribution of α-Syn. Other mechanisms pro-
posed to be involved in its subcellular distribution include interactions with nuclear or
cytoplasmic proteins, e.g., TRIM28 and oxidative stress [18,24,25].

The nuclear function of α-Syn is undetermined, but the presence of α-Syn in the
nucleus seems to promote neurotoxicity, whereas cytoplasmic sequestration is protective
in both cell culture and Drosophila [50]. This finding has also been supported by other
studies involving SIRT2 inhibition [51].

2.2. Overexpression of α-Syn in PD

SNCA associated PD is characterized by duplications or triplications of the SNCA
locus with the number of SNCA alleles correlating with the amount of α-Syn overexpression
and also the severity of the clinical phenotype [52,53].

Correspondingly, the development of sporadic PD might be associated with increased
SNCA expression or impairment of protein clearance mechanisms. However, studies on
SNCA mRNA in brain regions of sporadic PD patients and controls are discordant, with
some studies revealing even a decrease in SNCA expression in the Substantia nigra of PD
patients [54]. A limitation of these studies is that the brain examination is performed at a
late stage of the pathology, and due to neurodegeneration, the SNCA mRNA level might
reflect expression in the remaining cells but not the expression in the affected neurons [54].
A study of surviving dopaminergic neurons laser-captured from the substantia nigra of
post-mortem brains revealed an increase in SNCA mRNA in PD subjects compared to
controls [16]. A splice variant of the SNCA gene, SNCA-126, has also been shown to be
overexpressed in the Substantia nigra of PD patients [55]. In a study, the level of α-Syn
protein was also modestly increased in the Substantia nigra of PD patients compared to
controls [56].

Moreover, single nucleotide polymorphisms (SNPs) of SNCA have been identified in
genome-wide associations studies (GWAS) as a risk factor that increases susceptibility to
developing sporadic PD [57]. Among these variants a singular SNP, rs356168, in a non-
coding distal enhancer element of SNCA leads to an increase in expression of α-Syn [58].

2.3. Epigenetic Regulation of SNCA Expression in Sporadic PD

DNA methylation of SNCA was reported to modulate its expression [17]. Hypomethy-
lation in intron 1 of SNCA was observed in multiple brain regions of PD patients and was
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associated with increased SNCA expression in vitro [17,18]. Among the regulators of DNA
methylation, DNMT1 appears to play an important role in SNCA expression. DNMT1
is mainly located in the nucleus of neurons and α-Syn aggregation leads to cytoplasmic
sequestration of DNMT1 in animal models and patient brains [59] (Figure 1). This mech-
anism might explain the DNA hypomethylation at the SNCA gene and increased SNCA
transcription. Hypomethylation of the SNCA promoter and increased SNCA expression
in methamphetamine-exposed rats appears to be mediated by decreased occupancy of
DNMT1 in the SNCA promoter region [60]. These observations were further associated
with decreased nuclear localization of DNMT1 [60]. However, it is uncertain whether
the observed hypomethylation is the response to cytoplasmic sequestration of DNMT1 or
whether this mechanism is involved in the pathogenesis of the disease.

Figure 1. Epigenetic mechanisms and dysregulation of α synuclein. Abbreviations: 5′UTR: 5′ untrans-
lated region; 3′UTR: 3′ untranslated region; 1–6: exon 1 to 6; CGI: CpG island; AAA: polyadenylation;
DNMT1: DNA methyltransferase 1; mRNA: messenger RNA; miRNA: microRNA; TSS: transcription
start site.

Hypomethylation of SNCA intron 1 has also been found in peripheral tissues of
PD patients such as blood samples, peripheral blood mononuclear cells (PBMCs) and
leukocytes [19–21]. The study of white blood cell SNCA methylation in healthy patients
revealed a decrease in SNCA methylation with age [61]. Among healthy individuals,
women had higher methylation of SNCA than men, which may contribute to the lower
incidence of sporadic PD in women [61,62]. Furthermore, SNCA methylation in peripheral
blood of sporadic PD patients was increased with higher doses of L-dopa and concordantly,
L-dopa induced SNCA intron 1 methylation was observed in cultured mononuclear cells
from PD patients [61]. These interesting findings highlight how environmental factors are
correlated with epigenetic modifications.

An analysis of SNCA histone architecture in post-mortem midbrain samples found that
three histone modifications, H3K4 trimethylation (H3K4me3), H3K27 acetylation (H3K27ac)
and H3K27me3, were preferentially enriched in SNCA regulatory regions [63] (Figure 2).
H3K27ac and H3K4me3 promote transcription and show a peak around the transcription
start site [63]. Concordantly, a H3K27ac rich sequence was previously identified within the
SNCA locus [64]. The involvement of histone modification in SNCA expression was first
reported in a patient heterozygous for the SNCA p.A53T mutation. The repression of the
mutated allele in this subject was not due to DNA methylation but due to histone deacety-
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lation. The use of histone deacetylase (HDAC) inhibitor in cell models reactivated the
mutated allele expression [65]. Epidemiological studies have shown that β-2 adrenergic re-
ceptor antagonists increase the risk of developing PD. Acetylation of H3K27 SNCA histones
was proposed as the possible mechanism by which Adrenergic β2 receptor antagonists,
potentially via inhibition of the β2-adrenergic receptor pathway, leads to accumulation of
α-Syn [66]. However, the analysis of post-mortem midbrain samples found no significant
difference for H3K27ac between PD subjects and controls [63]. While the histone mark
H3K4me3 was enriched at the SNCA promoter in post-mortem brain samples from PD
patients compared to controls. Furthermore, higher levels of H3K4me3 correlated with
higher levels of α-Syn [63].

Figure 2. Distribution of histone modifications in the SNCA gene. Abbreviations: 5′UTR: 5′ untrans-
lated region; 3′UTR: 3′ untranslated region; 1–6: exon 1 to 6; TSS: transcription start site. Histone
modifications, H3K4me3 (green), H3K27ac (blue) and H3K27me3 (red), in the SNCA gene from
Substantia nigra tissues of two healthy adult postmortem brain samples. Adapted from Roadmap
Epigenomics Database.

In addition, a-Syn itself is thought to play a role in regulating transcription through
histone modification. It has been reported that nuclear α-Syn leads to transcriptional
repression of PPARGC1A, encoding PGC-1α, potentially through decreased levels of hi-
stone acetylation. PGC-1α is a primary mitochondrial transcription factor involved in
the regulation of mitochondrial biogenesis and oxidative metabolism [67,68]. It has been
shown in mice that repression of PGC1-a by the PARIS protein leads to progressive loss of
dopaminergic neurons [69].

2.4. Non-Coding RNAs Regulating SNCA Transcription

Translation of SNCA mRNA in the cytoplasm is regulated by specific miRNAs. It
has been found that miR-7 and miR-153 binds directly to the 3′-UTR of SNCA mRNA,
destabilizing the mRNA and significantly reducing its levels [70,71]. Neurotoxin 1-Methyl-
4-Phenyl-Pyridinium (MPP+) induced decrease in miR-7 expression possibly contributes to
increase SNCA expression in vitro and in mice [70]. In contrast, overexpression of miR-7 or
miR-153 in cortical neurons by viral transduction showed a protective effect against MPP+
toxicity [72]. In vitro, miR-7 accelerates the clearance of α-Syn; an effect that seems to be
mediated by its activation of autophagy [73].

Two other interesting mi-RNAs with multiple potential associations in the patho-
genesis of PD are miR-34b/c. Reduced expression of these miRNAs were reported in
the amygdala, Substantia nigra, frontal cortex and cerebellum of PD patients compared
to controls [22]. A decrease in these miRNAs was also observed in the putamen of PD
patients [74]. Depletion of miR-34b/c in differentiated SH-SY5Y neurons resulted in re-
duced cell viability, mitochondrial dysfunction and oxidative stress, and a slight decrease
in DJ-1 and Parkin expression [22]. On the other hand, a study found that inhibition of miR-
34b/c which targets the 3′-UTR of SNCA mRNA is associated with increased expression of
mRNA SNCA and protein expression [75]. Alternative polyadenylation can lead to different
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3′UTR lengths and at least five different 3′UTR lengths of SNCA transcripts have been
reported [76]. SNCA transcript with longer 3′UTRs may promote protein accumulation
and mitochondrial localization [76]. A study using luciferase-SNCA full length 3′UTR
reporter vector reported that a miR-34b-mimic induced translation of the long 3’UTR SNCA
transcript [76]. In addition, it has been shown that very low frequency magnetic fields
decrease the expression of miR-34b/c in vitro [77]. This modulation could be attributed to
CpG hyper-methylation within the miR-34b/c promoter observed with exposure to these
fields [77].

Other non-coding RNAs might participate in the regulation of SNCA expression
such as RP11–115D19.1. The expression levels of RP11-115D19.1-003 in the brains of
healthy donors and PD patients were strongly and positively correlated with those of
SNCA [78]. Knockdown of this LncRNA in a cell model led to an increase in SNCA
expression, suggesting its repressive effect on SNCA expression [78].

2.5. Interplay between Epigenetic Mechanisms in the Regulation of SNCA

Different epigenetic mechanisms are involved in the regulation of α-Syn expression,
however, the relative weight of each is not determined. Histone modifications such as
H3K9me3, H3K27me3 and H4K20me1 cause local chromatin condensation and could lead
to an easily reversible repression of gene expression [79,80]. DNA methylation appears
to lead to long-term stable gene repression. As H3K4me3 is present in most of CGIs,
regardless of whether the associated gene is actively transcribed or not, there appears to
be a dependency between these two mechanisms [81]. H3K4me3 is particularly enriched
in unmethylated CGIs, which may allow the maintenance of DNA hypomethylation and
shape a chromatin environment that favors transcription [81]. This is consistent with
the observations of DNA hypomethylation and H3K4me3 enrichment on the SNCA gene.
However, variability in a-Syn expression was observed despite enrichment of H3K4me3
at the SNCA promoter, raising suspicion of complementary mechanisms. A multivariate
analysis considering the level of different epigenetic mechanisms could be interesting to
better discern the involvement of these mechanisms.

3. LRRK2

3.1. LRRK2 Protein Function and Localization

LRRK2 mutations induce the autosomal-dominant form of familial PD [82]. LRRK2
encodes a serine/threonine kinase called dardarin, after the Basque word for tremor. The
native protein appears to transit between a monomeric and dimeric form [83,84]. LRRK2 is
involved in many cellular functions such as regulation of neurite growth and cytoskeletal
dynamics, maintenance of lysosomal function, and synaptic vesicle endocytosis (SVE) [85].
After neurotransmission, the replenishment of synaptic vesicles with neurotransmitters is
ensured by the SVE [86]. Some proteins involved in SVE such as synaptojanin 1 (SYNJ1),
auxilin (DNAJC6), and endophilin A1 (SH3GL2) are also LRRK2 substrates [86]. Phos-
phorylation of these proteins by LRRK2 appears to result in SVE dysfunction [87]. The
G2019S mutation is the most common LRRK2 mutation. This mutation located in the
kinase domain results in an increased kinase activity of the protein and could be toxic
by a gain-of-function mechanism [88] (Figure 3). In a Drosophila model of PD, G2019S
LRRK2 mutation suppresses the functions of let-7 miRNA and miR-184*, which regulate the
translation of the E2F1/DP complex involved in cell cycle driving [89]. Moreover, LRRK2
also regulates gene transcription through the phosphorylation of HDAC3 by promoting
histone deacetylation. In particular, LRRK2 leads to transcriptional repression of MEF2D,
a gene associated with neuronal survival [90]. In addition to the G2019S mutation, at
least six pathogenic LRRK2 mutations have been identified as causative for PD that induce
autosomal dominant PD [91]. The presence of non-coding variants in LRRK2 in sporadic
PD, suggests that altered transcription of this gene is associated with the pathophysiology
of sporadic PD [92].
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Figure 3. Current known variants in LRRK2 illustrated at the protein level (image obtained from
MDS genes). The protein kinase domain of the LRRK2 protein where the G2019S mutation is located
is visible in pink in the figure.

It was reported that LRRK2 mRNA and protein levels differ between brain regions,
with expression in target areas of the dopaminergic system, such as the striatum and
frontal cortex, whereas neurons in the Substantia nigra showed very low mRNA and protein
expression levels [93,94]. Consistent with this, immunohistochemical analysis of LRRK2
protein in Substantia nigra dopamine neuron bodies found no signal in either controls or
PD cases [23].

3.2. Regulation of LRRK2 Transcription

LRRK2 protein expression was higher in the frontal cortex and striatal neurons of
sporadic PD patients compared to controls, in contrast to mRNA levels which did not
vary between patients and controls [23]. In the frontal cortex of sporadic PD patients, an
increase in LRRK2 expression was correlated with a decrease in miR-205. miR-205 is able to
bind to the 3’UTR of LRRK2 mRNA and suppress its expression [23]. In neuronal cultures
expressing the LRRK2 R1441G mutation, overexpression of miR-205 protected them from
neurite growth defects [23]. The mechanism of miR-205 depletion in PD patients is, however,
undetermined. In cancer, epigenetic modifications such as histone modification and DNA
methylation, but also microenvironmental changes such as hypoxia, inflammation, and
cytokines, contribute to miR-205 dysregulation [95]. It has been suggested that miRNA
expression can be regulated by hypoxia in a tissue-specific manner [96]. MiR-205 was found
to be induced by hypoxia in cervical and lung cancer cells, potentially through suppression
of the apoptosis-stimulating protein p53-2 [97]. Furthermore, miR-205 expression was
found upregulated in thymic epithelial cells following inflammatory responses where it
helps to preserve the maturation of T cells in response to inflammation [98].

The transcription factor Sp1 promotes LRRK2 expression [99]. However, it has been
shown that Sp1 induction also activates miR-205 expression [95], which may be a feedback
mechanism for LRRK2 overexpression.

LncRNAs also appear to play a role in the regulation of LRRK2. The LncRNA HOTAIR
has been shown to increase LRRK2 mRNA stability and increase its expression. HOTAIR
is upregulated in neurons of MPP+-induced PD mice while its knockdown provides
protection against MPP+-induced neuronal apoptosis [100].

3.3. LRRK2 in Immune Cells

LRRK2 is also expressed in immune cells (lymphocytes, monocytes, neutrophils and
also microglia) where its expression is tightly regulated by immune stimulation, implicating
its potential role as a regulator of immune responses [83,101]. LRRK2 expression is higher
in lymphocytes and inflammatory monocytes of late-onset PD patients compared to age-
matched individuals, suggesting the role of inflammation in the development of PD [24].
This could explain why hypomethylation of the LRRK2 gene is observed in leukocytes from
PD patients [21]. LRRK2 is also expressed in primary microglia from adult mice and it is
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upregulated upon IFN-y stimulation or lipopolysaccharide (LPS) treatment [102]. An iPSC
study revealed that basal LRRK2 mRNA expression was lower in sporadic PD microglia,
and after treatment of the cells with LPS, sporadic PD microglia had a significantly lower
amount of LRRK2 protein than control microglia [103]. However, the mechanisms linking
LRRK2 downregulation to microglia dysfunction in PD remains to be elucidated.

4. Dysregulation of Genes Involved in Recessive Forms of PD

Genes involved in recessive forms of PD such as PRKN, PINK1 and DJ-1 are essential
for physiological mitochondrial function.

4.1. Expression Profile of PRKN and Its Regulation

PRKN encodes Parkin, an E3 ubiquitin ligase. Parkin ubiquitinates various proteins,
thereby promoting their proteasomal degradation. One of its roles is to control mito-
chondrial biogenesis, notably mediated by its influence on PGC1-α by ubiquitinating its
repressor, PARIS [104]. In addition, Parkin is involved in cell survival signaling path-
ways [105].

With a genomic sequence above 1.38 Mb, the PRKN gene is the second largest in the
human genome widely expressed in the brain [106]. More than 170 PRKN mutations have
been associated with PD, including point mutations and genomic rearrangements [70].
In vitro, it has been reported that some mutations in PRKN result in a loss of the ubiquitin–
protein ligase activity of Parkin [107]. A deletion in the promoter regions of PRKN resulting
in the absence of the PRKN mRNA transcript has been associated with an early form of
PD [108]. Parkin haploinsufficiency has also been identified as a risk factor for familial
PD with a tendency towards an earlier age of onset [109]. Inactivation of PRKN in mice
resulted in motor and cognitive deficits [110]. Overexpression of parkin or restoration of its
activity leads to a protective effect against neurodegeneration in cell culture and in animal
models [111–113]. These observations suggest that reduced expression of PRKN might
confer a risk for developing PD. Post-translational modifications of Parkin induced by
oxidative and nitrosative stress (sulfonation and S-nitrosylation) are increased in the brain
of PD patients. It has been shown that these changes lead to a disruption of the E3 ligase
activity of parkin and a dysfunction of the ubiquitin–proteasome system [114,115].

In addition, sulfonation and S-nitrosylation of Parkin alter the solubility of the protein,
promoting its intracellular aggregation [115,116]. The decrease in the availability of soluble
Parkin through aggregation could be involved in the pathophysiology of the disease.

The study of PRKN expression is complicated by the presence of different PRKN
mRNAs due to alternative splicing of the gene [117]. To date, 26 PRKN transcripts have
been identified, corresponding to 21 different alternative splice variants [118]. The pattern
of PRKN expression differs between tissues and cells, with distinct splice variants in human
brain regions and leukocytes [117]. Alternative splicing of non-coding sequences can
influence the stability, translational activity and subcellular localization of transcripts; [119]
while alternative splicing of coding sequences can generate protein isoforms with different
biological properties. Alternative splicing could be regulated by LncRNA [120].

Distinct Parkin isoforms have been found to be differentially expressed in specific
regions of the rat brain [121] and several isoforms of Parkin have been identified in human
blood cells [122]. These observations suggest that the profile of Parkin isoforms may differ
between human cells and tissues [118]. Parkin isoforms may have different subcellular
locations as well as different functions. Recently it has been shown that intranuclear Parkin
could change the transcriptional activity of genes involved in regulating multiple metabolic
pathways through interaction with transcription factors [123].

4.2. Role of Parkin and Its Epigenetic Regulation in Sporadic PD

Even though reduction of PRKN is potentially involved in the pathophysiology of
monogenetic forms of PD, PRKN expression does not appear to be decreased in the sporadic
form. TV3 and TV12 variants of PRKN, resulting from alternative splicing, were overex-
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pressed in the frontal cortex of sporadic PD compared to controls [25], suggesting a change
in the expression pattern of PRKN. Another study reported that 3, 7, and 11 PRKN tran-
scripts were overexpressed in the striatum and cerebellar cortex of PD patients compared
to controls [124].

Studies on small cohorts of PD patients revealed no differences in PRKN methylation
levels in blood and brain [26,27]. A recent study of blood samples from 91 early-onset PD
patients showed hypomethylation of the PRKN promoter in this group compared to healthy
controls [28]. However, this hypomethylation may not explain a reduction in PRKN expres-
sion and could rather correspond to a compensatory mechanism. Data comparing samples
of PD patients and healthy subjects revealed a reduction in miR-181a in the serum [29]
and a reduction in miR-218 in the brain of PD patients [30]. In vitro, overexpression of
miR-181a and miR-218 each, induced a reduction in PRKN mRNA [125,126]. Among the
miRNAs increased in brain or plasma samples from PD patients, some showed in silico
binding sequences to PRKN 3’-UTR mRNA. It was confirmed that a selected miRNA,
miR-103a-3p [31], directly regulates PRKN mRNA translation leading to a downregulation
of Parkin protein level [127]. Furthermore miR-103a-3p inhibition improved mitophagy
and had neuroprotective effects in PD models in vitro and in vivo [127].

4.3. PINK1 Expression in PD Patient Brains

The PINK1 gene encodes a PTEN-induced serine kinase located in mitochondria that
protects against mitochondrial dysfunction and regulates the mitochondrial fission/fusion
mechanism. PINK1 is imported into the mitochondria and rapidly cleared by the protea-
some. However, stress factors can lead PINK1 to accumulate in the outer mitochondrial
membrane. PINK1 will then homodimerize, resulting in autophosphorylation, which
promotes kinase activation and facilitates binding to its substrates Parkin and ubiqui-
tin [104]. Parkin activation forms ubiquitin chains and this mechanism allows more Parkin
to be recruited to the mitochondria, amplifying the damage detection signal. By ubiq-
uitinating various proteins in the outer mitochondrial membrane, Parkin then initiates
mitophagy (Figure 4). Alteration of this pathway can lead to the accumulation of dysfunc-
tional mitochondria which may contribute to the loss of dopaminergic cells [104].

Most PINK1 mutations are point mutations, small insertions or deletions, however,
deletions of the entire gene and large complex rearrangements have also been reported [107].
By affecting several mitochondrial phases, including fission, fusion and mitophagy, PINK1
mutations could lead to respiratory chain dysfunction and impaired ATP production [128].

The full-length form of PINK1 (FL-PINK1) imported into mitochondria undergoes
proteolysis to produce Δ1-PINK1 which is then relegated to the cytosol and interacts
with Parkin [129]. Binding of Δ1-PINK1 to Parkin impairs the recruitment of Parkin
to mitochondria and represses mitophagy [129]. In the brains of PD patients, level of
PINK1 mRNA were reported to not differ significantly from those of healthy subjects [33].
Accordingly, a recent study found no difference in PINK1 methylation in the brains of PD
patients compared to controls [34].

NFκB levels are elevated in dopaminergic neurons of Parkinson’s disease patients,
reflecting an apoptotic and inflammatory state. In vitro PINK1 expression appears to be
positively regulated by NFκB. An increase in Δ1-PINK1 level has been reported in the
Substantia nigra of post-mortem PD patient brains compared to controls [32]. PINK1 transla-
tion appears to be critical for the accumulation of the protein during mitochondrial damage.
It has been reported that miR-27a/b represses PINK1 expression by direct binding to the
3′UTR of its mRNA. PINK1 accumulation upon mitochondrial damage was regulated by
miR-27a/b expression levels. The latter inhibits PINK1 translation suppressing autophagic
clearance of damaged mitochondria. Furthermore, miR-27a/b expression is increased
under chronic mitophagic flux, suggesting a negative feedback regulation between PINK1-
mediated mitophagy and these miRNAs [130]. Studies have reported a decrease in miR-27a
in PBMCs as well as in cerebrospinal fluid in early-onset PD compared to controls [35,36].
The implication of this observation in the pathophysiology is still unclear.
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Figure 4. Scheme of mitophagy induced by PINK1 and Parkin. Abbreviation: u: ubiquitin. Under
stress factors, PINK1 accumulates and recruits Parkin to the outer membrane of mitochondria. PINK1
and Parkin signaling allows autophagosome formation. Fusion of the autophagosome with the
lysosome leads to mitophagy.

4.4. Regulation of DJ-1 Expression

DJ-1 is expressed in many tissues and cells, including neurons and glial cells [131].
DJ-1 has an antioxidant function, notably through the elimination of reactive oxygen
species (ROS) [132]. In the presence of oxidative stress, cytoplasmic DJ-1 is translocated to
the outer mitochondrial membrane and is thought to play a role in neuroprotection [133].
Different isoforms of DJ-1 have been identified in brain tissue. Analysis of post-mortem
brain samples revealed a decrease in DJ-1 mRNA and protein, as well as the presence
of extra-oxidized DJ-1 isoforms in subjects with PD compared to controls [37]. Acidic
isoforms of the DJ-1 monomer were selectively accumulated in the brains of sporadic PD
patients compared to controls [134]. Depletion of DJ-1 in vitro increases the sensitivity
of cells to oxidative stress [135]. However, no significant association was found between
polymorphisms within the DJ-1 gene promoter and the risk of PD [136].

At the epigenetic level, the DNA methylation of DJ-1 promoter in leukocytes was not
different between PD patients and controls [38]. One brain-enriched miRNA, miR-494, was
reported to bind to the 3′ UTR of DJ-1 mRNA and reduce its level [137]. After treating
SH-SY5Y cells with MPP+, miR-494-3p expression was increased [138]. In addition, mice
overexpressing miR-494 treated with MPTP showed decreased expression of DJ-1 with
exacerbated degeneration of DA neurons and worsened motor impairment [138].

By binding to the 3’UTR of DJ-1 mRNAs, another miRNA, miR-4639-5p, represses
DJ-1 translation. Overexpression of miR-4639-5p in MPP+-treated SH-SY5Y cells results
in reduced DJ-1 protein and increased vulnerability to cellular stress [39]. miR-4639-5p
expression was higher in the plasma of PD patients than in controls, suggesting its potential
role in the pathophysiology of PD [39].
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5. GBA a Risk Factor for PD

In PD, clearance of the autophagy–lysosome pathway has been shown to be inefficient,
since pathological aSyn can potentially compromise several stages of this pathway [86].
Mutations in the GBA gene encoding the lysosomal enzyme, glucocerebrosidase (GCase)
involved in the lysosomal storage disorder, Gaucher’s disease, have been identified as
the most common PD risk factor, highlighting the key role of lysosomal dysfunction in
PD [86]. Post-mortem brain analysis revealed a decrease in GCase protein level and activity
with increased α-Syn levels in PD patients compared to controls [40]. However, this
decrease in the GCase activity does not seem to correlate with a low level of GBA mRNA
expression [40,41].

To date, whole genome methylation studies have not demonstrated differential methy-
lations of the GBA gene [28]. It was shown that miR-127-5p decreases GCase activity and
protein levels, this effect being indirectly mediated by a decrease in LIMP-2, a receptor
involved in GCase trafficking from the endoplasmic reticulum to the lysosome [139]. In
addition, miR-16-5p and miR-195-5p have been shown to increase GBA transcript and GCase
protein levels. However, their pathophysiological mechanism is not elucidated [139]. Re-
cently, another hypothesis has been explored, based on the observation that specific lncRNAs
can limit miRNA activity by sequestration, thus upregulating the expression of target genes.
In this context, transcribed pseudogenes, nonfunctional segments of DNA that resemble
functional genes, are ideal candidates because they share miRNA binding sites with the
transcripts of target genes. In vitro, it has been reported that miR-22-3p directly binds to GBA
and its pseudogene GBAP1, thus downregulating these two genes by decreasing their mRNA
levels. Overexpression of GBAP1 3′ UTR in cell lines resulted in sequestration of mir-22-3p,
thereby increasing GBA mRNA and GCase levels [140]. It is possible that dysregulation of
miR-22-3p or GBAP1 may participate in the pathophysiology of PD.

6. Discussion

The expression of genes involved in familial forms of PD seems to also be dysregu-
lated in sporadic PD patients. However, it remains unclear whether the change in gene
expression corresponds to a pathophysiological mechanism, a marker of degeneration or a
protective effect.

For SNCA, its overexpression seems to be a prerequisite for aSyn aggregation leading
to Lewy body (LB) formation [45]. Hypomethylation of SNCA could be involved in its
overexpression. A pathophysiological mechanism suggested is the sequestration of cyto-
plasmic DNMT1 by the aggregates leading to the dysregulation of aSyn homeostasis [59].
The decrease in the brain level of miR-34b/c could also participate in the overexpression of
SNCA [75].

The increase in LRRK2 kinase activity mediated by the G2019S and other disease-
causing mutations raises the question whether LRRK2 is overexpressed in sporadic PD [88].
Increased expression of LRRK2 was found in the brains of PD patients, without increased
transcripts [23]. A step in the pathophysiology could be a decrease in miR-205 expression,
but the causes of this dysregulation is not clear [23]. Furthermore, the regulation of LRRK2
expression by immune stimulation in blood tissue suggests the implication of neuro-
inflammatory mechanisms [101] and could represent an accessible epigenetic biomarker.

Due to alternative splicing and multiple splice isoforms, it is more challenging to
understand the relationship between Parkin expression and its pathophysiology in sporadic
PD [117]. Epigenetic mechanisms could be involved in the modification of the PRKN
expression profile.

Mitochondrial damage could induce overexpression of PINK1 [130]. However, the
role of increased PINK1 expression is unclear. It could be either protective or participating
in neuronal death. Inflammation in PD seems to be most intense at the beginning, just after
clinical diagnosis, attenuating in later stages [141,142]. It has been reported that miR-27a is
downregulated in macrophages after stimulation [143]. The decrease in miR-27a observed
in early PD may be involved in the inflammation-induced upregulation of PINK1.
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Decreased transcription and translation of DJ-1 in sporadic forms of PD may also be
involved in the pathophysiology of the disease [37]. Oxidative stress leads to the expression
of miR-494-3p [144]. The induction of miR-4639-5p expression by oxidative stress remains
to be explored. We can hypothesize that miRs could be sensors of oxidative stress and
contribute to the cellular response by downregulating DJ1.

Decreased GCase protein levels and activity may also be involved in the development
of sporadic PD [40].

MiRNA and lncRNA mechanisms may be involved in the regulation of GBA expression
but their change in expression level in sporadic PD patients is not clear. The mechanisms
regulating miRNA expression are not well elucidated. An interesting approach would be
to explore DNA methylation patterns or histone modifications at the transcription sites of
these miRNA-regulating genes involved in monogenic forms of PD. Furthermore, epige-
netic modifications involve tissue-specific processes. The observation of these mechanisms
in pathologically relevant cell types and access to these cells is complex.

Analysis of native brain tissue allows us to observe epigenetic changes that take place
in the brains of PD subjects. However, these analyses are limited to the post-mortem
brain and longitudinal studies cannot be performed to assess the dynamics of epigenetic
mechanisms. The collection of more accessible peripheral tissues such as blood or CSF
allows an analysis in living individuals over time. However, since the methylation profile
is tissue-specific, observations in these tissues do not confirm identical modifications in
neurons. Since LRRK2 expression seems to play a role in the inflammatory response, the
study of the regulation of its expression in the blood immune cells of PD patients could
be interesting. The use of animal models of PD for the analysis of epigenetic alterations
presents some difficulties since epigenetic mechanisms are species-specific, and these
models may not be representative of epigenetic alterations in humans. However, they can
allow for the study of specific neuronal populations [145].

Human iPSC-derived neurons have been developed, which allows for the generation of
specific neuron lineages such as dopaminergic neurons derived from PD patients [146,147].
However, the generation of these cells requires cellular reprogramming based on epige-
netic modifications resulting in “epigenetic rejuvenation” [148] and may bias the study of
epigenetic alterations associated with age in PD. More recent direct conversion techniques
make it possible to obtain induced neurons (iNs) with the same epigenetic age as their
original fibroblasts. This conversion leaves the most age-related epigenetic marks intact
but nevertheless leads to a reorganization of large parts of the epigenome [149]. On the
other hand, significant epigenetic changes are largely cell type specific and the value of
maintaining epigenetic marks in adult fibroblasts is controversial.

Although these in vitro models have limitations, they offer the opportunity to directly
study putative effects of epigenetic modifications on gene expression. Moreover, they
allow the development of 3D brain organoids or spheroids (cerebral organoids) with a
better reproduction of the cerebral environment. This enables for better understanding
of the epigenetic modifications that take place in neurons and other cell lineages such as
astrocytes and microglia, also suspected in the pathophysiology of PD [147]. In addition to
providing an understanding of the pathophysiology, epigenetic modifications could also
allow for the development of biomarkers for the diagnosis, prognosis and monitoring of
PD [150]. The demonstration of the causality of epigenetic mechanisms in the onset or
progression of the disease could allow for the emergence of new therapeutic targets.

Epigenomic identity may also be mediated by chromosome folding [151]. Recent
studies reveal that the 3D organization of the genome correlates with epigenetic modifica-
tions and that these modifications predict the structure of chromatin [151,152]. Moreover,
changes in the 3D architecture of chromosomes have been observed in cancer cells [153].
This new field of analysis could allow a better understanding of the involvement of epige-
netic modifications in PD.
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Abstract: Parkinson’s disease may be caused by a single pathogenic variant (monogenic) in 5–10%
of cases, but investigation of these disorders provides valuable pathophysiological insights. In this
review, we discuss each genetic form with a focus on genotype, phenotype, pathophysiology, and the
geographic and ethnic distribution. Well-established Parkinson’s disease genes include autosomal
dominant forms (SNCA, LRRK2, and VPS35) and autosomal recessive forms (PRKN, PINK1 and
DJ1). Furthermore, mutations in the GBA gene are a key risk factor for Parkinson’s disease, and
there have been major developments for X-linked dystonia parkinsonism. Moreover, atypical or
complex parkinsonism may be due to mutations in genes such as ATP13A2, DCTN1, DNAJC6, FBXO7,
PLA2G6, and SYNJ1. Furthermore, numerous genes have recently been implicated in Parkinson’s
disease, such as CHCHD2, LRP10, TMEM230, UQCRC1, and VPS13C. Additionally, we discuss
the role of heterozygous mutations in autosomal recessive genes, the effect of having mutations
in two Parkinson’s disease genes, the outcome of deep brain stimulation, and the role of genetic
testing. We highlight that monogenic Parkinson’s disease is influenced by ethnicity and geographical
differences, reinforcing the need for global efforts to pool large numbers of patients and identify
novel candidate genes.

Keywords: monogenic; Parkinson’s disease; genomics; genetic testing; deep brain stimulation

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder in which we have
an incomplete understanding of the molecular and cellular disease basis and no currently
available disease-modifying therapy. A key strategy to understanding the pathogenesis
of PD is to investigate the underlying genetic basis. Approximately 5–10% of PD can be
attributed to monogenic forms. Other causes are related to a combination of complex
genetic susceptibility and environmental factors. For the monogenic forms, there are sev-
eral well-established genes, with autosomal dominant (SNCA, LRRK2, and VPS35) and
autosomal recessive (PRKN, PINK1, DJ1) modes of inheritance. Additionally, there is X-
linked inheritance (X-linked dystonia-parkinsonism) and atypical or complex parkinsonian
phenotypes due to mutations in the ATP13A2, DCTN1, DNAJC6, FBXO7, PLA2G6, and
SYNJ1 genes. Moreover, there are numerous recently reported genes, including CHCHD2,
LRP10, TMEM230, UQCRC1, and VPS13C. In some cases, the same gene can be linked with
Mendelian forms of PD as well as increased susceptibility (such as SNCA and LRRK2). Fur-
thermore, mutations in genes such as glucocerebrosidase (GBA) fall between a monogenic
cause and a genetic susceptibility factor [1]. Further recent discoveries have focused on
the clinicogenetic and pathological findings, which will be discussed. Pathophysiological

Genes 2022, 13, 471. https://doi.org/10.3390/genes13030471 https://www.mdpi.com/journal/genes
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insights will be discussed briefly (for a more detailed discussion, see elsewhere [2]), and a
discussion of novel therapeutic candidates can be found elsewhere [3,4]. Recent hot topics
include the understanding of the effect of heterozygous variants in recessive PD genes,
outcomes in individuals who co-inherit mutations in both GBA and LRRK2, the effect of
the underlying genetic form on outcomes from deep brain stimulation, and regional and
ethnic differences for mutations in PD genes. In this review, we provide a concise summary
of the monogenic origin of PD with a focus on these recent developments.

2. Autosomal Dominant Forms

2.1. SNCA
2.1.1. Genotype-Phenotype

SNCA mutations cause autosomal dominant PD and can be due to different mutation
types, including missense variants and multiplications (Table 1). So far, there have been
eight missense variants identified as causing autosomal dominant PD: p.A30G, p.A30P,
p.E46K, p.H50Q, p.G51D, p.A53E, p.A53T, and p.A53V. An MDSGene review identified
phenotypic differences between some of these missense variants, with the most common
mutation p.A53T having an early age at onset compared to p.A30P and p.E46K [5]. How-
ever, these findings are uncertain given that the number of cases for SNCA missense
variants other than p.A53T is small [5]. Of note, there is evidence that the p.H50Q variant
is not enriched in cases versus controls and thus may not have sufficient evidence to be
considered pathogenic [6]. The most recently reported mutation, p.A30G, was found in
five affected individuals from three Greek families [7]. The phenotype results in a widely
ranging age at onset, an initial good response to medication (Table 2), prominent motor
fluctuations, and a range of non-motor manifestations such as orthostatic hypotension,
REM-behavior sleep disorder, cognitive impairment, and psychiatric manifestations [7].

Duplications and triplications of the SNCA gene can also cause PD. SNCA duplications
cause a phenotype resembling idiopathic PD, whereas SNCA triplications cause rapidly
progressive PD with earlier onset and extensive Lewy Body pathology. A recent study
highlighted the correlation between SNCA dosage and age at onset, with copy number 3
(heterozygous SNCA duplication) associated with a mean age at onset of 46.9 ± 10.5 years
versus copy number 4 (homozygous SNCA duplication, or SNCA triplication) associated
with a mean age at onset of 34.5 ± 7.4 [8].

Overall, duplications are more common than missense mutations or triplications [5].
The different mutation types can be stratified according to the age at onset, with early,
intermediate, and late onset for triplications, missense mutations, and duplications, respec-
tively [5].
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2.1.2. Pathophysiology

The discovery of dominant mutations in SNCA as a cause of PD is consistent with
the critical role the α-synuclein protein plays in PD pathogenesis. The molecular effects
may vary according to the type of SNCA mutation [36]. The p.A30P, p.A53T, and p.E46K
mutations all affect the N-terminal domain of the α-synuclein protein [36]. The p.A30P
and p.A53T mutations stimulate protofibril formation and smaller to larger aggregates [36].
The p.E46K mutation increases the N-terminal positive charge and enhances N-terminal
and C-terminal contacts, whereas the opposite is seen for the p.A30P and p.A53T muta-
tions [36]. A recent study showed impaired mitochondrial respiration, energy deficits,
vulnerability to rotenone, and altered lipid metabolism in dopaminergic neurons derived
from a patient with the p.A30P mutation in SNCA, with a comparison to gene-corrected
clones, highlighting the numerous effects of these mutations [37].

Table 2. Levodopa-responsiveness stratified according to Parkinson’s disease monogenic forms.

Good Response to Levodopa Poor, Variable, or Uncertain Response to Levodopa

SNCA TAF1

LRRK2 ATP13A2

VPS35 DCTN1

PRKN DNAJC6

PINK1 FBXO7

DJ1 PLA2G6

CHCHD2 SYNJ1

LRP10

TMEM230

UQCRC1

VPS13C

2.2. LRRK2
2.2.1. Genotype-Phenotype

At least seven missense variants in LRRK2 have been described as causing PD (p.N1437H,
p.R1441C/G/H, p.Y1699C, p.G2019S, and p.I2020T) [3]. On an individual level, LRRK2-PD is
clinically indistinguishable from idiopathic PD. However, as a group, it may be considered
as having a milder phenotype [38,39]. For example, LRRK2 mutation carriers are less likely
to have non-motor symptoms such as olfactory impairment, cognitive features, and REM-
behavior sleep disorder [39]. Furthermore, patients with LRRK2-PD may be susceptible to
certain cancers [40–42]. A very recent study provides evidence that LRRK2-PD is associated
with a significantly higher risk of stroke [43]. Additionally, recent evidence suggests that regu-
lar use of non-steroidal anti-inflammatory drugs may be associated with reduced penetrance
of PD in both pathogenic and risk variant carriers [44].

The most common and well-characterized LRRK2 mutation is the p.G2019S mutation.
It has a prevalence of 1% in the PD population with a high prevalence in North African
Berber Arab (39%) and Ashkenazi Jewish (approximately 18%) populations [45–47]. The
penetrance of this mutation is incomplete and variable and influenced by age, environment,
and genetic background [48].

Other mutations in LRRK2 may be relevant to different ethnic and regional populations.
For example, the p.R1441C variant has a founder effect in Basque populations and may be
higher in Southern Italy and Belgium [38]. The p.G2019S mutation is very rare in Chinese
populations, whereas the p.G2385R and p.R1628P variants are common (5–10% in patients,
2–5% in controls) [49–51].
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Recent reports suggest that loss of function variants in LRRK2 are not associated with
PD, arguing that haploinsufficiency is neither causative nor protective of PD [52].

2.2.2. Pathophysiology

All the definite LRRK2 mutations are in the catalytic domains and may result in
hyperactivation of the kinase domain [3,53]. LRRK2 is involved in a large array of cell
biological processes, and the disease mechanism may reflect important roles in microtubule
function and Rab proteins as phosphorylation substrates [2,54].

2.3. VPS35
2.3.1. Genotype-Phenotype

VPS35 is implicated in autosomal dominant PD [55,56], with the missense variant
p.D620N being the only mutation confirmed to date. This variant appears to be a muta-
tional hotspot identified in different ethnic populations [57]. The mutation has an overall
prevalence of 0.115% from the reported studies but may be as high as 1% in autosomal
dominant PD [57–59]. The phenotype resembles idiopathic PD with a median age at onset
of 49 years, levodopa responsiveness, and predominant tremor [5,58]. A recent study
suggests that disease progression may be slow, with minimal cognitive impairment even
after more than 10 years of disease onset [60].

2.3.2. Pathophysiology

VPS35 plays a critical role in endosomal trafficking, but there is emerging evidence
for a role in mitochondrial function [61]. The p.D620N mutation impairs the sorting
function of the retromer complex, resulting in a disturbance of maturation of endolyso-
somes and autophagy, membrane receptor recycling, and mitochondrial-derived vesicle
formation [2,59,62]. There may also be a role in neurotransmission and an interaction with
other genes causing monogenic PD (such as SNCA, LRRK2, and PRKN) [62].

3. Autosomal Recessive Forms

3.1. PRKN
3.1.1. Genotype-Phenotype

Mutations in PRKN are the most common cause of early-onset PD (EOPD), particularly
in European populations. A recent study by Lesage and colleagues demonstrated that
PRKN mutations account for 27.6% of autosomal recessive families [13]. They found that
the proportion of probands with PRKN mutations is higher the younger the age at onset
(AAO), as follows: 42.2% for AAO less than or equal to 20 years, 29% for 21 to 30 years,
13% for 31 to 40 years, but only 4.4% for 41 to 60 years [13].

A variety of different mutation types are described, including structural variants
(43.2%, including exonic deletions, duplications, and triplications), missense mutations
(22.3%), and frameshift mutations (16.5%) [14,63]. Deletions in exon 3 are the most common
mutation [14]. Furthermore, a deletion of the PRKN and PACRG gene promoter has also
been described in autosomal recessive PD [63].

PD-PRKN is characterized phenotypically by an early age at disease onset, lower limb
dystonia at presentation, absence of cognitive impairment, a good and sustained response
to levodopa, and frequent motor fluctuations and dyskinesias [64].

3.1.2. Pathophysiology

Mutations in PRKN and PINK1 likely disturb PINK1/parkin-mediated mitophagy,
which is the selective degradation of mitochondria, a function essential for mitochon-
drial homeostasis [65]. In brief, parkin is a E3 ubiquitin ligase that ubiquinates outer
mitochondrial membrane proteins such as mitofusin 1 and 2 [66]. PINK1 phosphorylates
parkin and maintains its mitochondrial stabilization and translocation, mediating parkin
activation [2,66].
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3.2. PINK1
3.2.1. Genotype-Phenotype

PINK1 is the second most common cause of autosomal recessive PD and is charac-
terized by typical Parkinson’s features such as tremor, bradykinesia, and rigidity, with a
median age of onset of 32 [14,67]. Additional phenotypic features include dyskinesias in
39%, dystonia in 21%, and motor fluctuations in 34%, with cognitive impairment and psy-
chosis occurring rarely (14% and 9%, respectively) [14]. The disease is slowly progressive,
with a sustained response to levodopa therapy, although with an increased tendency for
levodopa-induced dyskinesias.

The main mutation type was missense mutations (47.6%), then structural variants
(19.1%), followed by nonsense mutations (14.3%) [14]. The most common specific mutation
was a missense mutation, c.1040T>C (p.Leu347Pro) [14].

A recent paper suggests that the c.1040T>C mutation is frequently found in patients
from the Pacific Islands [15]. The allele frequency was particularly high in West Polynesians
(2.8%), which would translate to a homozygosity of 1 in 5000 people, suggesting that this
could have a major contribution to EOPD in the region [15].

3.2.2. Pathophysiology

See PRKN above.

3.3. PARK7
3.3.1. Genotype-Phenotype

Mutations in PARK7 can cause early-onset autosomal recessive parkinsonism, with at
least 20 mutations in the PARK7 gene identified. The majority of PARK7 mutation carriers
have EOPD (83%), whereas 13% have juvenile onset and 4% have late onset [14]. Recently,
a Turkish family with juvenile PD was found to have a novel deletion of the neighboring
genes of PARK7 and TNFRSF9, raising the possibility of TNFRSF9 as a disease modifier [68].

3.3.2. Pathophysiology

DJ-1 is ubiquitously expressed and is highly expressed in cells with high energy
demands. DJ-1 exerts an antioxidative stress function through scavenging reactive oxygen
species, regulation of transcription and signal transduction pathways, and acting as a
molecular chaperone and enzyme [69]. Mutations within the PARK7 gene substantially
affect the survival of cells in oxidative environments, potentially leading to PD [70,71].

4. X-Linked Dystonia-Parkinsonism

4.1. Genotype-Phenotype

X-linked dystonia-parkinsonism (XDP), also referred to as Lubag, is a movement
disorder initially described in Filipino males, caused by the insertion of a SINE-VNTR-
Alu (SVA)-type retrotransposon in intron 32 of the TAF1 gene [72,73]. The prevalence
is 0.34 per 100,000 in the Philippines, with a high prevalence on the Island of Panay of
5.24 per 100,000 [74]. It initially presents with dystonia, and predominantly involves the
craniocervical region that can become generalized at a later stage [72,75]. It may also
present with parkinsonism, or this can develop later in the disease course [75]. Therefore, it
can show longitudinal evolution from a hyperkinetic to a hypokinetic movement disorder.
Although it primarily affects males, manifesting female carriers have been reported. The
median age at onset is 40 years from a recent MDSGene review [72].

4.2. Pathophysiology

Recent evidence suggests that probands with XDP have reduced expression of the
canonical TAF1 transcript [73]. De novo assembly of multiple neuronal lineages derived
from pluripotent stem cells showed reduced expression due to alternative splicing and
intron retention close to the SVA [73]. CRISPR/Cas 9 excision of the SVA was able to
rescue TAF1 expression, providing evidence of abnormal transcription mediated by the
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SVA in the pathophysiology of XDP [73]. Further evidence suggests that a hexanucleotide
repeat within the SVA modifies disease expressivity, with the number of repeats showing
an inverse correlation with the age at onset [76].

5. Complex or Atypical Forms

5.1. ATP13A2
5.1.1. Genotype-Phenotype

Biallelic mutations in ATP13A2 have been found to cause a complex form of parkinson-
ism known as Kufor-Rakeb syndrome (KRS), characterized by juvenile onset parkinsonism,
cognitive impairment, and a supranuclear gaze palsy. ATP13A2 mutations can also cause a
range of phenotypes, including neuronal ceroid lipofuscinosis, hereditary spastic paraple-
gia, and juvenile amyotrophic lateral sclerosis.

Recently, perhaps the first postmortem study of KRS was reported [77]. This showed
accumulation of lipofuscin in the neurons and glia, but an absence of Lewy body pathology
as well as alpha-synuclein, TDP43, tau, and beta amyloid pathology. This provides evidence
for a pathological link with neuronal lipofuscinosis rather than the typical findings in
PD [77].

5.1.2. Pathophysiology

ATP13A2 mutations impair lysosomal and mitochondrial function. The mechanism
may involve impaired lysosomal polyamine transport resulting in lysosome-dependent
cell death [78].

5.2. DCTN1
5.2.1. Genotype-Phenotype

DCTN1-associated Parkinson-plus disorder, also called Perry syndrome, is a rare auto-
somal dominant disorder characterized by rapidly progressive parkinsonism, depression
and mood changes, weight loss, and progressive respiratory changes, chiefly tachypnoea
and nocturnal hypoventilation [79].

The disease is linked to mutations in exon 2 of the DCTN1 gene. The mean age at
onset of disease is 48 years (range: 35–61) and the mean duration to death is 5 years
since diagnosis, from either respiratory failure, sudden unexplained death, or suicide [80].
DCTN1 mutations have been associated with additional phenotypes, including distal spinal
and bulbar muscular atrophy and amyotrophic lateral sclerosis.

5.2.2. Pathophysiology

DCTN1 encodes p150glued, the major subunit of the dynactin complex which binds to
the motor protein dynein which binds directly to microtubules and different dynactin sub-
units [80]. Mutations in DCTN1 diminish microtubule binding and lead to intracytoplasmic
inclusions [81].

5.3. DNAJC6
5.3.1. Genotype-Phenotype

Biallelic mutations in DNAJC6 cause juvenile-onset, atypical parkinsonism with onset
during childhood and a very rapid disease progression with loss of ambulation within
10 years from onset [82,83]. Patients are poorly responsive to levodopa therapy and have
additional manifestations such as developmental delay, intellectual disability, seizures, and
other movement disorders (e.g., dystonia, spasticity, myoclonus). A minority of patients
have early-onset parkinsonism, with symptom onset in the third to fourth decade of life
and an absence of additional features [84]. These patients generally have a slower rate of
disease progression and a favorable response to levodopa therapy.
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5.3.2. Pathophysiology

DNAJC6 encodes for auxilin 1, a brain-specific form of auxilin and a co-chaperone
protein involved in the clathrin-mediated synaptic vesicle endocytosis. Auxilin deficiency
has been found in animal models to result in impaired synaptic vesicle endocytosis, and thus
negatively impacts synaptic neurotransmission, homeostasis, and signaling [85]. However,
the exact mechanism by which auxilin deficiency leads to dopaminergic neurodegeneration
and atypical neurological symptoms remains unclear.

5.4. FBXO7
5.4.1. Genotype-Phenotype

Mutations in FBXO7 cause autosomal recessive, juvenile/early-onset parkinsonian-
pyramidal syndrome (also called PARK15). Missense, splice site, and nonsense mutations
have been reported. The median age at onset was 17 years, with a range of 10 to 52 years.
The typical presenting symptoms were bradykinesia and tremor, and patients affected by
this atypical parkinsonism frequently show pyramidal signs, dysarthria, and dyskinesia.
Psychiatric manifestations, such as visual hallucination, agitation, aggression, disinhibi-
tion, and impulsive control disorder, are prominent in these patients as a complication of
dopaminergic therapy [86–89].

5.4.2. Pathophysiology

FBXO7 is expressed in various tissues, including the gray and white matters of the
brain. It directly interacts with PINK1 and parkin to engage in mitophagy [90]. The loss of
FBXO7 expression has been shown to lead to a significant inhibition of parkin recruitment
to depolarized mitochondria [90].

5.5. PLA2G6
5.5.1. Genotype-Phenotype

Mutations in PLA2G6 have been linked to a variety of neurological disorders, including
infantile neuroaxonal dystrophy, neurodegeneration with brain iron accumulation 2B, and
Karak syndrome. PLA2G6 mutations may also result in another phenotype—autosomal
recessive, adult-onset dystonia-parkinsonism (also called PARK14) [91].

Patients with PLA2G6-related parkinsonism first show symptoms in their childhood
or early adulthood, with an age at onset ranging from 8 to 36. In addition to parkinsonism,
the majority have dystonia [92,93]. Neuropsychiatric presentations such as depression,
psychosis, and cognitive decline are common. There is a good response to levodopa
therapy. Magnetic resonance imaging of the brain in most patients showed an absence of
iron deposition, and if iron was present, it was found in the substantia nigra or globus
pallidus, or both [94].

5.5.2. Pathophysiology

PLA2G6, a phospholipase 2, catalyzes the hydrolysis of the sn-2 acyl-ester bonds
in phospholipids to form arachidonic acid and other fatty acids. This is involved in the
phospholipid remodeling, apoptosis, and prostaglandin and leukotriene synthesis. The
exact mechanism of PLA2G6 in neurodegenerative diseases remains obscure, however
defective phospholipases have been implicated in the pathogenesis of neurodegenerative
conditions with iron dyshomeostasis.

5.6. SYNJ1
5.6.1. Genotype-Phenotype

Mutations in SYNJ1 are linked to autosomal recessive, early-onset Parkinson disease-
20 (PARK20). Individuals affected by SYNJ1-associated parkinsonism generally show
symptoms in the third decade of life, and manifest parkinsonism (tremor, bradykinesia)
with a poor response to levodopa treatment, as well as additional atypical signs such as
dystonia, seizures, cognitive impairment, and developmental delay [95].
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5.6.2. Pathophysiology

Synaptojanin-1 plays a crucial role in synaptic vesicle dynamics, including endocytosis
and recycling. SJ1-knockout mice display endocytic defects and a remarkable accumulation
of clathrin-coated intermediates [96]. Fasano et al. further showed that SYNJ1 is critically
involved in early endosome function, and that a loss of SYNJ1 leads to impaired recycling
of the transferrin receptor to the plasma membrane, highlighting the important role that
the autophagy-lysosome pathway plays in PD pathogenesis [92].

6. Recently Described Parkinson’s Disease Genes

6.1. CHCHD2
6.1.1. Genotype-Phenotype

Mutations in the CHCHD2 gene were linked to an autosomal dominant, late-onset
form of PD (PARK22) in the Japanese population in 2015 by Funayama et al., who reported
two missense mutations (p.T61I, p.R145Q) and a splice-site mutation (c.300 + 5G > A)
in the CHCHD2 gene [93]. Both missense mutations were also reported in the Chinese
population [97,98], although were not found in a study on a large cohort of PD patients
of western European ancestry [99]. Instead, three rare variants (p.A32T, p.P34L, and
p.I80V) in the CHCHD2 gene were found in the western European cohort, occurring in
highly conserved residues [99]. A homozygous missense mutation (p.A71P) has also been
reported in a 26-year-old Caucasian woman with recessive early-onset PD [100]. Patients
affected by CHCHD2-associated PD typically present with typical parkinsonian features,
with a significant response to levodopa.

6.1.2. Pathophysiology

CHCHD2 contains a mitochondrial-targeting sequence at the N-terminus and localizes
to the mitochondrial intermembrane space. Its close homologue CHCHD10 is enriched
at crista junctions of the mitochondria and is believed to be involved in oxidative phos-
phorylation or in maintenance of crista morphology [101]. The loss of CHCHD2 in flies
leads to mitochondrial and neural phenotypes associated with PD pathology and causes
chronic oxidative stress and thus age-dependent neurodegeneration in the dopaminergic
neurons [102].

6.2. LRP10
6.2.1. Genotype-Phenotype

Through genome-wide linkage analysis of an Italian family with autosomal dominant
PD, Quadri and colleagues implicated the LRP10 gene on chromosome 14 as a possible
causative disease gene [31]. This was verified through analysis of a larger cohort of patients,
where rare, potential mutations in LRP10 were found to be associated with PD and dementia
with Lewy bodies [31]. These findings were unable to be replicated in a study by Tesson
et al., whose co-segregation analysis did not support a causal role for LRP10 in PD [103].
Since then, several additional variants in the LRP10 have been identified in patients with PD,
progressive supranuclear palsy, frontotemporal dementia, and amyotrophic lateral sclerosis,
although the correlation of LRP10 variants with the development of α-synucleinopathies
and other neurodegenerative diseases has been debated [104–106].

6.2.2. Pathophysiology

LRP10 is a single-pass transmembrane protein and a member of a subfamily of LDL
receptors. Grochowska et al. discovered that LRP10 expression was high in non-neuronal
cells but undetectable in neurons, and that it was present in the trans-Golgi network, plasma
membrane, retromer, and early endosomes in astrocytes [107]. They suggested that LRP10-
mediated pathogenicity involves the interaction of LRP10 and SORL1 in vesicle tracking
pathways, as they were shown to co-localize and interact, and that disturbed vesicle
trafficking and loss of LRP10 function were crucial in the pathogenesis of neurodegenerative
diseases [107].
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6.3. TMEM230
6.3.1. Genotype-Phenotype

The link with PD was first proposed in 2016 by Deng et al., who investigated a large
Canadian Mennonite pedigree with autosomal dominant, typical PD, and discovered a
p.R141L mutation in TMEM230 which reportedly fully co-segregated with disease [34].
The same pedigree was investigated by Vilarino-Guell and colleagues, who identified a
heterozygous missense variant in DNAJC13 (p.N855S) which did not fully co-segregate
with disease [108]. Whilst TMEM230 variants have been identified in further studies on
PD patient groups, other follow-up genetic studies have failed to detect PD-associated
TMEM230 variants, and whether evidence exists for ‘proof of pathogenecity’ has been
debated [109,110].

6.3.2. Pathophysiology

TMEM230 is a transmembrane protein with ubiquitous expression. It is a trafficking
protein of secretory and recycling vesicles, including neuronal synaptic vesicles. Expression
of mutant TMEM230 was found to lead to increased α-synuclein levels [34]. Loss of function
of TMEM230 impairs secretory autophagy, Golgi-derived vesicle secretion, and retromer
trafficking [111].

6.4. UQCRC1
6.4.1. Genotype-Phenotype

An association between UQCRC1 mutations and familial PD was first reported by
Lin et al. in 2020, who identified a novel heterozygous mutation (p.Y314S) in the UQCRC1
gene which co-segregated with disease in a Taiwanese family with autosomal dominant
parkinsonism with polyneuropathy [112]. An additional variant in UQCRC1 (p.I311L) also
co-segregated with disease [112]. In a subsequent study, no common variant was found to
be significantly associated with PD in the European population [113].

6.4.2. Pathophysiology

UQCRC1 is a core component of complex III in the respiratory chain. In Drosophila
and mouse models, URCRC1 p.Y314S knock-in organisms showed dopaminergic neuronal
loss, age-dependent locomotor deficits, and peripheral neuropathy [112]. Disruption of
the Uqcrc1 gene in mice causes embryonic lethality [114], and deficiency of Uqcrc1 in
Drosophila increases the cytochrome c in the cytoplasmic fraction and activates the caspase
cascade, thus causing a reduction of dopaminergic neurons and neurodegeneration [115].

6.5. VPS13C
6.5.1. Genotype-Phenotype

Lesage et al. first reported five truncating mutations in VPS13C in three unrelated
PD patients [35]. These probands were either homozygous or compound heterozygous
and had a distinct phenotype of EOPD which progressed rapidly and showed a good but
transient initial response to levodopa treatment. Additional variants in VPS13C have been
identified in further reports on autosomal recessive, early-onset forms of parkinsonism,
although not in late-onset PD [116].

6.5.2. Pathophysiology

VPS13C is part of the family of conserved VPS13 proteins and behaves similarly to
VPS35 (see above). VPS13C is a phospholipid transporter and localizes to the contact sites
between the endoplasmic reticulum (ER) and late endosome [117]. VPS13 proteins are
thought to mediate endoplasmic reticulum-phagy at late endosomes [117].

7. Rare, Atypical, and Unconfirmed Forms

There are many genes that can cause parkinsonian phenotypes, and comprehensive
lists can be found elsewhere, with over 70 different genes causing early-onset parkinsonism
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or parkinsonism as part of a complex neurological disorder [118]. Clinicians should be
especially vigilant for treatable causes such as Wilson’s disease [118]. Mutations in GCH1
can cause dopa-responsive dystonia and PD and should also be considered. POLG muta-
tions can cause movement disorders including parkinsonism and dystonia. Mutations in
PTRHD1 can cause autosomal recessive PD with intellectual impairment but are rare [119].
RAB39B mutations can cause X-linked intellectual impairment and parkinsonism with
classic Lewy body pathology on autopsy studies [120]. Several additional reported genes
have not been independently replicated and perhaps require further validation before being
considered PD genes, such as DNAJC13, EIF4G1, GIGYF2, HTRA2, and UCHL1 [121].

8. Risk Variants versus Monogenic Forms

When discussing genetic risk in PD, one should differentiate risk variants from
causative monogenic ones. Risk variants are relatively common, each with an individual
small effect size, yet collectively they significantly increase disease risk. A recent large
meta-analysis of genome-wide association studies (GWAS) identified 90 such genome-wide
risk alleles that collectively account for 16–36% of PD heritability [122]. A causative mono-
genic variant, on the other hand, is a rare variant with a large effect size, that is considered
the causative culprit of the disease. Complicating this oversimplified dichotomic differ-
entiation is the fact that autosomal dominant forms of monogenic PD have incomplete
age-dependent penetrance to a variable extent, which may be affected by the causative
gene and the specific pathogenic variant as well as the patient’s ethnicity. Moreover, a
complex interplay between monogenic causative variants and risk variants may affect
disease penetrance, as exemplified by a recent study which showed that disease penetrance
of the LRRK2 variant p.G2019S is modified by a polygenic risk score [45].

9. GBA Variants

A notable issue is the one related to pathogenic GBA (or GBA1) variants, which consti-
tute the most common genetic risk factor for PD. These variants are found in approximately
8.5% of PD patients [123]. However, this number varies significantly across different ethnic
groups, ranging between 2.3% and 12% in populations of non-Ashkenazi Jewish origin
to 10–31% in Ashkenazi Jews [124]. GBA variants were more common in patients with
early-onset disease (<50 years), more rapid development of dementia, and a more aggres-
sive motor course [125,126]. Pathogenic variants in this gene have a low, age-dependent
penetrance in PD, which is highly variable across different reports, ranging between 8%
and 30% by age 80 years [127–130]. In a recent study, the authors used a kin-cohort design
to evaluate the penetrance of pathogenic GBA variants in a cohort of unselected PD patients,
showing that the risk to develop disease by age 60, 70, and 80 years was 10%, 16%, and
19%, respectively [131]. This study also found a trend towards a greater PD penetrance
for severe pathogenic variants compared to mild pathogenic variants in the GBA gene,
although this difference did not reach statistical significance [131].

Adding to the complexity of GBA-associated PD, a recent study demonstrated an
association between PD polygenic risk score and both penetrance and age at onset in
individuals carrying a disease-associated GBA variant [132]. Another study examined
PD clustering in eight families of non-Parkinsonian GBA-p.N370S homozygote Gaucher
patients, showing that all PD cases in these families stemmed from only one of the proband’s
parents, further highlighting the potential role of genetic modifiers in PD risk among carriers
of GBA variants [133].

Furthermore, a recent study showed that both pathogenic (i.e., associated with Gaucher
disease) and non-pathogenic (i.e., not associated with Gaucher) variants in GBA are com-
mon in PD, with a more aggressive course in terms of dementia and motor progression [126].

In summary, GBA variants are a common risk factor for PD. They should be clearly
differentiated as such from monogenic causes for PD, to avoid ambiguity and terminological
and conceptual perplexity when discussing PD risk with patients and clinicians.
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10. Genetic Testing in Parkinson’s Disease

Genetic workup is not routinely performed as part of PD evaluation, and movement
disorder specialists only very occasionally suggest genetic testing to PD patients. This is
due to a combination of factors related to cost, lack of physician’s perceived impact on
patient’s management, and physician’s discomfort regarding test selection and its results or
their impact on the patients and their family members [134]. The field of genetic testing in
PD is rapidly evolving during recent years, due to the better availability of next-generation
sequencing (NGS)-based molecular tests and the initiation of genetic diagnosis-based
interventional clinical trials.

10.1. Who Should Be Offered Genetic Testing in Parkinson’s Disease?

Traditionally, a monogenic cause would most probably be suspected, and therefore a
genetic test considered, in patients with early-onset PD before age 50 years, and particularly
before age 40 years. Furthermore, although polygenic risk and multifactorial inheritance
would probably explain most cases with familial clustering of PD, a striking familial history,
either of autosomal dominant or autosomal recessive pattern, is yet another clue for a
possible monogenic cause that may suggest that a genetic test should be considered. Ethnic
origin may also affect the decision to perform genetic testing, for example in patients of
Ashkenazi Jewish or African Berber origin. As opposed to this traditional case-by-case
approach, as molecular testing is becoming more available, a recently suggested permissive
approach supports a more widespread use of genetic testing in PD to improve patient
care, to allow inclusion of patients in molecular diagnosis-based clinical trials, and to
benefit therapeutic insights and strategies for the larger PD population, including patients
with idiopathic disease [135]. This notion can tremendously benefit PD patients both
individually and collectively. However, it should be backed up by thorough knowledge
of the different evolving aspects of genetic testing in PD, and by an individually tailored
explanation to patients and potential carriers in their family prior to testing as well as
when returning them the test results, regarding the test and the potential implications of its
results for them and for their family members.

10.2. The Implications of a Genetic Diagnosis in Parkinson’s Disease

A genetic diagnosis may have significant implications for PD patients, both for ex-
pected disease course and response to therapeutic interventions. As mentioned, several
monogenic forms are expected to respond well to levodopa medication (e.g., PRKN),
whereas others are poorly responsive (e.g., DNAJC6) (Table 2). Additionally, a recent
study found that the rate of cognitive decline for GBA mutation carriers after bilateral
subthalamic nucleus deep brain stimulation (STN-DBS) is higher than that of carriers of
PRKN and LRRK2 mutations and those without identified disease-associated pathogenic
variants [136] (Figure 1A). These findings were further corroborated by a new study which
suggests that STN-DBS is associated with a greater rate of cognitive decline in GBA muta-
tion carriers [137]. A recommendation that arose from this study is that PD patients should
be screened for GBA pathogenic variants prior to DBS surgery, and that carriers of such
variants should be counseled on the greater risk of cognitive decline [137].

For SNCA-PD, the response to DBS may also differ according to the type of mutation
(Figure 1B). A recent report of four patients with SNCA mutations showed a good response
in the three patients with duplications and a poor response in the patient with a missense
mutation (p.A53E) [138] (Table 1).
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Figure 1. (A) Increasing cognitive decline in GBA carriers versus PRKN, LRRK2, and those without
disease-associated variants. (B) Outcome of deep brain stimulation stratified according to Parkinson’s
disease monogenic forms.

In addition to implications for DBS, the emerging importance of a genetic diagnosis in
PD is also related to new gene-based targeted approaches that are being developed in recent
years [3], since a specific molecular genetic diagnosis may allow inclusion in interventional
clinical trials that target a genetically determined subgroup of PD patients. Moreover, a
genetic diagnosis for additional family members at risk of developing PD allows for a more
accurate estimation of recurrence risk and informs genetic counseling and family planning.
Moreover, some patients are greatly distressed just by the uncertainty regarding the cause
for their condition and a genetic diagnosis may bring them great relief.

10.3. Challenges in Genetic Testing

The challenges in genetic testing in PD are related to the patient, the choice of genetic
test, and the test results. Patients may be reluctant to perform genetic testing due to
different reasons, including a lack of perceived benefit, concern regarding the implications
of the test results for them or their family members, or cost. Genetic counseling prior to
performing a genetic test is non-directive, meaning that patients or their relatives cannot be
directed to have a genetic test, however it should include a thorough, individually tailored
explanation regarding the reason why a genetic test is offered, the test itself, its advantages
and limitations, and the potential implications of the test results for the patient and their
family members. This type of pre-test discussion with the patient is necessary to address
the patient’s concerns and to ensure that they are given all the required information to
make a knowledge-based decision on whether to proceed with genetic testing or not.

Many types of genetic tests are available in clinical and research settings, ranging from
focused testing for a single gene or a specific variant, through variant panels and gene
panels, to exome or genome sequencing. Due to the increase in availability and decrease in
cost of NGS-based tests, the traditional approach of testing one gene at a time was largely
replaced in recent years with broader tests, such as gene panels and exome or genome
sequencing, except when a known pathogenic variant has been previously found in the
patient’s family, or in uncommon cases where a very high suspicion is raised for a specific
gene. When choosing to use a gene panel, one should consider the considerable variability
in gene content of different panels. A recent study evaluated the types of clinical genetic
tests that are used in PD, revealing notable differences in gene panel size, ranging from 5
to 62 genes. That study showed that five genes were included in all panels (SNCA, PRKN,
PINK1, PARK7 (DJ1), and LRRK2), while VPS35 and GBA were only variably included,
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and that the differences between panels were mainly the result of the variable inclusion
of genes associated with atypical parkinsonism and dystonia disorders, or genes with
an uncertain association with PD [139]. The selected gene panel should ideally include
all established genes for PD with both sequence and deletion/duplication analysis. In
cases where the patient presents a combined or an atypical phenotype, a broader approach
should be considered, either by using a more comprehensive gene panel or by a genomic
analysis with exome or genome sequencing, depending on the specific clinical indicators.
Notable limitations that should be taken into consideration are the ones associated with
the GBA gene, for which a related pseudogene and structural variations may complicate
the detection of pathogenic variants. A novel approach is to use long-read sequencing
to assess this gene, with the GridION nanopore sequencing platform recently used in a
New Zealand cohort of patients [139]. Another factor to consider is the cost of genetic tests,
which might not be covered by the patient’s insurance and therefore may inevitably affect
decisions in the molecular workup in some cases. In summary, the decision regarding
which genetic test should be used depends on case-specific factors and requires to consider
the different types of tests available, their advantages and limitations, and their suitability
for each individual patient.

11. Role for Heterozygosity in Autosomal Recessive Parkinson Genes

The possibility that monoallelic pathogenic variants in autosomal recessive PD genes
constitute a risk factor for PD is controversial, and conflicting evidence regarding this issue
has been reported.

11.1. PRKN Heterozygotes

A recent population-based study analyzed data of 164 confirmed heterozygous PRKN
mutation carriers and 2582 controls from South Tyrol in Northern Italy. This study showed
a significantly higher number of carriers than controls with a reported akinesia-related
phenotype based on a validated PD screening questionnaire [140]. Another study evaluated
PRKN as a risk factor for PD in three large independent case-control cohorts and revealed
a 1.55-fold risk increase in heterozygous carriers, who also had a younger age of disease
onset [141]. However, ~70% of potentially monoallelic cases were not assessed for a second
PRKN mutation. To further address this, the authors conducted a meta-analysis of available
cohorts and studies of individuals from European ancestry, demonstrating a significant
1.65-fold increase in PD risk in monoallelic PRKN mutation carriers. Nevertheless, when
excluding from the analysis studies which did not search for biallelic carriers and those
that focused on early-onset PD, no association between monoallelic PRKN mutation and
disease risk was found, highlighting the importance of confounding factors that might bias
this association [141]. In a recent study, full sequencing and CNV analysis of PRKN in 2809
PD patients and 3629 controls revealed no association between all types of heterozygous
PRKN variants and PD risk [142].

11.2. PINK1 Heterozygotes

Several studies have previously suggested that heterozygous PINK1 variants may act
as a risk factor for late-onset PD. Of note, one study in a large German family suggested
that heterozygous PINK1 mutations may increase the risk for the development of at least
subtle motor and non-motor signs of PD [143]. Puschmann et al. investigated the functional
effects of the heterozygous PINK1 p.G411S variant and concluded that it acts as a risk
factor for PD, which confers its effect by a partial dominant-negative mechanism [144].
A recent comprehensive analysis contradicted these studies. By harnessing combined
data from several large datasets totaling 13,708 cases and 362,850 control individuals, this
investigation found no evidence of association between heterozygous PINK1 mutations
and PD risk [145], further highlighting the complexity and controversy in this field.

109



Genes 2022, 13, 471

11.3. Conclusion on Heterozygous Carriers

The evidence for the role of heterozygous carriers is conflicting—some studies which
were based largely on findings in specific cases or families suggested a possible association,
while newer studies that utilized large datasets mostly refuted this possibility.

A hidden trans-acting pathogenic variant on the other allele of the gene may at least
partly explain these contradictory findings. This may occur in cases where the chosen
methodology could not identify these variants, for example when a deletion/duplication
analysis was not performed or when the second allele harbored a disease-associated
non-coding, structural, or mosaic variant which the molecular testing strategy that was
used could not reveal. In these cases, an apparent association between a monoallelic
variant and disease may be erroneously concluded. This scenario, however, would not
explain cases of families with a clear autosomal dominant inheritance pattern across
several generations. Another possible explanation for the conflicting evidence may be that
monoallelic deleterious variants in autosomal recessive Parkinson-related genes confer
an increased disease risk to some extent as part of a multifactorial inheritance, where
each individual, family, or ethnic group are affected by a certain genetic background
and/or environmental factors. In this potential scenario, while a monoallelic pathogenic
variant may indeed increase the risk for PD, the threshold for disease expression may vary
substantially between different individuals, families, or ethnic groups, depending on other
genetic variants and environmental factors. This might be missed when analyzing very
large, grouped datasets or data that are limited to specific ethnic groups. Other potential
factors that might contribute to those contradictory findings may stem from data collection-
related biases, such as a recall bias or cases of subtle signs of parkinsonism in reportedly
healthy individuals which are considered in the analysis as unaffected controls.

12. Dual LRRK2 and GBA Mutation Carriers

It would be anticipated that having a mutation in both LRRK2 and GBA would have
an added deleterious effect, as suggested by laboratory studies [146,147]. However, a
recent longitudinal study of a large PD sample measuring progression using the Montreal
Cognitive Assessment and Movement Disorders Society—Unified Parkinson Disease Rating
Scale–Part III, showed that patients with both the p.G2019S mutation and GBA-PD had a
slower rate of decline than those with GBA-PD alone, which was no different from LRRK2-
G2019S alone [148]. Similarly, a retrospective observational study of Ashkenazi Jewish
patients revealed that patients with mutations in LRRK2 and GBA (described by the authors
as “GBA-LRRK2-PD”) were less frequently affected by dementia, probable REM-behavior
sleep disorder, and psychosis, compared to other groups (GBA-PD, LRRK2-PD, mutation-
negative PD) [149]. This raises the possibility of a protective effect of having the LRRK2
p.G2019S mutation in GBA mutation carriers [149].

13. Conclusions

There have been major advances in research into monogenic PD in recent years.
There have been multiple PD gene discoveries, although we highlight the importance of
independent validation of these findings. There have been greater insights into genotype–
phenotype relationships, and laboratory studies have translated the genetic discoveries
into an improved understanding of the pathophysiological mechanism underlying PD.

It has become apparent that there are major ethnic and regional differences in the
distribution of mutations in PD genes. There has been further evidence on the role of
heterozygous carriers in autosomal recessive PD genes, and the effect of having mutations
in both LRRK2 and GBA in the same individual. Additionally, there is a suggestion that the
underlying monogenic cause may influence the disease course as well as the response to
levodopa and DBS.

Advances in genomic technology provide individuals with PD with greater access
to genetic testing through both clinical and research pathways. Global efforts will play a
key role in exploiting this genomic data. Worldwide studies can pool many patients to
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identify rare genetic causes of PD and can also be used to attempt to replicate important
genetic discoveries. Furthermore, they offer greater representation of underrepresented
populations from different ethnic groups and geographic regions. There are several major
global projects to identify new disease genes in PD, including established initiatives such
as the International Parkinson Disease Genomics Consortium [150] and newer initiatives
such as the Global Parkinson’s disease genetics program (GP2) [151].

PD currently remains an incurable disorder but advances in our understanding of the
genetics of PD may inform our understanding of the pathophysiology and thus help with
efforts to develop targeted therapies.
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Abstract: Background: X-linked dystonia-parkinsonism (XDP) is an adult-onset neurodegenerative
disorder characterized by progressive dystonia and parkinsonism. It is caused by a SINE-VNTR-
Alu (SVA) retrotransposon insertion in the TAF1 gene with a polymorphic (CCCTCT)n domain that
acts as a genetic modifier of disease onset and expressivity. Methods: Herein, we used Nanopore
sequencing to investigate SVA genetic variability and methylation. We used blood-derived DNA
from 96 XDP patients for amplicon-based deep Nanopore sequencing and validated it with fragment
analysis which was performed using fluorescence-based PCR. To detect methylation from blood- and
brain-derived DNA, we used a Cas9-targeted approach. Results: High concordance was observed for
hexanucleotide repeat numbers detected with Nanopore sequencing and fragment analysis. Within
the SVA locus, there was no difference in genetic variability other than variations of the repeat motif
between patients. We detected high CpG methylation frequency (MF) of the SVA and flanking regions
(mean MF = 0.94, SD = ±0.12). Our preliminary results suggest only subtle differences between the
XDP patient and the control in predicted enhancer sites directly flanking the SVA locus. Conclusions:
Nanopore sequencing can reliably detect SVA hexanucleotide repeat numbers, methylation and,
lastly, variation in the repeat motif.

Keywords: X-linked dystonia-parkinsonism; nanopore sequencing; repeat motif; CpG methylation
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1. Introduction

X-linked dystonia-parkinsonism (XDP) is a neurodegenerative movement disorder
and its phenomenology was first described in the literature in 1976 [1]. Patients originate
mainly from the Philippines or are of Filipino descent and mainly aggregate on the island
of Panay. A known family history of the disease is present for ~94% of the patients. XDP
originated through a founder mutation approximately 1000 years ago [2]. The disease is
characterized by dystonic movements and postures as well as parkinsonism due to an
insertion of the retrotransposon SINE-VNTR-Alu (SVA) in intron 32 of the TAF1 (TATA-
binding protein-associated factor 1) gene [3,4].

The TAF1 SVA insertion has five domains. At the 5′ end, there is a hexanucleotide
repeat domain, which consists of the repeat sequence (CCCTCT)n [5]. This hexanucleotide
repeat (CCCTCT)n domain varies in repeat numbers among patients, ranging from 30 to
55. The repeat number is inversely correlated with age at onset and disease severity [5,6].
In addition, somatic mosaicism has been observed, with a higher median number of repeats
detected in the cerebellum and basal ganglia compared to blood [7]. In XDP patients, seven
variants have been found on the X chromosome: five single-nucleotide variants (SNVs), a
48-bp deletion and the SVA insertion [8,9]. Within the SVA, no variants have been reported
besides the (CCCTCT)n repeat polymorphism [5].

The TAF1 SVA insertion is also associated with decreased TAF1 expression [6]. The
reduced TAF1 expression that has been observed in blood and patient-derived induced
pluripotent stem cells can be rescued by excision of the retrotransposon insertion [10,11].
Thus, TAF1 reduction is a consequence of the presence of the SVA insertion. However, how
the TAF1 SVA insertion influences gene expression levels still remains an enigma. Of note,
two enhancers are predicted to be located upstream and ten enhancers downstream of the
TAF1 SVA insertion. The SVA itself is highly methylated due to the high “GC” content
(~60%) within the variable number tandem repeat (VNTR) region, also known as “mo-
bile CpG-island” [9,12]. Therefore, the SVA retrotransposon insertion may affect TAF1
expression by changing the methylation status (causing hypo- or hypermethylation) of
the surrounding genomic region across several enhancer sites. There are approximately
2700 SVA elements within the human reference genome (hg19) [13], and specific characteri-
zation of the TAF1 SVA insertion in XDP patients has been hard to achieve with short-read
sequencing technologies. TAF1 SVA is a non-reference mobile element. Recently, mobile
element insertions have been investigated in the context of the Simons Genome Diversity
Project, and on average, 47 non-reference mobile element insertions are present per individ-
ual [14]. Similar to XDP, the insertion of SVAs have been implicated in many diseases such
as neurofibromatosis type 1 and haemophilia B [15]. To our knowledge, the full-length
TAF1 SVA and flanking regions (>22 kb) have not been sequenced and investigated.

In this study, we establish a straightforward Nanopore sequencing workflow to inves-
tigate the genetic architecture of TAF1 SVA by characterizing: (1) genomic variants within
the SVA, (2) variations of the hexanucleotide repeat number and (3) CpG methylation by
utilizing Nanopore long-read sequencing.

2. Materials and Methods

2.1. Patient Demographics

The study was approved by the Ethics Committees of the University of Luebeck,
Germany and the Metropolitan Medical Center, Manila, Philippines (REF: IRB-MMC #:
10-073). For the analysis of genomic variants within the SVA and the detection of variations
of the hexanucleotide repeat domain, n = 96 patients with XDP were investigated. As XDP
follows an X-linked recessive inheritance pattern, only male patients were included. The
mean age at onset (AAO) was 40.66 (SD = ±8.75), and the mean age at examination (AAE)
and sample collection was 45.4 (SD = ±10.24) (Supplementary Table S1).

The CpG methylation was investigated in blood-derived DNA from one deceased
XDP patient (L-7995) and one control (L-14529). The control was matched according to
age, gender and ethnicity. For the patient (L-7995), brain tissue samples derived from the
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basal ganglia (BG) and cerebellum (CRB) were also available. The patient had an AAO of
31 years. The AAE was 36 years in the patient and the control.

2.2. Single-Nucleotide Variants and Repeat Detection

DNA was extracted with the Blood and Cell Culture DNA Midi kit (Qiagen). Long-
range PCR was performed to amplify the TAF1 SVA (amplicon Size: 3.2 kb) in XDP patients,
as previously described [7], using the PrimeSTAR GXL DNA Polymerase® (Takara Bio).
The primer sequences are documented in Supplementary Table S2. Subsequently, 1 μg of
each patient-derived PCR product was barcoded with the Native 96 Barcoding Kit (EXP-
NBD196) and multiplexed. Two libraries with the Ligation Sequencing Kit (LSK109) were
generated for Nanopore sequencing on two R9.4.1 flow cells on a GridION. The input for
library preparation was 200 fmol of DNA per sample.

Validation by fragment analysis to determine the repeat length of the hexanucleotide
(CCCTCT)n was performed with a fluorescein amidites (FAM) labeled primer, as previously
described [5,6].

2.3. Methylation Detection

To obtain the epigenetic information and to enrich the target region, Cas9-targeted
sequencing from Oxford Nanopore Technology (ONT) was performed. For the specific
ligation of the sequencing adapter, the blunt ends with 5′ phosphates resulting from the
Cas9 ribonucleoprotein complex, cleaving out the region of interest. The CRISPR RNAs
(crRNAs) were designed with the ChopChop tool (https://chopchop.cbu.uib.no, accessed
on 10 December 2021) [16]. Four crRNAs were used upstream of the TAF1 SVA insertion,
and four crRNAs were used downstream (Supplementary Table S3 and Figure S1A). Two
different library preparations were used for the Cas9-targeted enrichment. The first library
consisted of the full ~22 kb region of interest (crRNA 1, 2, 7 and 8). The second library
targeted a 5.5 kb product specifically around the SVA (crRNA 3, 4, 5 and 6). For the
control without an SVA insertion, the second target was 2.8 kb in size. We prepared
multiple libraries for the DNA derived from one patient (L-7995) or one control (L-14529).
To prepare the individual libraries, two crRNAs were used to cut upstream of the target
region and two downstream to enhance the efficiency of Cas9 DNA cleavage. For the
blood-derived DNA of the patient with XDP, we have used five flow cells (R9.4.1) loaded
with six libraries (5 × 5 μg and 1 × 1 μg). For the BG-derived DNA of the patient with
XDP, we have used five flow cells (R9.4.1) loaded with seven libraries (2 × 5 μg, 3 × 3 μg,
1 × 2 μg and 1 × 1 μg). For the CRB-derived DNA of the patient with XDP, we have
used four flow cells (R9.4.1) loaded with eight libraries (7 × 5 μg and 1 × 1 μg). For the
blood-derived DNA of the healthy control, we have used five flow cells (R9.4.1) loaded
with six libraries (5 × 5 μg and 1 × 1 μg).

The enriched DNA was prepared with the Nanopore Ligation Sequencing Kit (SQK-
LSK109), loaded on an R9.4.1 flow cell and sequenced with the MinION or GridION.
For methylation analysis, all sequencing data obtained were combined to maximize
coverage depth.

2.4. Data Analysis

Base-calling was performed with Guppy version 5.0.11, and the base-calling software
is available for Nanopore community members (https://community.nanoporetech.com,
accessed on 10 December 2021). For the detection of the repeat length, the super accuracy
model (DNA_r9.4.1_450bps_sup.cfg) and the fast model (DNA_r9.4.1_450bps_fast.cfg)
were used. The corresponding configuration file names were provided as a parameter to
the Guppy software. The expected base-calling accuracy for the super accuracy model is
98.3% and 95.8% for the fast model. (https://community.nanoporetech.com/posts/guppy-
v5-0-7-release-note, accessed on 10 December 2021). Base-calling for the methylation
detection was performed with the fast model. All reads were mapped to the reference
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sequence with the software Minimap2 (v2.17). The coverage was determined with the
software Samtools (v1.9).

Variants were identified with the software Bcftools (v1.9) (https://github.com/samtools/
bcftools, accessed on 10 December 2021). To prevent false-positive results, all reported
positions by Bcftools were controlled in the VCF file. We filtered for hemizygous allelic
frequency (>90%) and good quality (Phred score Q > 20). Lastly, variants were evaluated
in the Integrative Genomics Viewer (IGV) to exclude erroneously called variants within
homopolymeric stretches.

Detection of the repeat length was conducted using the NCRF software (Noise-
canceling repeat finder) (v1.01.02) [17]. To determine the repeat length for one patient, the
median of all reads was calculated as previously described [7]. The NCRF alignment was
used additionally to explore the frequency of deletions, insertions and mismatches within
the repeat motif.

For the Cas9-targeted sequencing data, methylation was called using the software Na-
nopolish (v0.13.2), which can detect 5′-methylcytosine (5 mC) in a CpG context. Nanopolish
requires, besides the FASTQ and FAST5 files, the alignment in a BAM format as an input. To
counteract potential off-target effects of the CRISPR-Cas9 enrichment, the BAM file was fil-
tered for reads with an alignment length >3 kb in the patient- or >1.5 kb in control-derived
samples. Only CpG sites covered by >10 reads were included in the analysis.

2.5. Statistical Analysis

Spearman correlation was performed to assess the concordance of the detected hexanu-
cleotide repeat number between Nanopore sequencing and fragment analysis. The median
repeat number and the interquartile range detected by NCRF from the Nanopore data, and
the number of repeats detected with fragment analysis were used for the correlation plot.

In addition, we used the NCRF report for each sample to assess repeat motif interrup-
tions. To determine matches and mismatches (i.e., deletions, insertions and substitutions)
between the Nanopore reads and the hexanucleotide repeat motif, NCRF uses a Smith–
Waterman aligner approach and affine gap penalties [17]. The software reports the total
number of deletions, insertions and substitutions per read. Subsequently, the mean number
of repeat motif interruptions per read across all samples were calculated, as reported by
NCRF, to explore accumulations of deletions, insertions and substitutions within the SVA
hexanucleotide repeat domain.

DNA methylation was compared across different tissues of a patient with XDP and
a control. These differences were assessed by a non-parametric Mann–Whitney U-test,
as previously described in Ewing et al. 2020 [12].

3. Results

We first analyzed the sequencing data generated by PCR amplification and subsequent
multiplexing on the Nanopore of the TAF1 SVA insertion (n = 96 XDP patients). Across
all individuals, we obtained a mean coverage of 17,645X (SD = ±12,392X) per barcode.
The mean coverage of the samples ranged between 1690X (SD = ±190X) and 47,919X
(SD = ±5074X) due to the variable sequencing efficiency of the barcodes. However, the
coverage of the amplified region was even within the samples (Supplementary Figure S1B
and Table S4). The mean sequence quality (Phred score) was 15.88 (SD = ±0.44), and the
mean N50 was 3.38 kb (SD = ±66.42 bp) per barcoded sample.

3.1. Single-Nucleotide Polymorphisms within the SVA TAF1 Insertion

SNVs located within the TAF1 SVA insertion were called from the amplicon sequencing
data of all 96 patients. After quality filtering and the final evaluation with IGV, no SNVs
were detected.
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3.2. Assessment of the Hexanucleotide Repeat Length

The hexanucleotide repeat number detection with long-read sequencing amplicon
data resulted in a mean of 45.17 (SD = ±4.24) repeats, ranging from 35 to 57, using su-
per accuracy base-calling (Figure 1A). Fragment analysis as an independent validation
showed a mean number of 42.21 (SD = ±4.23) repeats, ranging from 33 to 54. The detected
repeat numbers were highly concordant between the two methods (Spearman’s r = 0.9765,
Spearman’s exploratory p-value < 1 × 10−15, Figure 1A). However, the repeat number
detected from long-read sequencing was consistently 1–4 repeat numbers higher compared
to fragment analysis. Using Guppy fast base-calling for Nanopore sequencing resulted
in a mean of 42.77 (SD = ±4.05) repeats, ranging from 33 to 54. Thus, we observed a
higher concordance with fast base-calling between both methods (Spearman’s r = 0.9883,
Spearman’s exploratory p-value < 1 × 10−15, Figure 1B). There was an identical repeat
number in n = 47 patients and a difference of ~1–2 repeats in n = 48 patients.

Figure 1. Repeat number detection using Nanopore long-read sequencing is highly concordant with
the results from fragment analysis. Correlation between the median repeat numbers per individual
of the (CCCTCT)n SVA domain, detected with fragment analysis and Nanopore sequencing using
super accurate (A) or fast base-calling (B). Bars indicate the interquartile range of the detected repeat
number with Nanopore sequencing. R = Spearman’s rank correlation coefficient, p = Spearman’s
exploratory p-value.

To further validate our workflow, we analyzed the previously shown negative asso-
ciation between the AAO and the repeat number [5,6]. The repeat number detected with
Nanopore sequencing negatively correlated with AAO in patients with XDP (Spearman’s
r < −0.80, Spearman’s exploratory p-value < 1 × 10−15).

Next, we explored the continuity of the repeat motif. As reported by NCRF, the mean
number of deletions per read within the repetitive sequence was 6.05 (SD = ±1.00), the
mean number of insertions was 2.89 (SD = ±0.36) and of substitutions 0.73 (SD = ±0.09).
Thus, deletions were the most common type of interruptions detected in the hexanucleotide
repeat sequence of XDP patients (Figure 2).

3.3. Methylation within the SVA and in the Flanking Regions

To assess the DNA CpG methylation of the SVA, we enriched the TAF1 SVA insertion
and flanking regions with a Cas9-targeted approach. We included blood- and brain-
derived DNA from one XDP patient and blood-derived DNA from one age-matched
control participant. We used two Cas9 enrichment strategies: (1) the TAF1 SVA insertion
and a short flanking region (~5.5 kb) and (2) the TAF1 SVA insertion and a longer flanking
region (~22 kb), including 12 predicted enhancer sites.
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Figure 2. Occurrence of repeat motif interruptions. The bar chart shows the mean number of repeat
motif interruptions per patient sample, stratified by type (i.e., deletion, insertion, substitution). The
bars and whiskers represent the mean and upper limit of the standard deviation.

The enrichment of the shorter fragment resulted in an N50 of 4.5 kb for the patient-
derived samples and an N50 on 2.0 kb for the control-derived sample. The mean Phred score
of the reads ranged from 10.0 to 10.9 and the mean coverage from 126.9X (SD = ±79.8X) to
1226.0X (SD = ±554.9X) (Supplementary Figure S1C).

The enrichment of the longer fragment resulted in an N50 of 4.7 kb for the patient-
derived samples and an N50 on 8.8 kb for the control-derived sample. The mean Phred score
of the reads ranged from 12.3 to 13.5 and the mean coverage from 22.1X (SD = ±11.5X) to
591.0X (SD = ±1202.0X). The sequencing quality statistics were summarized in
Supplementary Table S4.

Overall, the methylation levels within the SVA as well as in the up- and downstream
flanking regions were high in the patient-derived samples (Figure 3A). However, the mean
MF was lower in the brain-derived samples (BG: mean MF ± SD = 0.88 ± 0.15, CRB: mean
MF ± SD = 0.90 ± 0.14) compared to the blood-derived sample (mean MF ± SD = 0.94 ± 0.12).
There were n = 153 CpG sites within the SVA TAF1 insertion (Figure 3B). Consistent with the
overall methylation level across the 22 kb region, the mean CpG MF within the SVA specifically
was still lower in the brain-derived samples (BG: mean MF ± SD = 0.87 ± 0.14, CRB: mean
MF ± SD = 0.93 ± 0.08) compared to the blood-derived sample (mean MF ± SD = 0.96 ± 0.07)
(exploratory Mann–Whitney U-test p < 1.2 × 10−6) (Supplementary Figure S2A). In addi-
tion to patient-derived DNA, we analyzed blood-derived DNA from one healthy control
(Figure 3C). The overall MF across the SVA flanking region in the control sample was at
0.83 ± 0.17, which was lower than the patient-derived sample (MF ± SD = 0.93 ± 0.15) (ex-
ploratory Mann–Whitney U-test p < 1 × 10−15, Supplementary Figure S2B). Despite a signifi-
cant difference, the effect size was small.

There were 12 predicted enhancer sites located in the targeted region, 2 upstream
and 10 downstream of the TAF1 SVA insertion, according to the ENCODE project (ref-
erence number: wgEncodeEH000790). There was no CpG site located within enhancer
eight, and this predicted enhancer was excluded from the analysis. The mean MF of the
enhancer sites ranged from 0.65 to 0.99 in the blood-derived sample, from 0.46 to 0.99
in the BG-derived sample and from 0.37 to 0.99 in the CRB-derived sample (Figure 4A,
Supplementary Table S5). In comparison, the mean MF of these enhancers ranged from
0.69 to 0.95 in the healthy control (Figure 4B, Supplementary Table S5). We detected signifi-
cantly lower methylation of the enhancer sites within the TAF1 SVA flanking region in the
control compared to the patient-derived blood sample (exploratory Mann–Whitney U-test
p = 0.0033, Supplementary Figure S2D). With the exception of enhancer two, all enhancers
showed lower methylation levels in the control subject. The most pronounced difference
was observed at enhancer site six (mean MF patient: 0.91, mean MF control: 0.71) and nine
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(mean MF patient: 0.98, mean MF control: 0.70). However, the sample size is small, the
effect sizes are small, and differences remain difficult to interpret (see details in Section 4).

Figure 3. Methylation frequency of the TAF1 SVA insertion and flanking regions. (A) Methylation
frequency of two different brain tissues and blood-derived from a patient with XDP. Red indicates
methylation from blood-derived DNA, green from basal ganglia-derived (BG) DNA and blue from
cerebellum-derived (CRB) DNA. (B) Methylation frequency of TAF1 SVA insertion with indicated SVA
domains of the same patient-derived DNA samples. Red indicates methylation from blood-derived
DNA, green from BG-derived DNA and blue from CRB-derived DNA. (C) Methylation frequency
of blood-derived DNA from a patient with XDP (red) and a control participant (blue). The x-axis
indicates the position in the reference sequence. The bars indicate the location of predicted enhancers,
the TAF1 SVA insertion and the insertion’s subunits.
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Figure 4. Methylation levels of the predicted enhancers flanking the TAF1 SVA. (A) The bar plot
shows the CpG methylation frequency of predicted enhancer sites within the targeted region. DNA
was derived from the blood, basal ganglia and cerebellum of a XDP patient (A) or derived from the
blood of a patient and a healthy control participant (B). The bars and whiskers represent the mean
and upper limit of the standard deviation of the methylation frequency from the CpG sites within a
predicted enhancer.

4. Discussion

In this study, we performed Nanopore single-molecule sequencing to examine the
genetics and epigenetics of the full-length TAF1 SVA insertion in patients with XDP. The
novelty of our study lies in: (1) a new multiplexed workflow to quantify the TAF1 SVA
repeat number in patients that shows high concordance with fragment analysis which
can be used as a cost-effective diagnostic tool in the future; (2) the exploration of novel
variants within the SVA besides the repeat motif across 96 patients which has not been
possible with older technologies and lastly; (3) the detection of direct CpG methylation
across the full-length SVA and flanking regions up to 22 kb which incorporates 12 putative
enhancer sites.

4.1. Examination of the Hexanucleotide Repeat Domain

Deep Nanopore sequencing (>5000X) of the GC-rich TAF1 SVA insertion allowed better
alignment accuracy for the low-complexity repetitive regions of the SVA than short-read
sequencing approaches [18]. From our sequencing data analysis, there was no evidence
of any other genetic variability besides the repeat domain within the investigated locus.
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Thus, variability of AAO and disease severity largely result from the hexanucleotide repeat
number within the SVA [5,6]. As the sequence of the SVA is identical between patients
except for the polymorphic repeat, this further validates the notion that the insertion of this
repeat sequence in intron 32 of TAF1 causes XDP [19].

The software tool, NCRF, has been specifically designed to explore repetitive sequences
in noisy long-read sequencing data [17]. More specifically, the noise in the Nanopore sig-
nal trace is due to indel and homopolymer errors, reducing sequencing accuracy [17].
To decrease the noise even further, we performed base-calling with the novel “super-high
accuracy” model with improved read accuracy provided by the Nanopore software Guppy
(v.5.0.11). Indeed, the repeat number resulting from the NCRF analysis was highly concor-
dant with the results from the independent fragment analysis method. In concordance with
the literature [5,6], the repeat number detected by Nanopore sequencing was negatively as-
sociated with the AAO of patients with XDP as well, which further validates our workflow.
Interestingly, the detected repeat number by NCRF was consistently 1–4 repeats longer
than the number obtained from the fragment analysis. The slightly larger repeat number,
detected with Nanopore sequencing, could be due to deviations in the repeat pattern. We
did not detect a consistently higher repeat number when we compared the results from
the fast base-calling to the fragment analysis. The higher concordance with the repeat
number detected with fast base-calling could result from general repeat number detection
of fragment analysis without the resolution of mismatches in the repeat motif. In fact,
there was a noticeable increase in the frequency of deletions in the long-read data that
require further exploration as interruption of the repeat motif has also been reported for
other repeat expansion diseases such as Friedreich’s Ataxia or Huntington disease [20,21].
Therefore, further investigation of this issue, including single nucleotide resolution of the
repeat interruption, is required.

4.2. Methylation Status of the TAF1 SVA Insertion and Adjacent Enhancer Sites

Nanopore sequencing has been used to investigate DNA methylation in the context
of other repeat expansions before [12,22]. Recently, in the context of cancer, Nanopore
sequencing has been used to assess the genetics and epigenetics of transposable elements
simultaneously, including the CG-rich VNTR domain of SVAs, also known as “mobile CpG-
island” [12]. To maintain DNA methylation, an amplification-free Cas9-guided approach
for Nanopore sequencing was introduced [23]. This targeted approach has been shown to
efficiently enrich repeat expansions causing frontotemporal dementia and amyotrophic
lateral sclerosis or fragile X syndrome [22].

In this study, the target region was enriched against the genomic background DNA,
and methylation was maintained, using a Cas9-guided approach. Coverage of the SVA
insertion specifically was high; however, lower sequencing depth was obtained in the flank-
ing regions. The variability in coverage could be due to the limitation of different targeting
efficiencies of the crRNAs used in the Cas9-approach. To counteract potential off-target
effects, we included only reads with sufficient alignment length to the reference sequence.

We observed hypermethylation of the TAF1 SVA insertion in concordance with the lit-
erature [9]. Although the overall MF in all patient-derived samples was high, it was mildly
reduced in the brain-derived samples. There have been speculations that neuron-specific
expression of TAF1 is reduced in patients with XDP [9]. However, recently published stud-
ies could not confirm a significant decrease of neuron-specific TAF1 in XDP patients [24,25].
In addition, it is unclear if the slight change of the methylation level in the brain-derived
samples that we observed could affect the expression level of TAF1 and whether it would
be relevant for the disease to develop. Furthermore, we did not specifically analyze the
methylation level of neurons, which could be a perspective for future experiments.

There is the possibility that retrotransposon insertions introduce methylation changes
into the flanking regions [26]. There have been speculations that the hypermethylation
of the SVA could also affect the methylation of adjacent cis-regulatory elements [9]. The
12 predicted enhancer sites in the target region showed mostly comparable methylation
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levels in the blood and brain-derived samples, and only 2 enhancer sites showed a slight
methylation decrease in the brain. Interestingly, lower methylation levels of the BG-derived
sample, in particular, were present in the SVA insertion, as well (Figure 3B). This difference
is most pronounced in the VNTR domain of the retrotransposon. The lower methylation
observed in the BG can be explained by tissue-specific differences and is not necessarily a
disease-related phenomenon. Indeed, tissue-specific methylation patterns of transposable
elements have been investigated with Nanopore sequencing [12,27]. Of particular interest
is the reduced methylation of intergenic subfamily SVAf insertion in the X-chromosome in
tumor tissues compared to non-tumor tissues [12]. In general, overall CpG methylation
of brain tissue and peripheral tissues is highly correlated across participants. On the
other hand, differences between the methylation level of the brain and peripheral tissues
within a particular individual are possible, which can contribute to tissue-specific gene
expression [28–30].

The goal of this study was to establish a new workflow for direct CpG methylation
detection using Nanopore sequencing. The study shows that it is indeed possible to detect
methylation across a large region, including the TAF1 SVA of 22 kb. There has been evidence
that DNA methylation can be a molecular mechanism in XDP pathogenesis. Due to the
abolishment or introduction of CpG dinucleotides by disease-specific single-nucleotide
changes (DSC), significant differences in methylation between XDP patients and controls at
these positions have been reported, suggesting a potential effect on TAF1 expression [31].
These three reported DSCs are located ~700 kb away from the SVA. Our study focused on
regions within and adjacent to the SVA insertion. As the GC-content of the VNTR is high
and the SVA is known to be hypermethylated, the change in the direct genetic environment
could lead to altered methylation patterns within the SVA and flanking regions. As a pilot
study, we observed overall lower methylation of the control sample compared to the XDP
patient in the SVA flanking region as well as in 10 out of the 12 predicted enhancer sites.
The observed methylation differences in this study are only preliminary and should be
interpreted with caution. Another limitation of this study was the lack of brain-derived
DNA from controls. Thus, more individuals and tissue types should be investigated using
the Cas9-targeted approach across this 22 kb region. Still, our results show the utility of
long reads in detecting the full-length SVA in TAF1 in the context of XDP.

5. Conclusions

In this study, we present a straightforward and scalable long-read deep sequencing
workflow to quantify the hexanucleotide repeat number of the TAF1 SVA in patients
with XDP. The high concordance of the results obtained from Nanopore sequencing to
independent fragment analysis highlights the accuracy of our workflow. The long reads
were also utilized to investigate variations within the SVA locus other than the repeat motif.
As the sequence of the SVA locus was identical between patients besides the hexanucleotide
repeat domain, our results further underline that the insertion of this repeat sequence is
associated with the variability in AAO and expressivity in XDP. Lastly, an amplification-
free Cas9 targeted enrichment of the SVA locus and the flanking regions allowed us to
comprehensively assess the (epi-) genetics of the TAF1 SVA locus.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/genes13010126/s1, Table S1: Overview of patients with XDP for variant and repeat detection;
Table S2: Primers for the long-range PCR; Table S3: Sequences of the crRNAs for the Cas9-targeted
sequencing; Table S4: Overview of the Nanopore sequencing quality parameters; Table S5: Overview
of CpG methylation of enhancer sites located in the target region; Figure S1: Location of XDP-16153 F
and XDP-19345R primers and Cas9 guide RNAs and coverage after PCR or Cas9-targeted enrichment;
Figure S2: Comparison of the methylation levels of the TAF1 SVA and flanking regions.
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Abstract: Idiopathic Parkinson’s disease (PD) is a complex multifactorial disorder caused by the
interplay of both genetic and non-genetic risk factors. Polygenic risk scores (PRSs) are one way to
aggregate the effects of a large number of genetic variants upon the risk for a disease like PD in a
single quantity. However, reassessment of the performance of a given PRS in independent data sets is
a precondition for establishing the PRS as a valid tool to this end. We studied a previously proposed
PRS for PD in a separate genetic data set, comprising 1914 PD cases and 4464 controls, and were
able to replicate its ability to differentiate between cases and controls. We also assessed theoretically
the prognostic value of the PD-PRS, i.e., its ability to predict the development of PD in later life for
healthy individuals. As it turned out, the PD-PRS alone can be expected to perform poorly in this
regard. Therefore, we conclude that the PD-PRS could serve as an important research tool, but that
meaningful PRS-based prognosis of PD at an individual level is not feasible.

Keywords: Parkinson’s disease; polygenic risk score; replication; validation; prognostic value;
genetic risk
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1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
after Alzheimer’s disease, with a particularly high prevalence seen in Europe and North
America [1]. PD has a complex multifactorial etiology in which both environmental and
genetic factors play a prominent role. The main risk factor for PD hitherto identified,
however, is age, and both prevalence and incidence increase exponentially in later life.

While some 3–5% of PD cases are monogenic, recent genome-wide association studies
(GWAS) revealed that idiopathic PD is highly polygenic [2–4]. Therefore, the development
of polygenic risk scores (PRSs) as a means to summarize the effect of the genetic background
upon an individual’s disease risk in a single number appears meaningful for idiopathic
PD. Several PRSs have been developed for PD affection status, age-at-onset and specific
symptoms in studies of variable size and using different methodologies [2,5–10].

Although the construction of a PRS is rather straightforward using existing software,
the validation of existing PRSs through an assessment of their performance in independent
data sets has still been undertaken only rarely and, to our knowledge, not for PD. One
aim of our study therefore was to investigate in more detail the discriminatory power
of a PRS for PD previously published by Nalls et al. [2]. This PRS was developed based
upon the largest meta-GWAS for the disease to date and comprises 1805 single nucleotide
polymorphisms (SNPs). Our second aim was to assess the prognostic value of this PD-PRS.
In fact, while PRSs usually differentiate well between cases and controls, their utility for
disease prognostics has been a matter of intensive debate [11,12].

2. Materials and Methods

2.1. Samples

The samples analyzed in the present study originated from five German cohorts
comprising a total of 1914 PD cases and 4464 controls after quality control (Table A1).
The data sets were collated within the framework of DFG Research Unit ’ProtectMove’
(FOR2488). The samples of two PD patient and control cohorts (Kiel PD, Luebeck PD)
were recruited locally in Schleswig-Holstein, the northernmost federal state of Germany.
EPIPARK is an additional prospective and longitudinal observational single-center study
from Luebeck, focused upon the non-motor symptoms of PD patients [13]. DeNoPa is
a prospective and longitudinal observational single-center study from Kassel in central
Germany, aimed specifically at improving early diagnosis and prognosis of PD. Participants
include early untreated PD patients and matched healthy controls [14]. The PopGen
biobank [15,16] is a central research infrastructure, maintained by Kiel University, for the
recruitment of case-control cohorts for defined diseases [15,16]. For the present study,
PopGen contributed 661 PD patients and 3093 unaffected individuals from the broader
Kiel area.

2.2. Genotyping, Genotype Imputation and Quality Control

Genomic DNA was extracted from peripheral blood leukocytes and genotyped using
the Infinium Global Screening Array with Custom Content (GSA; Illumina Inc., San Diego,
CA, USA) which targets 645,896 variants. Quality control was performed with PLINK 1.9,
PLINK 2.0 and R package plinkQC [17–22].

At the SNP level, quality control was carried out with thresholds of 0.01 for the minor
allele frequency (MAF), of 0.98 for the SNP call rate and of 10−50 for the software-issued
p value of the Hardy–Weinberg equilibrium test. Some 431,738 variants passed quality
control and were used for imputation with SHAPEIT2 [23] and IMPUTE2 [24], based
upon the public part of the HRC reference panel (release 1.1, The European Genome-
Phenome Archive, EGAS00001001710) [25]. Imputation yielded genotype data for a total
of 39,106,911 variants and after the exclusion of variants with MAF < 0.01 or an info
score < 0.7, some 7,804,284 variants remained for further analyses.

At the participant level, 6794 individuals were initially available from the five cohorts.
Individuals with a call rate < 0.98 or with a heterozygosity value > 3 standard deviations
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different from the mean on the non-imputed data were removed. To exclude potential
relatives and population outliers, linkage disequilibrium pruning was performed using
a window size of 50 variants, shifted by five variants, and an r2 threshold of 0.2, leaving
186,064 variants. Pairwise identity-by-descent (IBD) was then estimated and individuals
were removed in a customized selection process (see Appendix A.1) until all pairwise IBD
values were <0.1. For details on the identification of population outliers, see Appendix A.2
and Figure A1. In total, 416 individuals were removed leaving 6378 individuals (1914 cases,
4464 controls) for further analysis. Principal component analysis (PCA) plots of the samples
from our study and from the 1000Genomes project can be found in Figure A2.

2.3. Analysis of Parkinson’s Disease Polygenic Risk Score (PD-PRS)

We evaluated a PRS for PD published by Nalls et al. [2]. The list of the 1805 SNPs in-
cluded in this PD-PRS, together with reference alleles and effect sizes, was kindly provided
to us by the first author. Matching the SNPs to our imputed SNPs was done by reference to
their chromosomal positions. Some 1743 of the PD-PRS SNPs were represented in our data
set, and all of these SNPs were imputed (the 62 omitted SNPs are listed in Table A2).

The PD-PRS values were standardized by subtraction of the mean and division by the
standard deviation of the PD-PRS among controls. This standardized version of the PRS
will henceforth be used and also referred to as ‘PD-PRS’ as well. Density plots were created
with base-R function density. Logistic regression analysis was performed treating the case-
control status as outcome and the PD-PRS value as influence variable, adjusted for the first
three PCs, sex and age-at-sampling. An additional logistic regression analysis, excluding
age-at-sampling, was performed among cases from the lowest and highest age-at-onset
quartiles, treating quartile affiliation as outcome. A two-sided significance level of 0.05 was
adopted for the Wald test embedded into the logistic regression analysis.

Receiver operating characteristic (ROC) curves and corresponding areas under curve
(AUCs) were calculated with R package pROC [26] and 95% confidence intervals for odds
ratios were constructed with the oddsratio.wald function from the epitools package [27].

2.4. Identification of Most Relevant PD-PRS SNPs

We evaluated which SNPs of the PD-PRS were most relevant for distinguishing cases
from controls by determining their influence upon the AUC. This was done in three steps.

1. The PD-PRS was repeatedly calculated, excluding one SNP each time, and deter-
mining the AUC of the PD-PRS without the SNP. These AUCs will be referred to as
‘AUC-SNP’ values.

2. SNPs were sequentially removed from the PD-PRS based upon the steepest decline of
the AUC of the remaining SNPs, until the 95% confidence interval of the residual AUC
included 0.5. This set of removed SNPs will be referred to as ‘most relevant SNPs’.

3. The results from step 1 and step 2 were combined in a single plot, relating the AUC-
SNP values of SNPs (y axis) to their AUC-SNP-based rank (x axis) and color-coding
the set of most relevant SNPs from step 2 together with the set of 47 genome-wide
significant SNPs identified by Nalls et al. [2] and included in our PD-PRS.

R package biomaRt and the hsapiens_gene_ensembl data set from Ensembl were used
to identify genes that included at least one of the most relevant SNPs [28–30]. Coding and
functional information on individual SNPs were obtained from dbSNP [31].

2.5. Prognostic Value of PD-PRS

The coords function from R package pROC [26] was used to derive appropriate PD-PRS
thresholds from ROC curves, and to determine the corresponding values of sensitivity and
specificity. Thresholds were calculated by maximizing a weighted Youden-Index:
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max(costs · sensitivity + specificity)

where ‘costs’ was defined as the relative severity of a false negative compared to a false
positive result (i.e., classification or prediction as PD). Costs were varied from 1 to 5 in
steps of 0.0001.

For fixed specificity and sensitivity, the positive and negative predictive values (ppv,
npv) were computed with Bayes formula as

ppv =
sensitivity · prevalence

sensitivity · prevalence + (1 − specificity) · (1 − prevalence)

npv =
specificity · (1 − prevalence)

specificity · (1 − prevalence) + (1 − sensitivity) · prevalence

To evaluate the prognostic value of the PD-PRS, we had to include the residual lifetime
incidence in the above formulae instead of the disease prevalence. To this end, we adopted
the age-specific incidence and death rates I[interval] and D[interval] from the SIa strategy
in [32]. The SIa strategy used only cases with at least two diagnoses of PD to avoid false
positive diagnoses. I[interval] and D[interval] were given for 5-year age intervals, starting from
[50–54] and ending with [95+]. Since the death rates were given as annual probabilities to
die within a given interval, the probability to survive that interval can be approximated by
S[interval] = (1 − D[interval])5. For individuals from a given age interval [d,d+5], the residual
lifetime incidence can then be computed as

I[d, 95+] = I[d, d+5] + (I[d+6, d+11]·S[d, d+5]·(1 − I[d, d+5])) + . . . + (I[95+]·S[d, d+5]· . . . ·S[90, 94]·(1 − I[d, d+5])· . . . ·(1−I[90, 94])).

The resulting residual lifetime incidence values are listed in Table A3.

3. Results

3.1. Validation of Published Parkinson’s Disease Polygenic Risk Score (PD-PRS)

To independently validate the (standardized) PD-PRS proposed by Nalls et al. [2], we
investigated the performance of this PRS in a separate data set comprising 1914 PD cases
and 4464 controls (Table A1). The distribution of the PD-PRS clearly differed between the
two groups (Figure 1A; Wald test p < 10−5, Table 1). Nagelkerke’s pseudo-R2 from the
logistic regression analysis equaled 0.35 when including PD-PRS, sex, age and the first three
principal components (PCs), and 0.30 when the PD-PRS was not included (Table 1). The
area under curve (AUC) for the receiver operating characteristic (ROC) curve (Figure 1B)
was 0.65, which was comparable to the AUC obtained in the original study [2]. The disease
odds ratios (ORs) for the 2nd to 10th deciles of the PRS distribution among controls ranged
from 1.26 (2nd decile) to 6.10 (10th decile; 1st decile used as reference; Figure 2).

The PD-PRS was also able to distinguish well between cases from the 1st and 4th
age-at-onset (AAO) quartile (≤54 years vs. >70 years, Figure 3A, p = 1.61 × 10−5, Table 1).
Nagelkerke’s pseudo-R2 from the logistic regression was 0.039 including PD-PRS, sex
and the first three PCs, and 0.009 when the PD-PRS was not included. The AUC of the
ROC equaled 0.59 (Figure 3B, Table 1) and was hence considerably smaller than the AUC
obtained for distinguishing cases from controls.

3.2. Most Relevant SNPs in PD-PRS

We identified 422 SNPs as being the most relevant for distinguishing cases from
controls, judged by their influence upon the AUC in a backward-selection process (see
Methods). Of these SNPs, 287 are located within a gene. Table 2 lists the top 20 most
relevant SNPs inside genes (for a complete list, see Table A4). Of all 1743 SNPs analyzed,
some 47 had been genome-wide significant in the meta-GWAS by Nalls et al. [2]. Thirty-two
of these (68%) were among the 422 most relevant SNPs identified here, and 25 of them
(78%) were intra-genic. When all 1743 SNPs were ranked according to the AUC obtained
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when a given SNP was removed (Figure 4), the 422 most relevant SNPs occurred mostly
on the left side of the graph meaning that the AUC is strongly reduced upon the removal
of the SNP. The 32 most relevant and genome-wide significant SNPs, in particular, were
found to cluster at the far left of the graph.

Figure 1. PD-PRS in PD cases and controls. (A) Density of PD-PRS in cases and controls. (B) ROC curve for PD-PRS as a
predictor of case-control status. PRS: polygenic risk score, PD: Parkinson’s disease, ROC: receiver operating characteristic.

Table 1. Comparative validation of PD-PRS.

Data Set
Samples

(N)
SNPs
(N)

AUC
[95% CI]

Nagelkerke’s
Pseudo-R2 a p Value b Nagelkerke’s

Pseudo-R2 c

This study
(case/control) 6378 1743 0.645 [0.630, 0.660] 0.348 <10−5 0.298

Nalls training d

(case/control)
11,243 1809 0.640 [0.630, 0.650] n.a. <10−5 n.a.

Nalls validation e

(case/control) 999 1805 0.692 [0.660, 0.725] n.a. <10−5 n.a.

This study
(AAO) f 836 1743 0.590 [0.551, 0.629] 0.039 1.6 × 10−5 0.009

a From logistic regression analysis of PD case-control status (first line) and AAO 1st vs 4th quartile (fourth line), each time including
PD-PRS, sex, age (only for the analysis of case-control status) and the first three PCs as independent variables. Nalls et al. [2] used a
different approach to evaluate logistic regression models, hence a comparison of pseudo-R2 is not meaningful. b p value for PD-PRS as
an independent variable in the logistic regression analysis (Wald test). c Same logistic regression model as before, but without PD-PRS
as an independent variable. d NeuroX-dbGaP data set (5851 cases, 5866 controls). e Harvard Biomarker Study (527 cases, 472 controls).
f Samples belonging to the 1st and 4th AAO quartile among cases analyzed in this study. PD: Parkinson’s disease, PRS: polygenic risk score,
SNP: single nucleotide polymorphism, AUC: area under ROC curve, CI: confidence interval, AAO: age-at-onset, ROC: receiver operating
characteristic, n.a.: not available.

3.3. Prognostic Value of PD-PRS

To investigate the prognostic value of the PD-PRS, an individual was defined as ‘test-
positive’ if their PRS exceeded a given threshold of the PRS and ‘test-negative’ if not. Thus,
sensitivity in this context means the probability that a person who develops PD in later
life has a PRS above the threshold while specificity is the probability that a person who
will not develop PD during their lifetime is test-negative. Since sensitivity is generally
more important than specificity for screening tests, we considered different relative costs of
false negative vs false positive test results when maximizing a weighted Youden index to
determine the optimal PD-PRS threshold (Table 3). For costs of 1, i.e., when false positives
and false negatives are deemed equally serious, the optimal PD-PRS threshold equaled
0.33, yielding a sensitivity of 0.58 and a specificity of 0.63. For costs of 5, the sensitivity
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equaled 1 and the specificity equaled 0.003 at an optimal PD-PRS threshold of −2.667
(Table 3, Figure 5A).

For fixed costs, the age-specific predictive values of the PD-PRS differed only little up
to age interval [70–74], after which the positive predictive value (ppv) declined and the
negative predictive value (npv) increased (Table 4, Figure 5B). Across all age groups and
costs levels, the ppv was very low with a maximum of 0.027 up to 74 years at costs of 1.
The minimum ppv was 0.005 for the highest age group (90+) at costs of 5. The npv varied
between 0.988 (≤74 years, costs 1) and 1 (all age groups, costs 5).

Figure 2. Disease OR for the 2nd to 10th deciles of the PD-PRS distribution among controls. (1st decile used as reference).
Vertical bars demarcate 95% confidence intervals. OR: odds ratio, PD: Parkinson’s disease, PRS: polygenic risk score.

Figure 3. PD-PRS in early and late onset cases. (A) Density of PD-PRS in the 1st and 4th AAO quartile of cases. (B) ROC
curve for PD-PRS as a predictor of 1st vs 4th AAO quartile. AAO: age-at-onset, PRS: polygenic risk score, PD: Parkinson’s
disease, ROC: receiver operating characteristic.
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Table 2. Top 20 most relevant SNPs located within genes.

HGNC Symbol 1 Chr AUC Start 2 End 3 SNP Position 4 A1 5 A2 6 GS 7 SNP Type

ENSG00000251095 4 0.643 90,472,507 90,647,654 90,626,111 G A yes intron
SNCA 4 0.641 90,645,250 90,759,466 90,684,278 A G no intron
HIP1R 12 0.640 123,319,000 123,347,507 123,326,598 G T yes intron

TMEM175 4 0.639 926,175 952,444 951,947 T C yes missense
SNCA 4 0.638 90,645,250 90,759,466 90,757,294 A C no intron
ASH1L 1 0.637 155,305,059 155,532,598 155,437,711 G A no intron

UBQLN4 1 0.634 156,005,092 156,023,585 156,007,988 G A no intron
ENSG00000225342 12 0.633 40,579,811 40,617,605 40,614,434 C T yes n.a.

LRRK2 12 0.633 40,590,546 40,763,087 40,614,434 C T yes n.a.
STX1B 16 0.632 31,000,577 31,021,949 31,004,169 T C no synonymous
INPP5F 10 0.631 121,485,609 121,588,652 121,536,327 G A yes intron
CCSER1 4 0.631 91,048,686 92,523,064 91,164,040 C T no intron
SLC2A13 12 0.630 40,148,823 40,499,891 40,388,109 C T no intron
FBXL19 16 0.630 30,934,376 30,960,104 30,943,096 A G no intron

ENSG00000251095 4 0.629 90,472,507 90,647,654 90,619,032 C T no intron
CAB39L 13 0.629 49,882,786 50,018,262 49,927,732 T C yes intron
STK39 2 0.628 168,810,530 169,104,651 168,979,290 C T no intron
CCT3 1 0.628 156,278,759 156,337,664 156,300,731 T C no intron

ENSG00000225342 12 0.627 40,579,811 40,617,605 40,614,656 A G no n.a.
LRRK2 12 0.627 40,590,546 40,763,087 40,614,656 A G no n.a.

1 HGNC symbol or Ensemble gene ID if there is no HGNC symbol available. 2 Base pair position of start of gene. 3 Base pair position of
end of gene. 4 Genomic position of SNP. 5 Major SNP allele. 6 Minor SNP allele. 7 Genome-wide significant (GS) in the meta-GWAS by
Nalls et al. [2]. HGNC: HUGO Gene Nomenclature Committee, Chr: Chromosome, AUC: area under ROC curve, ROC: receiver operating
characteristic, PRS: polygenic risk score, PD: Parkinson’s disease, n.a.: not available.

Figure 4. Influence of individual SNPs upon PD-PRS performance. For each of the 1743 PD-PRS SNPs, the AUC was
calculated after removing the SNP from the PRS. SNPs were color-coded as either genome-wide significant in a meta-
GWAS [2] (blue), as ‘most relevant’ in the present study (red), both of the former (black) or none of the former (yellow).
SNP: single nucleotide polymorphism, PD: Parkinson’s disease, PRS: polygenic risk score, AUC: area under ROC curve,
ROC: receiver operating characteristic, GWAS: genome-wide association study.
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Table 3. Prognostic value of PD-PRS.

Costs
1 2 3 4 5

Sensitivity
[95% CI]

0.581
[0.479, 0.733]

0.921
[0.880, 0.981]

0.981
[0.973, 1]

0.999
[0.983, 1]

1
[0.996, 1]

Specificity
[95% CI]

0.625
[0.472, 0.725]

0.198
[0.075, 0.289]

0.067
[0.004, 0.096]

0.006
[0.002, 0.082]

0.003
[0.002, 0.034]

Threshold 1 0.330 −0.868 −1.507 −2.533 −2.667
1 Optimal threshold for PD-PRS as determined by maximizing a weighed Youden index. PD: Parkinson’s disease, PRS: polygenic risk score,
CI: confidence interval.

Figure 5. Prognostic value of PD-PRS. (A) Sensitivity and specificity of PD-PRS for the optimal threshold were determined
by maximizing a weighted Youden index. The relative costs of false negative vs false positive results varied from 1 to 5.
(B) ppv and npv were calculated from the costs-based sensitivity and specificity and the residual lifetime incidence (see
Methods and Table A3) in 10 age groups. PRS: polygenic risk score, PD: Parkinson’s disease, ppv: positive predictive value,
npv: negative predictive value.

Table 4. Costs- and age-dependent PD-PRS predictive values.

Costs
1 2 3 4 5

ppv npv ppv npv ppv npv ppv npv ppv npv

A
g

e
g

ro
u

p
(Y

e
a

rs
)

50–54 0.026 0.988 0.020 0.993 0.018 0.995 0.017 0.998 0.017 1
55–59 0.027 0.988 0.020 0.993 0.018 0.995 0.018 0.998 0.018 1
60–64 0.027 0.988 0.020 0.993 0.019 0.995 0.018 0.998 0.018 1
65–69 0.027 0.988 0.021 0.993 0.019 0.995 0.018 0.998 0.018 1
70–74 0.027 0.988 0.020 0.993 0.019 0.995 0.018 0.998 0.018 1
75–79 0.025 0.989 0.019 0.993 0.017 0.995 0.017 0.999 0.016 1
80–84 0.022 0.990 0.016 0.994 0.015 0.996 0.014 0.999 0.014 1
85–89 0.017 0.993 0.012 0.996 0.011 0.997 0.011 0.999 0.011 1
90–94 0.011 0.995 0.008 0.997 0.008 0.998 0.007 0.999 0.007 1
95+ 0.008 0.996 0.006 0.998 0.005 0.999 0.005 1.000 0.005 1

PRS: polygenic risk score, PD: Parkinson’s disease, ppv: positive predictive value, npv: negative predictive value.

4. Discussion

In the present study, we replicated the performance of the PD-PRS developed by
Nalls et al. [2] in an independent data set. It turned out that the PD-PRS was clearly able to
distinguish between cases and controls and that it was increased in cases of early age-at-
onset. Individuals in the 10th PRS decile had an OR of around 6 of having PD as compared
to individuals in the lowest decile. This is in line with the results by Nalls et al. [2] who
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reported ORs of 3.74 and 6.25 for the highest quartiles in their two data sets. The most
relevant PRS SNPs identified in our study included many genome-wide significant SNPs
from the Nalls et al. study [2], as was to be expected. In fact, of the 47 genome-wide
significant SNPs, some 32 (68%) were found to be most relevant in the sense of our study.
However, this is still only a small fraction (7.5%) of the total number of 422 most relevant
SNPs, which highlights the polygenic background of PD with several low-effect variants
and justifies the fact that not only genome-wide significant SNPs were originally included
in the PRS.

In the recent past, the research community has become increasingly aware of the
problem of non-replicability of research findings in independent data sets or with dif-
ferent methods [33]. This has been termed the “replication crisis” or “reproducibility
crisis” [34,35]. Studies aiming at validating existing PRSs are still rare and, usually, new
data set-specific PRSs are developed instead because this is easy with existing software.
Nevertheless, PRS replication should be mandatory [36] and our replication of the results
reported by Nalls et al. [2], in an independent data set, is reassuring. It supports the idea
that this PD-PRS can be used to capture the contribution of the genetic background of an
individual to their PD risk. The PD-PRS could hence be a valid instrument to adjust for the
genetic background component in statistical models for PD. Moreover, it may also facilitate
studies of the genetic overlap between different diseases or disease subtypes and of the
interaction between genetic and environmental factors.

It has to be kept in mind, however, that PRSs only capture the effect of common genetic
variants. Highly-penetrant rare or private variants as well as other types of variations
such as copy number variants or indels are not represented [37]. Another drawback of
PRSs is their dependency on the ancestry of populations [38]. The PD-PRS analyzed in the
present study was both constructed and validated in populations of European ancestry,
and transferability of the results to other ancestries cannot be taken for granted but has to
be investigated in future studies. On a related note, it must be kept in mind that all PD-PRS
SNPs considered in our study were imputed. This does not seem to have impaired our
replication of the results of Nalls et al. [2], probably due to our stringent quality control.
For populations, where a good imputation reference is lacking, consistent PRS performance
may not be taken for granted.

Quality control in our study led to the exclusion of 62 of the original 1805 PD-PRS SNPs.
The omitted SNPs showed on average a larger effect size in the original meta-analysis than
the SNPs included in our PRS (Table A2). The former were excluded mostly (79%) because
of very low MAF and the rest because the info score was below 0.70. Despite the higher
effect sizes, it is therefore not clear if the additional usage of the 62 SNPs would enhance
the performance of the PD-PRS because of low MAF and perhaps difficult imputation. The
loss of variants from the score due to difficulties in imputation is a good argument for the
adoption of the development of standardized PRSs based on reference variants which are
available in common genotyping arrays. This would reduce the imputation problem.

Whereas PRSs deserve a role in etiological research and statistical modelling of dis-
eases, their prognostic value is dubious [11,12,36]. PRSs are developed to differentiate
between cases and controls. Although the level of differentiation achieved is reasonable
at a group level, the obtained AUCs are usually insufficient for individual diagnostic or
prognostic testing, where an AUC > 0.90 is required [11]. In this study, we evaluated
the prognostic value of a specific PD-PRS and calculated its sensitivity and specificity
as well as its predictive values for various assumptions about the relative importance
of mis-prognoses. Our results were in accordance with the generally held view that a
prognostic application of PRSs alone is not meaningful. The negative predictive values
were high which means that people with a low PRS can be reasonably sure not to develop
PD, at least not of the type considered in this study. However, the positive predictive values
were only of the order of a few percent which means that the probability of a person with
a high PRS developing the disease is quite low. Here, the comparison to a hypothetical
test which gives everybody a negative test result is helpful: Assuming a lifetime incidence
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of 5% [39], the negative predictive value of this (nonsense) test would be 95%, i.e., quite
similar to a test based solely on the PD-PRS.

There are three ways in which a prognostic test for PD, or any other disease, could
potentially help to reduce incidence or severity: change of lifestyle factors, enhanced
surveillance or preventive treatment. Of these, a change towards a healthier lifestyle is
always meaningful, both from an individual and a population health perspective, and
only a test with a positive predictive value much higher, for example, than that of the
PD-PRS would mean an additional individual incentive for change. Moreover, with a low
incidence and positive predictive value, frequent medical screening of individuals with
a high PRS would mean spending valuable resources for individuals who have only a
probability of a few percent to actually develop the disease in question. The same holds
true for possible preventive treatment if such treatment were available in the first place.
Apart from economic constraints, side-effects might result in a negative benefit-risk balance
when the incidence of the disease in question is as low as for PD.

A limitation of our study has been that the predictive values were only calculated
from theoretical models and were not based directly upon empirical observations. This is a
general drawback when evaluating the prognostic value of PRSs because adequate long-
term studies would be time-consuming, require large sample sizes and would hence be
rather expensive. This notwithstanding, PRSs have to be externally validated and compared
to other (clinical) risk models in a clinically meaningful prospective set-up [12,36] because
this is a conditio sine qua non for the applicability in practice of any prognostic marker. Only
a few studies have taken first steps in this direction [40–42], and most have found none or
only little additional prognostic value of PRSs over and above clinical and demographic
predictors. To our knowledge, no such study has been performed yet for PD, where the
combination of a PRS with established prodromal markers [43] might be specifically worth
investigating in future prospective studies.

5. Conclusions

The PD-PRS proposed by Nalls et al. [2] could be validated independently in German
patients and controls, suggesting that the PRS may be a meaningful research tool to
investigate and adjust for the polygenic component of PD. Individual risk prediction using
the PD-PRS alone is, however, not meaningful.
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Appendix A

Appendix A.1. Removal of Related Individuals

Clusters of related individuals were generated such that each individual in a cluster
had an IBD value ≥ 0.1 with at least one other individual in the cluster. Typical clusters
were siblings or parent-child clusters but also larger clusters of extended families were
found. A total of 238 disjunct clusters comprising 503 individuals were detected in our
data set. For each cluster, the largest subset of unrelated individuals (all pairwise IBD
values < 0.1) was next selected, and since cases were more valuable for our analysis than
controls, the former were given double weight in the selection process. If two equally
large subsets remained, the subset with the highest AAO for a case was selected because
idiopathic PD typically has high AAO. If this was not possible, selection was in favor of
the subset with the oldest control. Of the 503 individuals in clusters, 243 were kept for
further analysis.

Appendix A.2. Removal of Population Outliers

Population outliers were removed in our study by two different approaches. In the
first approach, our data set was merged with 2504 individuals from the 1000Genomes
project (1000 Genomes Phase III, imputed). A PCA was then done with PLINK 1.9 [21]
at the default setting of 20 PCs. Next, a polygon was constructed around the European
populations of the 1000Genomes data (CEU, FIN, GBR, IBS and TSI) to identify population
outliers in our own data by considering PC1 and PC2. In more detail, the polygon was
generated by first transforming the PC1:PC2-coordinates of the European individuals from
1000Genomes and of our samples into spatial data, using R package sp [44,45]. Ideally, a
circle around each European 1000Genomes data point (sample) would represent the genetic
neighborhood of the respective individual, and the union of these circles would be the
region of probable European ancestry. However, that is technically difficult and therefore R
package rgeos was used to calculate 20-polygonal approximations of circles with a width
of 0.0005 around each data point [46] (Figure A1). The width of these circle-polygons
was chosen such that the union of all circle-polygons was connected. The width roughly
equaled 1/8 of the mean of the first PC and 1/4 of the mean of the second PC of the
1000Genomes European data. As a boundary of the union of the circle-polygons, a polygon
was then computed with an additional distance of 0.0005 to the circle-polygons to smooth
indentations. Finally, we gauged the samples from our data set against this boundary and
every sample outside the boundary was removed.

As a second approach to remove population outliers, we applied the K nearest neigh-
bor (KNN) method suggested in [47] using R packages bigsnpr and bigparallelr [48,49].
Utilizing a scree plot, three PCs were considered important and a threshold of 0.15 was
used for the KNN statistics.

Table A1. Cohorts used in this study.

Cohort
N

N Cases
N

Controls
N Female

Cases
N Female
Controls

Age-at-Sampling
Cases 1

Age-at-Sampling
Controls 1

Age-at-Onset
Cases 1

Kiel PD 184 184 0 59 (32%) 0 68 [61–76] - 58 [48–68]
Luebeck PD 928 395 533 139 (35%) 323 (61%) 68 [57–75] 44 [35–48] 60 [51–68]

EPIPARK [13] 1271 525 746 205 (39%) 353 (47%) 69 [60–76] 67 [61–71] 60 [52–70]
DeNoPa [14] 241 149 92 52 (35%) 32 (35%) 67 [59–73] 67 [62–70] 67 [59–73]

Popgen [15,16] 3754 661 3093 262 (40%) 1527 (49%) 71 [66–77] 54 [41–65] 64 [56–71]

1 Median and interquartile-range. PD: Parkinson’s disease.
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Figure A1. Identification of population outliers by PCA drawing upon 1000Genomes data. White
circles represent polygonal circle approximations around European samples of the 1000Genomes
project. The thick black line marks the union set, the thinner line marks the final boundary. Dots
representing our samples are colored according to their inclusion in or exclusion from the study.
Samples were excluded if they were outside the boundary. PC: principal component, PCA: principal
component analysis.

Figure A2. PCA plots after quality control. (A) Plot of the first two PCs from the 1000Genomes supra populations and the
samples of this study. Our study samples were plotted on top, therefore obscuring part of the European samples from
the 1000Genomes project. (B) Plot of the first two PCs from the cohorts included in our study (Table A1). PC: principal
component, PCA: principal component analysis.
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Table A2. SNPs omitted from PD-PRS.

SNP Location 1 Beta 2 GS 3 MAF 4

1:1,186,833 −0.4394 no 0.0178
1:145,716,763 0.0448 no not imputed
1:154,837,939 0.2467 no 0.0052
1:155,205,634 0.7662 yes 0.0022
1:232,161,497 −0.2638 no 0.0087
1:62,675,673 0.317 no 0.0134

2:100,906,427 0.1534 no 0.0098
2:102,368,870 0.2332 no 0.0048
2:102,655,773 0.2056 no 0.0046
2:136,388,639 −0.0656 no 0.0513
2:191,364,828 0.2497 no 0.0079
2:63,783,507 0.173 no 0.0094

3:112,245,295 −0.1391 no 0.9907
3:48,406,286 0.0789 no 0.0398
3:96,921,359 0.1607 no 0.0069
3:97,799,541 0.1819 no 0.0062

4:133,792,853 0.1797 no 0.0057
4:77,645,873 −0.2104 no 0.0096
4:90,603,678 −0.203 no 0.0087
4:90,673,143 −0.3266 no 0.0032
4:90,810,340 0.3754 no 0.0062
4:90,955,553 0.2561 no 0.0052
4:90,967,340 0.2829 no 0.0081
4:91,033,047 0.3361 no 0.0078
4:91,278,545 0.3511 no 0.0022

5:112,288,617 0.2085 no 0.0076
5:141,311,896 0.1052 no 0.0434
5:177,972,560 0.1641 no 0.0080
5:60,150,889 0.1637 no 0.0069

6:109,972,453 0.1744 no 0.0071
6:27,483,385 0.1698 no 0.0072
6:32,036,055 −0.1716 no 0.0063
6:34,800,390 −0.2314 no 0.0029
6:48,781,938 0.2449 no 0.0087
7:6,070,199 0.1652 no 0.0096

9:116,138,770 0.2529 no 0.0042
9:139,566,889 −0.0812 no 0.1093
10:102,056,734 0.3817 no 0.0019
10:103,373,463 0.1323 no 0.0099
10:103,941,875 0.1667 no 0.0080
10:105,038,008 0.1579 no 0.0076
10:27,198,118 0.2103 no 0.0012
10:48,433,720 0.0481 no 0.1562
11:93,561,149 0.1769 no 0.0041
12:123,341,500 0.2448 no 0.0064
12:123,923,612 0.2771 no 0.0077
12:40,734,202 2.4354 yes 0.0001
12:72,179,446 0.2839 no 0.0156
14:103,351,731 0.1973 no 0.0046

16:429,926 0.2396 no 0.0077
16:71,451,526 0.2423 no 0.0065
17:43,516,175 −0.2917 no 0.0130
17:43,559,955 −0.2548 no 0.0098
17:43,857,449 −0.3906 no 0.0162
17:44,687,696 −0.5875 no 0.0172
17:44,914,558 −0.1824 no 0.0095
17:44,916,533 0.2253 no 0.0095
17:8,209,654 −0.1341 no 0.0131
19:11,084,467 0.2043 no 0.0083
19:38,222,914 0.1495 no 0.0085
19:39,756,425 −0.1751 no 0.0092
20:31,687,446 0.2054 no 0.0080

median [IQR]
omitted 62 SNPs

0.207
[0.166, 0.262] 5

0.0080
[0.0062, 0.0098]

median [IQR]
1743 SNPs used in this

study

0.056
[0.042, 0.091] 5

0.1916
[0.0102, 0.4407]

1 Location of SNPs, given as chromosome:basepair position. 2 β from the meta-GWAS performed by Nalls et al. [2].
3 Genome-wide significant (GS) in the meta-GWAS performed by Nalls et al. [2]. 4 MAF in our data set. 5 median
and IQR of the absolute values of β. SNP: single nucleotide polymorphism, MAF: minor allele frequency, IQR:
inter-quartile range, PRS: polygenic risk score, PD: Parkinson’s disease.
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Table A3. Incidence of PD in different age groups.

Age Interval
in Years

Incidence 1 Survival 2 Residual Lifetime Incidence 3

50–54 0.0002 0.994 0.017
55–59 0.0005 0.992 0.017
60–64 0.0009 0.987 0.018
65–69 0.0016 0.983 0.018
70–74 0.0034 0.974 0.018
75–79 0.0051 0.958 0.016
80–84 0.0067 0.929 0.014
85–89 0.0072 0.874 0.011
90–94 0.0056 0.782 0.007
95+ 0.0052 0.654 0.005

1 Probability to develop PD during age interval (from [32]). 2 Probability to survive a year from the respective age interval (from [32]).
3 Probability to develop PD in later life (see Methods section). PD: Parkinson’s disease.

Table A4. Most relevant SNPs located within genes.

HGNC Symbol 1 Chr AUC Start 2 End 3 SNP Position 4 A1 5 A2 6 GS 7

ENSG00000251095 4 0.643 90,472,507 90,647,654 90,626,111 G A yes
SNCA 4 0.641 9,0645,250 90,759,466 90,684,278 A G no
HIP1R 12 0.640 123,319,000 123,347,507 123,326,598 G T yes

TMEM175 4 0.639 926,175 952,444 951,947 T C yes
SNCA 4 0.638 90,645,250 90,759,466 90,757,294 A C no
ASH1L 1 0.637 155,305,059 155,532,598 155,437,711 G A no

UBQLN4 1 0.634 156,005,092 156,023,585 156,007,988 G A no
ENSG00000225342 12 0.633 40,579,811 40,617,605 40,614,434 C T yes

LRRK2 12 0.633 40,590,546 40,763,087 40,614,434 C T yes
STX1B 16 0.632 31,000,577 31,021,949 31,004,169 T C no
INPP5F 10 0.631 121,485,609 121,588,652 121,536,327 G A yes
CCSER1 4 0.631 91,048,686 92,523,064 91,164,040 C T no
SLC2A13 12 0.630 40,148,823 40,499,891 40,388,109 C T no
FBXL19 16 0.630 30,934,376 30,960,104 30,943,096 A G no

ENSG00000251095 4 0.629 90,472,507 90,647,654 90,619,032 C T no
CAB39L 13 0.629 49,882,786 50,018,262 49,927,732 T C yes
STK39 2 0.628 168,810,530 169,104,651 168,979,290 C T no
CCT3 1 0.628 156,278,759 156,337,664 156,300,731 T C no

ENSG00000225342 12 0.627 40,579,811 40,617,605 40,614,656 A G no
LRRK2 12 0.627 40,590,546 40,763,087 40,614,656 A G no

SH3GL2 9 0.627 17,579,080 17,797,127 17,726,888 C T no
LRRK2 12 0.626 40,590,546 40,763,087 40,713,899 T C no

ENSG00000251095 4 0.625 90,472,507 90,647,654 90,573,396 G A no
ASXL3 18 0.625 31,158,579 31,331,156 31,304,318 G T yes

SH3GL2 9 0.624 17,579,080 17,797,127 17,579,690 T G yes
ENSG00000259675 15 0.623 61,931,548 62,007,370 61,997,385 T C yes

RGS10 10 0.623 121,259,340 121,302,220 121,260,786 A G no
CASC16 16 0.622 52,586,002 52,686,017 52,636,242 C A yes

EPRS 1 0.621 220,141,943 220,220,000 220,163,026 C A no
BRIP1 17 0.621 59,758,627 59,940,882 59,918,091 A G no
PCGF3 4 0.620 699,537 764,428 758,444 C T no

ENSG00000249592 4 0.620 756,175 775,637 758,444 C T no
ENSG00000233799 4 0.620 758,275 758,862 758,444 C T no

NDUFAF2 5 0.620 60,240,956 60,448,853 60,297,500 A G no
DLG2 11 0.619 83,166,055 85,338,966 83,488,901 C T no

SEC16A 9 0.618 139,334,549 139,372,141 139,336,813 T G no
FCGR2A 1 0.617 161,475,220 161,493,803 161,478,859 T C no
SPTSSB 3 0.617 161,062,580 161,090,668 161,077,630 A G yes
DSCAM 21 0.616 41,382,926 42,219,065 41,452,034 C T no

GAK 4 0.616 843,064 926,161 893,712 C T no
CTSB 8 0.615 11,700,033 11,726,957 11,707,174 A G no
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Table A4. Cont.

HGNC Symbol 1 Chr AUC Start 2 End 3 SNP Position 4 A1 5 A2 6 GS 7

ASH1L 1 0.615 155,305,059 155,532,598 155,347,819 A C no
DCST1 1 0.614 155,006,300 155,023,406 155,014,968 T G no

LRSAM1 9 0.614 130,213,765 130,265,780 130,261,113 G A no
UBAP2 9 0.614 33,921,691 34,048,947 34,046,391 C T yes
GCH1 14 0.613 55,308,726 55,369,570 55,348,869 C T yes
PCGF2 17 0.613 36,890,150 36,906,070 36,896,751 G A no
SETD5 3 0.612 9,439,299 9,520,924 9,504,099 G A no
LRRK2 12 0.611 40,590,546 40,763,087 40,753,796 T C no
PRSS3 9 0.611 33,750,515 33,799,230 33,778,399 G A no

KANSL1 17 0.611 44,107,282 44,302,733 44,189,067 A G no
ENSG00000214871 7 0.610 23,210,760 23,234,503 23,232,659 T C no

NUPL2 7 0.610 23,221,446 23,240,630 23,232,659 T C no
SEC23IP 10 0.610 121,652,223 121,702,014 121,667,020 T C no

ENSG00000251095 4 0.610 90,472,507 90,647,654 90,538,467 A G no
SLC38A1 12 0.609 46,576,846 46,663,800 46,623,807 G A no
MED12L 3 0.609 150,803,484 151,154,860 151,112,968 C A no

NOD2 16 0.608 50,727,514 50,766,988 50,736,656 A G yes
UBTF 17 0.608 42,282,401 42,298,994 42,294,462 A G no

BTN2A2 6 0.608 26,383,324 26,395,102 26,389,926 C T no
PGS1 17 0.607 76,374,721 76,421,195 76,377,458 A G no

MRVI1 11 0.607 10,594,638 10,715,535 10,660,840 G T no
TMEM163 2 0.607 135,213,330 135,476,570 135,443,940 A G no

ENSG00000264031 17 0.606 27,887,565 28,034,108 27,897,585 T C no
TP53I13 17 0.606 27,893,070 27,900,175 27,897,585 T C no
ZNF165 6 0.606 28,048,753 28,057,341 28,054,198 A G no
PCGF3 4 0.606 699,537 764,428 733,630 G A no

PITPNM2 12 0.605 123,468,027 123,634,562 123,585,705 C T no
PCGF3 4 0.605 699,537 764,428 734,351 A G no

C10orf32-ASMT 10 0.605 104,614,029 104,661,656 104,635,103 G A no
AS3MT 10 0.605 104,629,273 104,661,656 104,635,103 G A no

ENSG00000232667 7 0.604 79,959,508 80,014,295 79,998,372 T C no
RNF141 11 0.604 10,533,225 10,562,777 10,558,777 A G yes
STK39 2 0.604 168,810,530 169,104,651 169,023,263 T C no

CCSER1 4 0.603 91,048,686 92,523,064 91,057,794 A G no
SEZ6L2 16 0.602 29,882,480 29,910,868 29,892,184 G A no
VSTM5 11 0.602 93,551,398 93,583,697 93,576,556 T C no

SPATA19 11 0.602 133,710,526 133,715,433 133,714,560 A C no
ENSG00000251095 4 0.601 90,472,507 90,647,654 90,606,518 T G no

H2AFX 11 0.600 118,964,564 118,966,177 118,965,479 G A no
MSTO1 1 0.599 155,579,979 155,718,153 155,698,425 C T no

MSTO2P 1 0.599 155,581,011 155,720,105 155,698,425 C T no
DAP3 1 0.599 155,657,751 155,708,801 155,698,425 C T no

GABRB1 4 0.599 46,995,740 47,428,461 47,372,139 A C no
TMEM163 2 0.599 135,213,330 135,476,570 135,464,616 A G yes

MFSD6 2 0.598 191,273,081 191,373,931 191,300,402 A G no
AMPD3 11 0.598 10,329,860 10,529,126 10,525,791 A C no
ADD1 4 0.598 2,845,584 2,931,803 2,901,349 A G no
NSF 17 0.597 44,668,035 44,834,830 44,808,902 G A no

HCAR1 12 0.597 123,104,824 123,215,390 123,124,138 T C no
NR1I3 1 0.597 161,199,456 161,208,092 161,205,966 G T no
GAK 4 0.596 843,064 926,161 903,249 G A no

EIF3K 19 0.595 39,109,735 39,127,595 39,116,961 A G no
BPTF 17 0.595 65,821,640 65,980,494 65,885,911 C T no

FBRSL1 12 0.595 133,066,137 133,161,774 133,081,895 C T no
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ENSG00000260958 16 0.594 34,442,308 34,518,517 34,466,252 T C no
RIT2 18 0.594 40,323,192 40,695,657 40,673,380 A G yes

C10orf2 10 0.594 102,747,124 102,754,158 102,747,363 G T no
MYOC 1 0.593 171,604,557 171,621,823 171,612,267 G A no
XPO1 2 0.592 61,704,984 61,765,761 61,763,207 T C no

CRHR1 17 0.591 43,699,267 43,913,194 43,744,203 C T yes
ENSG00000263715 17 0.591 43,699,274 43,893,909 43,744,203 C T yes

PPP6R2 22 0.590 50,781,733 50,883,514 50,794,282 C A no
NRG1 8 0.590 31,496,902 32,622,548 31,942,557 G A no

NRG1-IT1 8 0.590 31,883,735 31,996,991 31,942,557 G A no
LTK 15 0.590 41,795,836 41,806,085 41,798,614 T C no

SAA1 11 0.589 18,287,721 18,291,524 18,290,067 G T no
KCNIP3 2 0.589 95,963,052 96,051,825 96,025,765 A G no
PCGF3 4 0.588 699,537 764,428 749,620 T G no
ART3 4 0.588 76,932,337 77,033,955 76,990,450 C T no
ARL15 5 0.588 53,179,775 53,606,412 53,537,742 G A no

ENSG00000272414 4 0.587 77,135,193 77,204,933 77,198,054 C T yes
FAM47E 4 0.587 77,172,874 77,232,282 77,198,054 C T yes

FAM47E-STBD1 4 0.587 77,172,886 77,232,752 77,198,054 C T yes
SCARB2 4 0.587 77,079,890 77,135,046 77,100,807 T C no
WNT3 17 0.587 44,839,872 44,910,520 44,868,187 G A no
DSCR9 21 0.586 38,580,804 38,594,037 38,593,620 G T no
MYLK3 16 0.586 46,740,891 46,824,319 46,778,070 G A no

ENSG00000251095 4 0.586 90,472,507 90,647,654 90,513,701 G A no
BST1 4 0.585 15,704,573 15,739,936 15,737,348 G A yes

C9orf129 9 0.585 96,080,481 96,108,696 96,087,807 C T no
MMRN1 4 0.584 90,800,683 90,875,780 90,804,532 C T no

MAPT-AS1 17 0.584 43,921,017 43,972,966 43,935,838 T C no
MCCC1 3 0.584 182,733,006 182,833,863 182,760,073 T G yes
MUC19 12 0.583 40,787,197 40,964,632 40,829,565 G A no

ENSG00000258167 12 0.583 40,789,655 40,837,649 40,829,565 G A no
CCNT2-AS1 2 0.583 135,493,034 135,676,280 135,500,179 G A no

XKR6 8 0.583 10,753,555 11,058,875 10,999,583 C T no
RCAN2 6 0.582 46,188,475 46,459,709 46,229,444 C T no
ITGA8 10 0.582 15,555,948 15,762,124 15,563,450 C T no

RANBP9 6 0.581 13,621,730 13,711,796 13,657,040 G A no
IGF2BP3 7 0.581 23,349,828 23,510,086 23,462,162 C A no
FAM47E 4 0.580 77,135,193 77,204,933 77,202,861 A G no

ENSG00000272414 4 0.580 77,172,874 77,232,282 77,202,861 A G no
FAM47E-STBD1 4 0.580 77,172,886 77,232,752 77,202,861 A G no

ENSG00000251095 4 0.579 90,472,507 90,647,654 90,594,987 G A no
SCARB2 4 0.578 77,079,890 77,135,046 77,111,032 C T no

ARHGAP27 17 0.578 43,471,275 43,511,787 43,472,507 A G no
ZYG11B 1 0.578 53,192,126 53,293,014 53,233,374 T C no

ENSG00000244128 3 0.577 164,924,748 165,373,211 165,020,212 A G no
PER1 17 0.577 8,043,790 8,059,824 8,051,639 A G no

KCNS3 2 0.577 18,059,114 18,542,882 18,132,092 C T no
HIBCH 2 0.576 191,054,461 191,208,919 191,071,057 G A no

RN7SL416P 7 0.576 100,127,987 100,128,282 100,128,114 G A no
YLPM1 14 0.575 75,230,069 75,322,244 75,234,329 G A no
FGFRL1 4 0.574 1,003,724 1,020,685 1,008,212 C T no
CRHR1 17 0.574 43,699,267 43,913,194 43,798,308 G A yes

ENSG00000263715 17 0.574 43,699,274 43,893,909 43,798,308 G A yes
HIP1R 12 0.574 123,319,000 123,347,507 123,334,442 C T no

MYO15B 17 0.573 73,584,139 73,622,929 73,587,257 A G no
PITPNM2 12 0.573 123,468,027 123,634,562 123,525,280 A G no

PREX2 8 0.573 68,864,353 69,149,265 69,029,244 C A no
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ENSG00000255468 11 0.573 66,115,421 66,132,275 66,115,782 G T no
SIPA1L2 1 0.572 232,533,711 232,697,304 232,664,611 C T yes
AMPD3 11 0.571 10,329,860 10,529,126 10,475,856 G A no

PAM 5 0.571 102,089,685 102,366,809 102,363,402 C T no
IFT140 16 0.571 1,560,428 1,662,111 1,593,645 C T no

TMEM204 16 0.571 1,578,689 1,605,581 1,593,645 C T no
CLIP1 12 0.570 122,755,979 122,907,179 122,891,863 C T no
ABCB9 12 0.570 123,405,498 123,466,196 123,418,656 G T no

ZC3H7B 22 0.570 41,697,526 41,756,151 41,755,105 A G no
CRHR1 17 0.569 43,699,267 43,913,194 43,784,228 T C no

ENSG00000263715 17 0.569 43,699,274 43,893,909 43,784,228 T C no
LRRK2 12 0.569 40,590,546 40,763,087 40,730,463 C T no

ENSG00000235423 12 0.569 123,736,577 123,746,030 123,744,082 C A no
MSRA 8 0.568 9,911,778 10,286,401 10,280,818 A C no
LYVE1 11 0.568 10,578,513 10,633,236 10,628,883 G A no
MRVI1 11 0.568 10,594,638 10,715,535 10,628,883 G A no

FAM162A 3 0.568 122,103,023 122,131,181 122,109,601 T C no
MMRN1 4 0.567 90,800,683 90,875,780 90,868,355 T C no

ENSG00000236656 1 0.567 158,444,244 158,464,676 158,453,419 A C no
ENSG00000235495 2 0.567 67,792,736 67,911,209 67,806,472 A G no

DEFB119 20 0.566 29,964,967 29,978,406 29,971,435 G A no
NGEF 2 0.566 233,743,396 233,877,982 233,864,457 C T no

MGAT5 2 0.566 134,877,554 135,212,192 135,202,455 A G no
ASAH1 8 0.565 17,913,934 17,942,494 17,927,609 C T no
CPNE8 12 0.565 39,040,624 39,301,232 39,174,139 T G no

SEMA3G 3 0.565 52,467,069 52,479,101 52,468,940 T C no
PBRM1 3 0.564 52,579,368 52,719,933 52,649,748 A G no

HMBOX1 8 0.564 28,747,911 28922281 28,809,951 A G no
HMBOX1-IT1 8 0.564 28,807,193 28,813,472 28,809,951 A G no

SNCA 4 0.563 90,645,250 90,759,466 90,700,329 T C no
MAPT 17 0.563 43,971,748 44,105,700 44,071,851 G A no

ENSG00000258881 2 0.563 71,166,448 71,222,466 71,202,989 T C no
ENSG00000251095 4 0.562 90,472,507 90,647,654 90,627,967 G A no

CRHR1 17 0.562 43,699,267 43,913,194 43,901,665 T C no
ARHGEF7 13 0.562 111,766,906 111,958,084 111,863,720 C T no
GNPTAB 12 0.561 102,139,275 102,224,716 102,151,977 C T no
FAM220A 7 0.561 6,369,040 6,388,612 6,369,946 A G no

BRD2 6 0.561 32,936,437 32,949,282 32,941,506 C T no
ATG4D 19 0.561 10,654,571 10,664,094 10,663,997 C T no

KRI1 19 0.561 10,663,761 10,676,713 10,663,997 C T no
FBXO34 14 0.560 55,738,021 55,828,636 55,801,687 A C no

ENSG00000258455 14 0.560 55,792,552 55,806,219 55,801,687 A C no
CCDC101 16 0.560 28,565,236 28,603,111 28,566,158 G T no
C14orf159 14 0.560 91,526,677 91,691,976 91,682,844 T C no

KIF21A 12 0.560 39,687,030 39,837,192 39,738,666 G A no
PRRC2C 1 0.559 171,454,651 171,562,650 171,471,672 T C no
RNF141 11 0.559 10,533,225 10,562,777 10,560,447 A C no

SOX2-OT 3 0.559 180,707,558 181,554,668 180,797,921 T G no
SLC2A13 12 0.558 40,148,823 40,499,891 40,437,969 A G no

RPP14 3 0.558 58,291,974 58,310,422 58,292,485 G A no
DGKG 3 0.557 185,823,457 186,080,026 185,834,290 T C no

ENSG00000251364 11 0.557 7,448,497 7,533,746 7,532,175 T G no
OLFML1 11 0.557 7,506,619 7,532,608 7,532,175 T G no
ADAM15 1 0.557 155,023,042 155,035,252 155,033,317 T C no
TRHDE 12 0.556 72,481,046 73,059,422 72,714,601 G T no

GAK 4 0.556 843,064 926,161 852,939 G A no
CCDC134 22 0.555 42,196,683 42,222,303 42,216,326 A G no
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LZTS2 10 0.555 10,275,6375 102,767,593 102,764,511 G A no
SLC44A2 19 0.555 10,713,133 10,755,235 10,730,352 G A no

FYN 6 0.554 111,981,535 112,194,655 112,164,313 G A no
RNF212 4 0.554 1,050,038 1,107,350 1,082,829 T C no
CCSER1 4 0.553 91,048,686 92,523,064 91,383,333 G A no
ZNF589 3 0.553 48,282,590 48,340,743 48,333,546 T C no
FGF14 13 0.553 102,372,134 103,054,124 102,996,713 A G no

FGF14-IT1 13 0.553 102,944,677 103,046,869 102,996,713 A G no
TFRC 3 0.552 195,754,054 195,809,060 195,775,449 C T no
MAEA 4 0.552 1,283,639 1,333,935 1,312,394 C T no

ANKRD11 16 0.551 89,334,038 89,556,969 89,369,869 A G no
ZZZ3 1 0.551 78,028,101 78,149,104 78,070,458 C T no
DNM3 1 0.551 171,810,621 172,387,606 171,845,192 G T no

LARP1B 4 0.550 128,982,423 129,144,086 129,107,049 T C no
STK39 2 0.550 168,810,530 169,104,651 169,071,190 G T no
NEXN 1 0.550 78,354,198 78,409,580 78,392,446 G A no
CD38 4 0.550 15,779,898 15,854,853 15,829,612 A G no

HAVCR1 5 0.549 156,456,424 156,486,130 156,479,424 A C no
SCAND3 6 0.549 28,539,407 28,583,989 28,547,283 T C no
APOM 6 0.548 31,620,193 31,625,987 31,622,606 C A no

TRIM37 17 0.548 57,059,999 57,184,282 57,111,269 A C no
OR9Q1 11 0.548 57,791,353 57,949,088 57,870,219 G A no

KIAA1841 2 0.547 61,293,006 61,391,960 61,347,469 C T no
TATDN2 3 0.547 10,289,707 10,322,902 10,300,941 A G no

ENSG00000272410 3 0.547 10,291,056 10,327,480 10,300,941 A G no
ZNF320 19 0.547 53,367,043 53,400,946 53,399,832 C T no

ENSG00000272657 21 0.546 35,445,892 35,732,332 35,677,897 G A no
ENSG00000214955 21 0.546 35,577,356 35,697,334 35,677,897 G A no

ITGAL 16 0.546 30,483,979 30,534,506 30,520,856 C T no
UNKL 16 0.546 1,413,206 1,464,752 1,436,510 G A no
FYN 6 0.545 111,981,535 112,194,655 112,122,373 C T no

SYBU 8 0.545 110,586,207 110,704,020 110,644,774 T C no
AGMO 7 0.545 15,239,943 15,601,640 15,262,499 G T no

MED12L 3 0.544 150,803,484 151,154,860 151,133,211 G A no
SYNDIG1 20 0.544 24,449,835 24,647,252 24,645,939 G A no
MYO7A 11 0.544 76,839,310 76,926,284 76,920,983 A G no

CAPRIN2 12 0.543 30,862,486 30,907,885 30,895,251 T C no
BRSK2 11 0.543 1,411,129 1,483,919 1,478,565 T C no
ARID2 12 0.542 46,123,448 46,301,823 46,134,812 T C no
RALYL 8 0.542 85,095,022 85,834,079 85,772,129 A G no
HCAR1 12 0.542 123,104,824 123,215,390 123,189,794 T C no

ENSG00000256249 12 0.542 123,171,672 123,200,526 123,189,794 T C no
SPPL2B 19 0.541 2,328,614 2,355,099 2,341,047 C T yes
RNF165 18 0.541 43,906,772 44,043,103 44,040,660 T C no

HSF5 17 0.541 56,497,528 56,565,745 56,507,063 C T no
ENO3 17 0.540 4,851,387 4,860,426 4,858,206 A G no

WBP1L 10 0.539 104,503,727 104,576,021 104,562,212 C T no
ERC2 3 0.538 55,542,336 56,502,391 56,014,781 A G no

MYO1H 12 0.538 109,785,708 109,893,328 109,846,466 G T no
MAEA 4 0.538 1,283,639 1,333,935 1,311,933 G T no

ENSG00000244036 7 0.538 129,593,074 129,666,391 129,663,496 C T no
ZC3HC1 7 0.538 129,658,126 129,691,291 129,663,496 C T no
CSMD1 8 0.537 2,792,875 4,852,494 3,078,351 A G no

ENSG00000259848 2 0.537 95,533,231 95,613,086 95,555,581 T C no
POU2F3 11 0.536 120,107,349 120,190,653 120,178,753 T G no

HLA-DOA 6 0.536 32,971,955 32,977,389 32,973,303 T C no
TMPO 12 0.536 98,909,290 98,944,157 98,939,838 C A no
MTF2 1 0.536 93,544,792 93,604,638 93,570,368 G A no

SLC16A10 6 0.535 111,408,781 111,552,397 111,489,059 G T no
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ENSG00000250003 5 0.535 38,025,799 38,184,034 38,046,354 G A no
ENSG00000225981 7 0.534 1,499,573 1,503,644 1,502,497 C T no

LRRK2 12 0.534 4,059,0546 40,763,087 40,707,861 C T no
TRAPPC13 5 0.533 64,920,543 64,962,060 64,952,500 C T no
METTL13 1 0.533 171,750,788 171,783,163 171,772,453 T G no

ENSG00000259675 15 0.533 61,931,548 62,007,370 62,005,917 C A no
AIRE 21 0.532 45,705,721 45,718,531 45,708,277 C T no

ENSG00000272305 3 0.532 53,003,135 53,133,469 53,087,621 A G no
C6orf10 6 0.531 32,256,303 32,339,684 32,303,848 G A no

HLA-DQA2 6 0.530 32,709,119 32,714,992 32,712,666 C T no
XPO1 2 0.530 61,704,984 61,765,761 61,763,170 C T no

HLA-DQB1 6 0.529 32,627,244 32,636,160 32,634,646 T C no
LRRK2 12 0.529 40,579,811 40,617,605 40,607,566 G A no

ENSG00000225342 12 0.529 40,590,546 40,763,087 40,607,566 G A no
C1orf167 1 0.529 11,821,844 11,849,642 11,827,776 A G no

ENSG00000249988 4 0.528 14,166,079 14,244,437 14,167,196 A G no
LAMA2 6 0.528 129,204,342 129,837,714 129,537,858 G A no
SOX6 11 0.528 15,987,995 16,761,138 16,158,420 G A no

CCDC69 5 0.527 150,560,613 150,603,706 150,566,196 C T no
ENSG00000223343 3 0.527 49,022,482 49,027,421 49,025,101 A C no

MAP4K4 2 0.527 102,313,312 102,511,149 102,468,624 A G no
KLHL7 7 0.526 23,145,353 23,217,533 23,208,043 G A no

ENSG00000253194 6 0.526 119,255,950 119,352,706 119,322,992 C T no
FAM184A 6 0.526 119,280,928 119,470,552 119,322,992 C T no
QRICH1 3 0.525 49,067,140 49,131,796 49,083,566 G A no
SYT17 16 0.525 19,179,293 19,279,652 19,279,380 T C no

CCDC62 12 0.524 123,258,874 123,312,075 123,296,204 G A no
SHC4 15 0.524 49,115,932 49,255,641 49,174,661 C T no
PNKD 2 0.523 219,135,115 219,211,516 219,142,491 C T no

TMBIM1 2 0.523 219,138,915 219,157,309 219,142,491 C T no
DIP2C 10 0.523 320,130 735,683 570,172 T C no

SCCPDH 1 0.523 246,887,349 246,931,439 246,893,948 C T no
IP6K1 3 0.522 49,761,727 49,823,975 49,808,007 A G no

FAM167A 8 0.522 11,278,972 11,332,224 11,309,780 G A no
ADCY5 3 0.521 123,001,143 123,168,605 123,143,272 G A no
PCGF3 4 0.521 699,537 764,428 701,896 A G no
RPRD2 1 0.520 150,335,567 150,449,042 150,438,362 A C no
CARM1 19 0.520 10,982,189 11,033,453 11,025,817 G A no

ENSG00000251246 1 0.519 155,036,224 155,059,283 155,055,863 G A no
EFNA3 1 0.519 155,036,224 155,060,014 155,055,863 G A no

MMS22L 6 0.519 97,590,037 97,731,093 97,662,784 G A no
C12orf40 12 0.519 40,019,969 40,302,102 40,042,940 C T no
C3orf84 3 0.518 49,215,065 49,229,291 49,220,504 A C no

MMRN1 4 0.518 90,800,683 90,875,780 90,859,279 G A no
RILPL2 12 0.517 123,899,936 123,921,264 123,912,213 T C no
CHAT 10 0.517 50,817,141 50,901,925 50,821,191 G T no

TMEM161B 5 0.517 87,485,450 87,565,293 87,513,775 C T no
BIN3 8 0.517 22,477,931 22,526,661 22,525,980 T C yes

TRPM4 19 0.516 49,660,998 49,715,093 49,695,007 A G no
USP8 15 0.516 50,716,577 50,793,280 50,741,068 A C no

BCAR3 1 0.516 94,027,347 94,312,706 94,038,847 G A no
TNXB 6 0.516 32,008,931 32,083,111 32,062,687 G A no

1 HGNC symbol or Ensemble gene ID if there is no HGNC symbol available. 2 Base pair position of start of gene. 3 Base pair position
of end of gene. 4 Genomic position of SNP. 5 Major SNP allele. 6 Minor SNP allele. 7 Genome-wide significant in the meta-GWAS by
Nalls et al. [2]. HGNC: HUGO Gene Nomenclature Committee, Chr: Chromosome, AUC: area under ROC curve, ROC: receiver operating
characteristic, PRS: polygenic risk score, PD: Parkinson’s disease, n.a.: not available.
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Abstract: Background: Mitochondrial dysfunction has been identified as a pathophysiological
hallmark of disease onset and progression in patients with Parkinsonian disorders. Besides the
overall emergence of gene therapies in treating these patients, this highly relevant molecular concept
has not yet been defined as a target for gene therapeutic approaches. Methods: This narrative review
will discuss the experimental evidence suggesting mitochondrial dysfunction as a viable treatment
target in patients with monogenic and idiopathic Parkinson’s disease. In addition, we will focus on
general treatment strategies and crucial challenges which need to be overcome. Results: Our current
understanding of mitochondrial biology in parkinsonian disorders opens up the avenue for viable
treatment strategies in Parkinsonian disorders. Insights can be obtained from primary mitochondrial
diseases. However, substantial knowledge gaps and unique challenges of mitochondria-targeted
gene therapies need to be addressed to provide innovative treatments in the future. Conclusions:
Mitochondria-targeted gene therapies are a potential strategy to improve an important primary
disease mechanism in Parkinsonian disorders. However, further studies are needed to address the
unique design challenges for mitochondria-targeted gene therapies.

Keywords: Parkinson’s disease; gene therapy; mitochondria; genome editing

1. Introduction

1.1. Mitochondrial Dysfunction in Idiopathic and Monogenic Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder and
affects millions worldwide [1]. Besides rapid progress in the elucidation of underlying dis-
ease mechanisms, no disease-modifying treatments are available today [2]. The underlying
molecular mechanisms are complex and involve a plethora of interconnected pathways [3].
However, most likely due to their central role in cellular homeostasis, mitochondrial dys-
function has been identified to play a dominant role in PD onset and progression [4]. These
insights were derived from environmental and genetic studies of mitochondrial dysfunc-
tion in PD, and overwhelming evidence has been gathered to support the hypothesis of
mitochondrial dysfunction as a main driver of the disease. Several genes causing mono-
genic PD are either directly (PRKN, PINK1, and DJ-1) or indirectly (GBA, LRRK2, among
others) linked to mitochondrial dyshomeostasis [5]. The deepened understanding of the
monogenic forms of PD has already expanded our knowledge of disease mechanisms in
idiopathic PD. Many shared pathways and pathophysiological overlap suggest mutual
disease mechanisms [6]. Therefore, targeting mitochondrial dysfunction seems to be a
tempting approach to develop innovative disease-modifying therapies [7].

In contrast, as a generic term, “mitochondrial dysfunction” oversimplifies the multi-
faceted nature of mitochondrial biology in health and disease. PD-associated mitochondrial
dysfunction presents with a variety of molecular events, including impaired mitochondrial
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biogenesis, increased release of reactive oxygen species (ROS), defective mitophagy and
trafficking, electron transport chains (ETC) dysfunction, variations in mitochondrial dy-
namics, calcium (Ca2+) imbalance, neuroinflammation, and possible indirect influences
on mitochondrial homeostasis from presumably unrelated pathways (e.g., α-synuclein
deposition) [8]. The centrality of mitochondria in cellular functioning and the convergence
of mammalian metabolism on mitochondria suggest that potential therapies must address
a complex web of interconnected pathways [9]. Besides the complexity of mitochondrial
dysfunction, all pathways, as mentioned above, share the common end route of impaired
cellular bioenergetics (by altered oxidative phosphorylation, OXPHOS) This can result in
an increase of ROS, which finally leads to cell death. Interestingly, primary mitochondrial
disorders occasionally present with parkinsonism, e.g., in patients harboring mutations
in the nuclear POLG gene [10]. Research has shown that PD patients have an increased
somatic mitochondrial DNA (mtDNA) mutation load [11]. These findings have led to
the discovery of mtDNA alterations as a pathophysiological driver of mitochondrial dys-
function in PD. Therefore, studies of mitochondrial disorders may help gain deepened
insights into mitochondrial biology and pinpoint potential drug targets to enhance distinct
aspects of mitochondrial biology [12]. Many dysregulated pathways in primary mitochon-
drial disorders are shared with PD: These pathways include OXPHOS deficiency, mtDNA
maintenance defects, mitochondrial translation defects, and mitochondrial quality control
defects, among others [13]. The discovery of genetic abnormalities in primary mitochon-
drial disorders may foster the identification of viable drug targets in PD. Even though this
approach will need additional experimental validation, it may provide promising impulses
for future studies.

1.2. The Scope of This Review

This narrative review highlights the importance of mitochondrial dysfunction as a
molecular disease cause in monogenic and idiopathic PD. We will focus on gene therapeutic
targets and challenges necessary to overcome to translate molecular findings into potential
clinical applications. We will highlight different treatment strategies and evaluate their
translational potential. In conclusion, we will define crucial knowledge gaps and molecular
aspects where additional experimental validation is needed.

1.3. Current Gene Therapeutic Approaches in Parkinson’s Disease

The term “gene therapy” describes the delivery of a specific transgene to treat a given
disease. The transgene either corrects or replaces a defective gene or supports cells in the
diseased environment. Gene therapy vectors may be viral (commonly adeno-associated
viruses (AAVs) and lentiviruses) or non-viral (typically naked DNA or in combination with
cationic complexes or polymers) and can widely differ in their respective administration
routes [14].

The term “gene therapy” is filled with immense hopes and will provide treatment
options for so far untreatable diseases. However, the first gene therapies have only recently
received formal approval for merely a few but constantly growing numbers of conditions.
For PD, gene therapies are not yet available, but certain concepts currently undergo
preclinical and clinical evaluation [15]. PD-related gene therapy in humans currently
pursues three main directions:

1. Enhancement of dopamine synthesis by overexpression of relevant synthesis-related
enzymes (tyrosinhydroxylase [TH], aromatic L-amino acid decarboxylase [AADC],
GTP cyclohydrolase I [GCH1], or a combination thereof) [16].

2. The overexpression of neurotrophic factors (e.g., glial cell line-derived neu-rotrophic
factor [GDNF] or neurturin [NTN]) [17].

3. The overexpression of glutamate decarboxylase [GAD] in the STN to decrease the
synthesis of glutamate therein and to modulate basal ganglia loops in the human
brain [18].
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For these three approaches, the transgene has to be injected stereotactically in pre-
defined neuroanatomical regions. The treatment is considered to be safe but appears to
provide only limited clinical benefits for PD patients until now [19]. However, none of
these approaches so far targets underlying pathophysiological traits of PD, and the applica-
bility of neurotrophic factors to achieve relevant disease modification needs to be critically
evaluated. Current experimental gene therapeutic strategies are highlighted in Figure 1.

Figure 1. Experimental gene therapeutic approaches for the treatment of PD. In (A), neuroanatomical target regions and
their functional interconnections are schematically depicted. So far, mainly two target sites have been evaluated: the
striatum and the subthalamic nucleus (STN). Different treatment strategies and injection sites are highlighted by syringes.
The red circled numbers refer to the numbered list of currently employed gene therapeutic strategies: 1. enhancement
of dopamine production, 2. delivery of neurotrophic factors, and 3. overexpression of GAD to modulate basal ganglia
loops. The SNc has not yet been evaluated as an injection site, mainly based on its limited accessibility by stereotactic
surgery. In (B), we schematically highlighted the currently considered strategies for enhancing dopamine synthesis. The
so-far investigated dopamine metabolism-related enzymes and their respective role in dopamine synthesis are highlighted
in purple. AADC: L-amino acid decarboxylase. BH4: Tetrahydrobiopterin. GCH1: GTP cyclohydrolase I. GPe: external
globus pallidus. GPi: internal globus pallidus. GTP: guanosine triphosphate. NH2TP: dihydroneopterin triphosphate. PD:
Parkinson’s disease. eqBH2: quinoid dihydrobiopterin. SNc: substantia nigra pars compacta. STN: subthalamic nucleus.
TH: tyrosine hydroxylase.

1.4. A Primer on Mitochondrial Biology

Mitochondria are dynamic organelles and form a highly responsive network within ev-
ery cell of the body [20]. Their primary role is to provide cellular energy via OXPHOS [21].
Mitochondria have two phospholipid membranes compartmentalizing distinct physiologi-
cal functions of this organelle. The spatial and functional compartmentalization creates
additional pharmacodynamic challenges for targeted drug delivery [22]. The outer mito-
chondrial membrane (OMM) is used to separate the organelle from the cytosol. The inner
mitochondrial membrane (IMM) contains the necessary components for ATP synthesis via
OXPHOS and separates the intermembrane space from the mitochondrial matrix. Here,
the complexes I to IV of the ETC are used to create an electrochemical gradient (across the
IMM). This gradient is used by the ATP synthase, also known as complex V, to generate
ATP. As a result of OXPHOS, significant amounts of ROS are produced following this
process [23].
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In humans, more than 1500 genes encode the mitochondrial proteome [24]. The vast
majority of these genes are encoded in the nuclear genome (nDNA), and their protein prod-
ucts are imported into the mitochondria following translation [25]. However, mitochondria
also have their own genetic material (mtDNA, between 5 to 10 copies per mitochondrion)
with only 13 proteins of the mitochondrial proteome being encoded in the mtDNA. In
total, 37 genes are encoded in mtDNA, also including two mitochondria-specific ribosomal
RNAs (rRNAs) and 22 transfer RNAs (tRNAs). These essential polypeptides are required
for OXPHOS and are synthesized by mitochondrial ribosomes in the mitochondrial ma-
trix [25]. Unlike the nDNA, multiple copies of the mitochondrial genome are present in
one cell, mainly depending on the intracellular energy requirements. The number of copies
of mtDNA depends on the cell type and tissue ranging between 1000 to 10,000 copies per
cell [26].

Many of the imported (nDNA-encoded) proteins are critical for mtDNA-related func-
tions such as transcription, maintenance, and translation [27]. At least 80 of these imported
proteins shape the mitochondrial ribosomes specialized in mtDNA-encoded polypeptide
synthesis. Because of their interdependence, coordinated regulation of nDNA and mtDNA
gene expression is crucial to ensure cellular homeostasis and the satisfaction of tissue-
specific energy needs [28]. There are essential differences between the nDNA and the
mtDNA genetic codes, e.g., the triplet UGA codes for tryptophan in mtDNA and act as
a stop codon in nDNA. In general, mtDNA is highly susceptible to mutations, and there
are often two (or more) populations of mtDNA present in one cell, a phenomenon called
heteroplasmy [25]. These mtDNA mutations and their degree of heteroplasmy can either
be inherited by maternal transmission or can occur spontaneously due to somatic muta-
tions [29]. In contrast to nDNA, mtDNA replication is highly error-prone, and mitochondria
only have limited DNA repair mechanisms [30].

As mtDNA is randomly separated during cell division and mitotic separation, the
percentage of different mtDNA populations in cells and tissues might substantially differ in
daughter cells [31]. In addition, somatic mutations naturally occur over time, and mutated
mtDNA genomes can build up, particularly in postmitotic tissues like the brain [32].
The respective proportion of mutated DNA in a given tissue determines the phenotypic
expression of mitochondrial dysfunction. For example, to alter OXPHOS, a minimum
amount of mutated mtDNA must be present in a particular tissue. However, the relevant
thresholds for a given cell population to suffer from mitochondrial dysfunction are widely
unknown [33]. Most likely, high energy-demanding tissues (such as the neurons of the
CNS) require lower thresholds of mutated mtDNA to result in bioenergetic depletion.
Depletion of mtDNA can also cause disrupted mtDNA protein synthesis and thus lead
to insufficient energy production in the affected cells [34]. Furthermore, nDNA variation
could be mainly responsible for these mtDNA changes, given the importance of nDNA-
encoded genes in mtDNA-related processes [35]. Depending on the degree of heteroplasmy
and the localization of specific mtDNA mutations, any change can lead to mitochondrial
dysfunction and subsequent cell death [36].

1.5. Parkinson’s Disease as a “Mitochondrial DNA Maintenance Disorder”
1.5.1. Mitochondrial DNA Changes in Aging and Neurodegeneration

mtDNA substantially differs from nDNA. mtDNA is organized in circles and does
not undergo any condensation (i.e., caused by the absence of histones). It is, therefore,
less protected against any mutagenic agents, such as ROS, which naturally occurs close
to the mitochondrial genome [13]. It is also more vulnerable to any enzymatic disruption
or spontaneous hydrolytic processes [37]. Besides, mitochondria are not capable of the
same level of quality for DNA repair and undergo more error-prone DNA replication
steps [30]. These circumstances lead to approximately ten times higher mutation rates in
the direct comparison of mtDNA to nDNA [27]. In general, pathological modifications of
the mitochondrial genome can be divided into three main groups:

1. mtDNA point mutations (either inherited or somatic mutations),
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2. mtDNA deletions, and
3. an overall reduction of mtDNA copy numbers [38].

Both, point mutations and mtDNA deletions are subject to clonal expansion. As
mitochondria replicate independently from the cell cycle and distribute randomly to the
daughter cells after mitosis, the degree of heteroplasmy can widely differ within a given
tissue [39]. If a certain heteroplasmy threshold is exceeded, mitochondrial homeostasis
can be impaired, subsequently leading to impairments similar to those seen in primary
mitochondrial disease and ultimately to cell death [40] (see Figure 2). There is strong
experimental evidence that genetic variations in mtDNA increase with age, which also
translates to our pathophysiological understanding of the development of neurodegenera-
tive diseases [41]. It has also been shown that the mtDNA mutation rate accelerates with
higher age which is especially relevant to postmitotic neurons [42].

Figure 2. The concept of mtDNA heteroplasmy and its contribution to mitochondrial dysfunction in PD. The arbitrary
occurrence of mtDNA mutations (depicted by red-colored mitochondria) and their respective clonal expansion leads to
different degrees of heteroplasmy in a given neuronal cell. Cell-specific heteroplasmy thresholds (dashed line) to cause
mitochondrial dysfunction are widely unknown. By, e.g., shifting the degree of heteroplasmy towards a higher ratio of
wildtype/mutated mtDNA, mitochondrial homeostasis might be restored. mtDNA: mitochondrial DNA.

1.5.2. Inherited and Somatic mtDNA Point Mutations and Their Role
in the Pathophysiology of Parkinson’s Disease

Inherited mtDNA point mutations are of negligible relevance for the vast majority
of PD cases. However, Shoffner et al. (1993) described a point mutation (m.1555A>C.,
MT-RNR1) within the 12S-rRNA gene in a pedigree of maternally transmitted hearing
loss and levodopa-responsive parkinsonism [43]. In another pedigree, the heteroplasmic
mtDNA point mutation m.1095A>C in the MT-RNR1 gene has been identified as a potential
cause of PD [44]. The latter is especially intriguing as it impairs the complex I function of
the ETC, a pathophysiological hallmark often observed in PD [44]. These findings were
supported by the later identification of additional mtDNA missense mutations present
in nearly all mtDNA-encoded subunits of complex I [45]. Collectively, inherited mtDNA
variants, referred to as mtDNA haplogroups, are associated with a lower or higher risk of
developing PD [46–48]. Many of these reports need additional experimental validation. In
summary, there is no direct evidence to suggest that inherited mtDNA point mutations
are a primary cause of PD [49]. One study examined the combined mutational burden of
somatic mtDNA point mutations in all genes encoding complex I subunits in postmortem
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PD brain tissue [37]. The authors concluded that there was no significant difference in the
overall number of mtDNA point mutations in PD patients and controls.

In contrast, this work revealed relatively low levels of somatic mtDNA point mutations
within the MT-ND5 gene exclusively observed in idiopathic PD patients. However, the
heteroplasmy thresholds were generally less than 1%, where no functional consequences
would be expected [37]. The conflicting experimental data so far also points toward poten-
tial challenges for developing mitochondria-targeted gene therapies: Somatic mutations
(deletions and/or point mutations) occur randomly by means of heteroplasmy and local-
ization within the mitochondrial genome [32]. As the pathophysiological role of inherited
mtDNA mutations is still under debate, the arbitrary occurrence of somatic mtDNA muta-
tions complicates the design of mitochondrial genome editing techniques for this purpose.
In addition, it is unclear how to define functionally relevant cumulative thresholds based
on the simultaneous presence of different kinds and respective frequencies of somatic
mtDNA mutations.

1.5.3. The Role of Mitochondrial DNA Deletions and Copy Number Variations in PD

The most frequent deletion in human mtDNA encompasses ca. 5 kbp. This deletion
includes most of the complexes of the ETC, leading to an overall bioenergetic deficit [43].
While it is not entirely understood how mtDNA deletions occur, several hypotheses were
suggested: In most cases, mtDNA deletions occur randomly and appear to undergo clonal
expansion. Another theory suggests that critical pathways for mtDNA replication and
quality control are impaired in neurodegenerative disorders [40]. The maintenance of
mtDNA requires a variety of nDNA-encoded gene products. The proteins involved in
mtDNA replication have been termed replisome [50]. The mtDNA replisome consists of the
mtDNA polymerase γ (a complex of POLG and POLG2 gene products), the mitochondrial
transcription factor (TFAM), the DNA helicase twinkle (TWNK), and the mitochondrial
single-stranded binding protein (mtSSB) [50]. Remarkably, variants in POLG, TWNK, and
TFAM are not only known as a monogenic cause of primary mitochondrial disorders
(occasionally presenting with parkinsonism) but can also increase the risk for PD [51].
Based on the known function of the mitochondrial replisome, mutations in these three
genes can result in mtDNA deletions and decreased mtDNA copy numbers [49]. All
three genes show high expression levels in neuroanatomical key structures involved in
PD disease development such as the substantia nigra (SN) [51]. Postmortem studies also
revealed lower levels of mtDNA transcription factor TFAM in the SN of PD patients [52]. In
this study, TFAM and TFB2M levels correlated with decreased expression levels of complex
I. Noteworthy, decreased mtDNA copy numbers showed a cell-specific distribution in
PD [53]. In contrast to dopaminergic neurons of the SN, cholinergic neurons isolated
from PD brains were associated with a higher mtDNA copy number [54]. It is also worth
mentioning that many of the known monogenic PD genes (e.g., PRKN or LRRK2) have
been linked to altered mtDNA maintenance [55–57]. However, future studies are needed
to fully understand the interconnectedness of mtDNA maintenance and their impact on
monogenic and idiopathic PD.

Even though mtDNA alterations have been observed in physiological aging, the
increased amount of mtDNA rearrangements and deletions in PD patients suggest a certain
disease specificity [58]. Accordingly, SN-related mtDNA deletions and copy number
variations are more common in PD than in patients with other neurodegenerative diseases
(e.g., Alzheimer’s disease, AD) [41]. PD patients are thus more likely to accumulate
mtDNA mutations, particularly in dopaminergic neurons. Therefore, regulation of mtDNA
deletions and copy number variations seems to be a potential mechanism to protect SN
neurons from cell death or apoptosis.

Additional experimental evidence originates from animal models. A conditional
TFAM knock-out mouse (MitoPark mouse) is characterized by respiratory chain deficien-
cies and low neuronal cell counts including progressive loss of dopaminergic neurons
in the SN [59–61]. In another mouse model, mutant TWNK has been expressed in CNS
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neurons, leading to an increase of age-related mtDNA deletions and dopaminergic neu-
rodegeneration [62]. These mice suffer from levodopa-responsive motor impairment and
show phenotypic features of premature aging. This data stresses that the integrity of the
nuclear and the mitochondrial genome is critical for the survival of dopaminergic neurons.

The deepened understanding of mtDNA defects in PD may offer the opportunity for
targeted therapies: mtDNA deletions in individual SN neurons can activate compensatory
mechanisms mainly by triggering mitochondrial biogenesis [63,64]. These mechanisms
increase the number of mtDNA copies, the formation of cristae networks, and dopamine
synthesis. The compensatory response could be impaired or dysregulated by nDNA
variants in the genes mentioned above and may impact PD onset and progression [35].
By employing compensatory mechanisms, individual neurons can overcome the harmful
effects of mtDNA mutations below a certain threshold [64]. The increase of mtDNA
copy numbers with a corresponding rise in wild-type mtDNA might therefore prevent
respiratory chain defects in people with a high mtDNA deletion burden. Therefore, the
enhancement of mitochondrial biogenesis could be specifically targeted by gene therapy to
combat the unspecific accumulation of mtDNA mutations in PD patients [65].

2. Main Body

2.1. Defining Neuroanatomical Treatment Targets

The treatment of mitochondrial dysfunction in PD comes with unique challenges
and opportunities. To date, it is unclear which brain regions are especially vulnerable to
mitochondrial dysfunction. Most post-mortem studies focus on the SN as a target region of
PD pathophysiology [66]. The neurodegeneration of the dopaminergic neurons in the SN
has been postulated as a histopathological hallmark of PD [67]. Besides, the co-occurrence
of impaired dopamine metabolism, the emergence of oxidative stress, and mitochondrial
dysfunction have been proposed as a vicious cycle, self-amplifying the molecular roots of
neurodegenerative processes in this disorder [68,69]. However, mitochondrial dysfunction
is not restricted to dopaminergic neurons but also affects other neuronal and non-neuronal
cell populations. This idea is additionally supported by our current understanding of
PD as a network disease, affecting widespread areas of the human brain [70]. Whether
spatially non-specific drug delivery to the CNS or targeted intraparenchymal drug delivery
in predefined neuroanatomical regions (e.g., the basal ganglia) will be the most promising
approach in the future, is still under debate [15]. However, the concept of spatial drug
delivery does not only concern distinct neuroanatomically defined regions [71]. There
is a close metabolic interconnectedness between glial cells and neurons, and mitochon-
drial dysfunction most likely extends to several CNS cellular subpopulations [72]. The
spatial complexity is not the only challenge concerning drug delivery. Different treatment
strategies are discussed in the following. Based on the complex intracellular compartmen-
talization of mammalian cells, it is vital to consider whether gene therapeutic approaches
target the nucleus or the mitochondrial matrix. These different levels of spatial complexity
substantially aggravate anyhow preexisting challenges for CNS-based drug delivery (e.g.,
overcoming the blood-brain barrier (BBB)) [73].

In general, two common approaches for drug delivery are available: direct and
indirect CNS delivery [74]. Direct CNS drug delivery describes the administration route
via intraparenchymal application (e.g., by stereotactically placed catheters, similar to the
procedure for electrode implantation for deep brain stimulation) [74]. This term also
extends to intrathecal, intracerebroventricular, and subpial administration. In contrast,
indirect CNS drug delivery describes the administration via an intravenous infusion [75].
An additional supportive method is the transient opening of the BBB by focused ultrasound
which has, however, not yet been clinically evaluated [76]. The concept of cellular tropism
(by means of tissue-/cell type-specificity) can be achieved by employing different Adeno-
associated virus (AAV) serotypes and respective transgene designs (e.g., by using cell-
specific promoters) [77]. If the development of targeted liposomes can achieve identical
(pre-)clinical efficacy to AAV-based methods, will be the subject of future studies [78].
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AAVs are great candidates for gene therapy because of their low risk of insertional
mutation and long-term persistence within cells [79]. Currently, AAV-based approaches
are the central concept for gene therapy in preclinical and human use. AAVs are non-
pathogenic in humans but may induce immunological host responses, potentially hindering
their long-term use in a given patient. AAV-based vectors can be fine-tuned by specific
capsid and promotor designs. Research has shown that distinct virus strains show a
relatively specific tissue tropism [79].

The payload of gene therapies can be specifically designed to meet molecular needs:
This can be achieved by the overexpression of genes by gene replacement (e.g., for loss-
of-function mutations), the silencing of genes by small hairpin RNA (shRNA), or small
interfering RNA (siRNA) (e.g., for gain-of-function mutations), site-directed genome edit-
ing (in general suitable for a variety of mutation types), and the modulation of gene
expression by microRNAs (miRNAs) or modified genome editing technologies [17,80].
However, most of these approaches have not made their way into clinical use. In addition,
for safe and effective gene therapy, specific gene regulatory elements can be chosen to
achieve cell-specificity (e.g., by cell-specific promoter sequences) [79]. When choosing a tar-
get or disorder to pursue gene therapy, it is crucial to consider the possibility of successfully
delivering an AAV vector into the CNS.

2.2. Treatment Strategies

The development of gene therapies for neurological disorders is a highly dynamic
field of research, and the last years have shown impressive advances. However, gene
therapeutic approaches targeting mitochondrial dysfunction in neurodegenerative dis-
eases are currently sparse, even in pre-clinical phases. This may be due to the significant
challenges mitochondrial gene therapy encounters in vivo, many caused by the complex
mitochondrial biology [81]. In general, the combination of different gene therapies would
likely be the most efficient treatment strategy, mainly due to the interwovenness of the
nuclear and mitochondrial genome, unique characteristics of mtDNA, such as high mtDNA
copy numbers, heteroplasmy, and the mtDNA-specific genetic code. These limitations
must be addressed before mitochondrial gene therapy can be used effectively in the context
of PD. In this review, we will describe specific challenges for mitochondrial gene therapy
and will focus on four potential therapeutic strategies:

1. gene replacement/correction of monogenic PD genes,
2. gene replacement of nuclear-encoded mitochondrial genes,
3. allotopic expression of mtDNA-encoded genes, and
4. mtDNA genome editing.

2.2.1. Gene Therapies of Monogenic Parkinson’s Disease Genes to Treat
Mitochondrial Dysfunction

The discovery of monogenic PD genes has led to in-depth insights into relevant disease
mechanisms, broadening our molecular understanding of idiopathic PD [82]. Previously,
mitochondrial dysfunction has already been implicated in idiopathic PD cases based on
environmental studies [83]. The discovery of the PRKN and PINK1 genes has grounded
the concept of mitochondrial dysfunction on a genetic basis [4].

Mutations in both genes are inherited in an autosomal recessive fashion. Truncated
or missense variants of the PRKN or PINK1 gene have been shown to result in a loss-of-
function or complete inactivation of their respective gene products. Later studies have
demonstrated that PRKN and PINK1 work together in a shared pathway and are mainly
responsible for mitochondrial quality control by removing dysfunctional mitochondria (a
process called mitophagy) [84]. Dysfunctional Parkin or PINK1 leads to impaired clearance
of damaged mitochondria [85,86]. Intracellularly, damaged mitochondria can present with
any aspects of mitochondrial dysfunction, including OXPHOS deficiency and impaired
mtDNA maintenance [43]. Another monogenic PD gene that has been directly linked to
mitochondrial dysfunction is DJ-1 [87,88].
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Even though the precise function of DJ-1 remains unclear, it is thought of as an ox-
idative stress sensor and works synergistically together with PRKN and PINK1. PRKN,
PINK1, and DJ-1 are the most prominent examples of monogenic PD genes directly leading
to mitochondrial dysfunction [89,90]. However, most of the other identified monogenic
PD genes (e.g., SNCA or LRRK2) have also been experimentally associated with mito-
chondrial dysfunction [91–94]. Whether mitochondrial dysfunction is a cause or conse-
quence of neurodegenerative processes in other monogenic PD forms will need additional
experimental validation.

Nonetheless, overexpression or silencing (depending on the relevant mutation type)
of other monogenic PD genes can present viable treatment targets for improving mitochon-
drial dysfunction in monogenic PD [4]. Many of these treatment strategies may also extend
to idiopathic PD. We kindly refer the reader to the review by Bloem et al. [1].

Previous studies have shown that PRKN overexpression can protect against cellular in-
sults directed against mitochondria [95–98]. For example, the overexpression of wild-type
PRKN in transgenic mice models reduced 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced (a known inhibitor of complex I) mitochondrial damage and prevented
dopaminergic neurodegeneration [99]. The intranigral AAV-based delivery of wild-type
PRKN prevented motor impairments and dopaminergic cell loss in a chronic MPTP
minipump mouse model [100]. In Drosophila flies, the knockout of the PINK1 homolog can
lead to male sterility and progressive muscle wasting [101]. Here, defects in mitochondrial
structure and increased sensitivity to oxidative stress can be observed. The Drosophila
PINK1-KO phenotype can be rescued by overexpression of human PINK1 [95]. The overex-
pression of PRKN has been shown to rescue mutated PINK1 phenotypes, most likely by
Miro-mediated phosphorylation and subsequent proteasomal degradation of dysfunctional
mitochondria [102,103]. Furthermore, overexpression of PINK1 has also been shown to
rescue the α-synuclein-induced phenotype in Drosophila [104,105]. Additional evidence
can be derived from siRNA experiments. Here, PINK1-silencing caused neuronal toxicity,
which has been aggravated by MPTP administration in mice [106]. The wild-type but not
the mutated form of PINK1 protected neurons against MPTP-mediated cell death. The
AAV-mediated expression of PRKN or DJ-1 can protect mitochondria of dopaminergic
neurons, even when PINK1 is absent [106]. An overview of monogenic PD genes and their
respective link to mitochondrial dysfunction is highlighted in Table 1.

Table 1. Established causative genes of monogenic PD and their respective association with mitochondrial dysfunction.

Gene Name
Mode of

Inheritance
Parkinson’s Disease

Phenotype

Mitochondrial Involvement in
Disease

Pathophysiology–Key
Mechanisms

References

ATP13A2
(PARK9) AR Atypical PD,

Kufor-Rakeb syndrome

Impaired mitochondrial
clearance,

mitochondrial dysfunction
due to zinc dyshomeostasis

Ramirez et al., 2006
Grunewald et al., 2012

Park et al., 2014

DJ-1
(PARK7) AR Early-onset PD Reduced anti-oxidative stress

mechanisms

Bonifati et al., 2003
Takahashi-Niki et al.,

2004

FBXO7
(PARK15) AR Atypical PD

Aggravated protein aggregation
in mitochondria, impaired

mitophagy

Shojaee et al., 2008
Zhou et al., 2018

161



Genes 2021, 12, 1840

Table 1. Cont.

Gene Name
Mode of

Inheritance
Parkinson’s Disease

Phenotype

Mitochondrial Involvement in
Disease

Pathophysiology–Key
Mechanisms

References

GBA AD

resembling IPD with
more rapid cognitive and

motor progression,
dementia with Lewy

bodies

Impaired mitophagy

Sidransky et al., 2009
Barkhuizen et al., 2016

Zhao et al., 2016
Gegg et al., 2016

Moren et al., 2019

LRRK2
(PARK8) AD resembling IPD

Disturbance in mitochondrial
ATP and ROS production,
impaired mitochondrial

dynamics and mitophagy,
mitochondrial DNA damage

Zimprich et al., 2004
Mancini et al., 2020

PINK1
(PARK6) AR Early-onset PD Defective mitochondrial

quality control
Valente et al., 2004

Ge et al., 2020

PLA2G6
(PARK14) AR

Atypical PD,
NBIA type 2B,

Infantile neuroaxonal
dystrophy 1

Maintenance of mitochondrial
function,

impaired mitophagy

Paisan-Ruiz et al., 2009
Chiu et al., 2017
Chiu et al., 2019

PRKN
(PARK2) AR Early-onset PD Defective mitochondrial

quality control
Kitada et al., 1998

Ge et al., 2020

SNCA
(PARK1) AD

May be atypical
(higher frequency of

cognitive/
psychiatric symptoms)

Mitochondrial toxicity,
fragmented mitochondria

Polymeropoulos et al.,
1997

Singleton et al., 2003
Chartier-Harlin

et al., 2004

VPS35
(PARK17) AD resembling IPD Regulation of mitochondrial

dynamics and homeostasis

Vilarino-Guell et al., 2011
Zimprich et al., 2011

Cutillo et al., 2020

AD: autosomal dominant. AR: autosomal recessive. IPD: idiopathic Parkinson’s disease. NBIA: neurodegeneration with brain iron
accumulation. PD: Parkinson’s disease. The table has been adapted and modified from Prasuhn et al. [8].

2.2.2. Gene Repair and Enhancement of Nuclear-Encoded Mitochondrial Genes

AAV-mediated gene therapies have been tested in different models of primary mito-
chondrial diseases [107]. Insights derived from primary mitochondrial disorders elucidated
potential gene therapy targets to treat mitochondrial dysfunction in PD. These strategies
extend to the repair or enhancement of non-classical monogenic PD genes. In this context,
we have already discussed “mtDNA maintenance disorders”, which can clinically present
with parkinsonian features, and stressed the role of increased somatic mtDNA mutations
in the onset and progression of PD [10]. Gene therapy-based replacement (if there is
a disease-causing mutation in patients present) or enhancements (by overexpression of
genes even in the absence of a disease-causing mutation therein) of the mtDNA replisome
may be helpful to improve mtDNA maintenance. Based on previous studies, the most
promising genes for this approach are POLG, POLG2, TWNK, and TFAM [51]. Experimental
evidence can be derived from the transfection of TFAM. Here, PD-derived nigral cybrid cell
lines (cell lines that incorporate the nuclear genome from one cell with the mitochondrial
genome from another cell) can restore mitochondrial bioenergetics by overexpression of
TFAM [108]. However, it is unlikely that all PD patients show a marked increase in mtDNA
damage at a given time. If nDNA mutations in the given genes are present in a patient,
different gene therapies treatment strategies (e.g., gene editing by CRISPR/Cas9, Clustered
Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein 9) could also
be experimentally evaluated [80].
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Many potential target genes can be identified from primary mitochondrial disorders
caused by nDNA-encoded genes [107]. The large number of nDNA defects leading to
primary mitochondrial diseases helps to understand the many-faceted nature of mitochon-
drial dysfunction [5]. Even though about 300 nDNA genes have been suggested to be
associated with primary mitochondrial disorders, their gene products only account for a
distinct subset of the overall mitochondrial proteome [107]. However, it is necessary to pri-
oritize treatment targets, and the nDNA mutations causing primary mitochondrial diseases
represent a reasonable starting point for treating other disorders. In addition, functional
data are available for many causative nDNA genes and have been linked to distinct partial
aspects of mitochondrial dysfunction. For example, DNM1L, GDAP1, MFF, MFN2, MSTO1,
OPA1, STAT2, TRAK1, and YME1L1 cause primary mitochondrial diseases mainly by im-
pacting mitochondrial dynamics [107]. Disruption of mitochondrial dynamics has already
been proposed in the pathophysiology of PD [109]; therefore, it is reasonable to assume that
influencing the aforementioned genes may help treat this aspect by altering their respective
gene expression. Prioritizing treatment targets helps substantially to streamline the drug
development pipeline. In combination with high-throughput methods, potentially positive
treatment effects can be validated in a reasonable time frame [34]. Figure 3 provides an
overview of mtDNA- and nDNA-encoded genes causative for primary mitochondrial
diseases as potential therapeutic targets in PD.

Figure 3. Overview on mtDNA- (orange) and nDNA- (blue) encoded genes causative for primary mitochondrial disorders.
The listed genes are ordered based on pathophysiological concepts their respective disorders share with aspects of mito-
chondrial dysfunction in PD. mtDNA: mitochondrial DNA. nDNA: nuclear DNA. OXPHOS: oxidative phosphorylation.
PD: Parkinson’s disease.

2.2.3. Allotopic Expression of mtDNA-Encoded Mitochondrial Genes

Mutations within the mtDNA appear to accumulate randomly in PD patients over
time. The lack of mtDNA quality control and repair systems leads to the assumption that
“allotopic expression” of mtDNA can be an approach in treating mitochondrial dysfunc-
tion [110]. The term “allotopic” means that mtDNA-encoded genes are either transiently
expressed in the nucleus or permanently inserted in the non-coding regions of the nuclear
genome [111]. In general, the allotopic expression strategy was developed to treat pri-
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mary mitochondrial diseases caused by mtDNA mutations. The design of allotopically
expressed mtDNA genes must adhere to different design standards: a mitochondrial tar-
geting sequence is necessary so that the encoded protein is directed to the mitochondria.
Additionally, differences in the codons used by the nuclear and mitochondrial genomes and
differing codon preferences between the nuclear-cytosolic and mitochondrial translation
systems must be considered [112]. mtDNA-encoded genes include 13 ETC complex sub-
units (for complex I, III, IV, and V), 22 mitochondria-specific tRNAs, and two mitochondrial
rRNAs [24]. Based on the random emergence of mtDNA variants in PD, all mtDNA-
encoded genes could potentially represent valuable treatment targets. However, it is
likely that OXPHOS deficiencies, as the hallmark and common end route of mitochondrial
dysfunction, should be prioritized for drug development [113].

The concept of allotopic expression gene therapies is currently being tested in humans.
A phase I/II clinical trial aims to treat Leber’s hereditary optical neuropathy (LHON) by in-
travitreal injection and allotopic overexpression of the mtDNA-encoded NADH:ubiquinone
oxidoreductase (complex I) (NCT04912843). The NADH:ubiquinone oxidoreductase can
also be a viable treatment target in PD, where complex I deficiency has been repeatedly re-
ported [44]. Whether a combined allotopic expression of mtDNA-encoded ETC complexes
can provide additional therapeutic benefits needs additional experimental validation. Low
vector capacities may additionally hinder the combined allotopic expression of mtDNA
genes [79]. There are still a few challenges to accelerate the application of allotopic gene
expression. These include necessary improvements in nuclear gene expression, mitochon-
drial import of cytosolic proteins, posttranslational protein modifications, and functional
integration in mitochondrial protein complexes [114–116].

2.2.4. Mitochondrial DNA Genome Editing and Heteroplasmy Shifting

Most pathogenic mtDNA mutations require a critical threshold to cause harm to cells.
This aspect has been employed as a potential treatment paradigm named heteroplasmy
shifting [117,118]. The underlying idea is to decrease the cumulative amount of mutated
mtDNA below a disease-causing heteroplasmy threshold. To achieve this goal, various
genome editing methods have been modified to alter mtDNA sequences in a targeted
and predictable manner [119]. These methods included mitochondria-targeted restriction
endonucleases, zinc finger endonucleases (ZFNs), transcription activator-like effectors
nucleases (TALENs), and the CRISPR/Cas9 methodology [118]. Many of these methods
have already been employed in the preclinical treatment of primary mitochondrial dis-
eases. For example, the restriction endonuclease SmaI decreased the mutation load in
cybrid cell lines with the m.8399T>G mutation causing neuropathy, ataxia, and retinitis
pigmentosa (NARP syndrome) [120]. Subsequent functional analyses revealed an increase
in ATP levels following genome editing in these cell lines. These findings have also been
confirmed in heteroplasmic mouse models of primary mitochondrial diseases following
AAV transfection of restriction endonucleases [121].

However, suitable restriction sites are limited in mtDNA, so more flexible approaches
have been designed. These limitations can potentially be overcome by introducing pro-
grammable nucleases like ZFNs [122] or TALENs [123,124]. These methods, widely known
from nuclear genome editing, have been specifically modified to be employed in mtDNA
genome editing (mtZFNs and mitoTALENs). Even though these methods have been suc-
cessfully applied in the preclinical evaluation for primary mitochondrial disorders, the
clinical use can be limited by inducing rapid mtDNA depletion in humans [125]. This
can mainly be caused by the lack of suitable mtDNA repair mechanisms following the
double-strand breaks introduced by these two methods [27]. Interestingly, the rise of
CRISPR/Cas9 technology for nuclear genome editing faces significant challenges in mito-
chondrial genome editing: the import of sgRNA (single guide RNA, the relevant functional
component of CRISPR/Cas9 for site-directed specificity) is generally limited by poor RNA
import capabilities of mitochondria [119]. Even though mitochondrial genome editing
and subsequent heteroplasmy shifting will likely be a viable approach for treating distinct
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primary mitochondrial disorders (caused by single-site mtDNA point mutations), the ap-
plicability in PD is unlikely. Because of the random appearance of multiple mtDNA point
mutations, a specific site targeted design will be nearly impossible. However, extensive
research is needed to evaluate whether single mtDNA point mutations in PD occur with a
higher frequency to define potential treatment targets. Our knowledge in this area is still
limited at the moment.

2.3. Special Considerations for Mitochondrial Gene Therapy

Allotopic expression of mtDNA faces significant challenges: each allotopic expressed
mtDNA gene needs to be imported to the mitochondria via a complex mitochondria import
machinery consisting of various proteins [126]. This is achieved most easily by attaching
a mitochondrial targeting sequence to the allotopic expressed mtDNA gene [127]. It ef-
fectively leverages the mitochondrial import machinery to bring the respective protein to
the correct mitochondrial compartment. Unfortunately, the import of allotopic expressed
mtDNA-encoded proteins may not be as simple of a solution as it initially appears. Re-
cent research has shown that the overproduction of nDNA-encoded and allotopically
expressed mtDNA proteins can itself cause mitochondrial dysfunction [128]. Producing
defective or misfolded mitochondrial protein precursors from the nuclear genome can
cause a toxic build-up in the cytosol. This unphysiological high expression level of mi-
tochondrial proteins can be named “mitochondrial protein import stress”. The build-up
accumulation of misfolded protein in the mitochondria can cause severe disruption of
OXPHOS, proteotoxic stress, and mtDNA depletion [129]. Mitochondrial protein import
stress can provide a tremendous challenge for gene therapies targeted against mitochon-
drial dysfunction [130]. For example, the subunits of ETC complexes to ensure efficient
OXPHOS is highly regulated and kept in a balanced equilibrium state. By tipping over
this fine-tuned balance, disassembled ETC complexes can lead to impaired OXPHOS and
bioenergetic depletion [131]. The subsequent increase of ROS by impaired OXPHOS can
further damage mitochondrial and overall cellular structures paving the way into a vicious
cycle. Based on the additional presence of heteroplasmy, this situation can become highly
complex and unpredictable concerning the design of mitochondrial gene therapies.

In summary, we have discussed several challenges for the experimental and clinical
evaluation of mitochondrial gene therapies. It is necessary to identify PD patients with
clear-cut mitochondrial dysfunction. There are currently no established methods for patient
stratification. Most likely, not all patients with PD primarily suffer from disease-relevant
mitochondrial dysfunction at any given time. Identifying a window of opportunity for
treatment will be one of the significant challenges for successful clinical trial designs. Ex-
tensive longitudinal data is needed, in particular in the prodromal stage of PD. However,
reliable biomarkers to achieve this goal have not yet been concludingly established [132].
A promising approach can derive from enhanced insights into the individual disease ge-
netics (e.g., by presymptomatic genetic testing or polygenetic risk scoring) [133]. However,
blood- or neuroimaging-based assessments of mitochondrial dysfunction can substantially
enhance our current understanding of mitochondrial dysfunction’s temporal and spatial
dynamics in vivo [8]. Current knowledge gaps of essential aspects of mitochondrial bi-
ology need to be closed for the rational design of gene therapies. This aspect extends to
unclear elements of the mitochondrial import machinery, our incomplete understanding of
mitochondrial protein import stress, and unknown tissue-specific mtDNA heteroplasmy
thresholds. Treatments targeting the mitochondrial genome require specific genome editing
techniques. Drug delivery to the mitochondrial matrix can be substantially hindered by the
subcellular compartmentalization and respective physical barriers to be overcome (BBB,
cell membranes, OMM, and IMM).

3. Conclusions

Mitochondria-targeted gene therapies may offer potential possibilities in the treat-
ment of PD. The recent progress in gene therapy-based treatment strategies for primary
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mitochondrial disorders is relevant to understanding the potential use in PD and other
neurodegenerative diseases [134]. However, particular challenges need to be overcome
and additional research is required to broaden our understanding of mitochondrial biology
in PD. Delivery methods must consider the specific properties of the specific mitochondrial
proteins, including their location within the mitochondrial organelle, and how they will
be targeted there without overwhelming the mitochondrial import machinery. General
advancements of gene therapy (e.g., genome editing technologies) will benefit the develop-
ment of innovative treatment strategies. Prioritization of drug targets and sophisticated
design strategies are needed to ensure the subsequent success of gene therapy in clinical
trials. These challenges are not insurmountable, but remarkable knowledge gaps need to be
closed before PD patients may benefit from such potentially disease-modifying treatments.
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Abstract: Dementia is one of the most disabling nonmotor symptoms of Parkinson’s disease (PD).
However, the risk factors contributing to its development remain unclear. To investigate genetic
variants associated with dementia in PD, we performed microarray genotyping based on a cus-
tomized platform utilizing variants identified in previous genetic studies. Microarray genotyping
was performed in 313 PD patients with dementia, 321 PD patients without dementia, and 635 healthy
controls. The primary analysis was performed using a multiple logistic regression model adjusted for
age and sex. SNCA single nucleotide polymorphism (SNP) rs11931074 was determined to be most sig-
nificantly associated with PD (odds ratio = 0.66, 95% confidence interval = 0.56–0.78, p = 7.75 × 10−7).
In the analysis performed for patients with PD only, MUL1 SNP rs3738128 (odds ratio = 2.52, 95%
confidence interval = 1.68–3.79, p = 8.75 × 10−6) was found to be most significantly associated with
dementia in PD. SNPs in ZHX2 and ERP29 were also associated with dementia in PD. This microarray
genomic study identified new loci of MUL1 associated with dementia in PD, suggesting an essential
role of mitochondrial dysfunction in the development of dementia in patients with PD.

Keywords: genome-wide association study; Parkinson’s disease; dementia; cognition

1. Introduction

Parkinson’s disease (PD) is the second most prevalent neurodegenerative disease
globally, affecting more than six million people worldwide [1]. The diagnosis of PD
is based on specific motor symptoms, including bradykinesia, rigidity, tremor, or gait
disturbance [2]. However, patients with PD suffer from various nonmotor symptoms,
such as fatigue, pain, sleep disturbance, dementia, depression, anxiety, and autonomic
dysfunction [3]. Dementia is one of the disabling nonmotor symptoms that substantially
impairs the quality of life of patients with PD, increasing caregiver burden and economic
costs [4]. The prevalence of dementia is high, with up to 75% of patients with PD developing
dementia within 10 years from diagnosis [5,6]. However, the determining factors involved
in the development of dementia in patients with PD are still unclear.

Genome-wide association studies (GWAS) have widened our understanding of the
genetics of PD and have identified more than 90 genetic loci that are associated with the
development of PD [7–13]. However, a majority of the previously conducted GWAS have
focused on the susceptibility of PD, and GWAS specifically investigating motor or non-
motor presentations—including dementia—of PD have been limited. In a recent GWAS,
we reported that RYR2 and other genetic loci are associated with cognitive impairment in
PD; however, the assessment of cognitive function was based only on Mini-Mental Status
Examination (MMSE) and the Montreal Cognitive Assessment (MoCA) scores [14]. Many
recent GWAS have reported genomic variants, including GBA, APOE, SNCA, and CNTN1
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that are associated with dementia with Lewy bodies (DLB) [15–18]. Although Parkin-
son’s disease dementia (PDD) and DLB share clinical, neurochemical, and morphological
features, no consensus has been established yet with respect to the consideration of the
two extremes on the one continuous spectrum of Lewy body disease [19]. Interestingly,
in a large multinational cohort of patients with PD, PDD, and DLB, parkinsonism and
dementia showed two distinct association profiles with the 3′ or 5′ regions of the SNCA
gene, suggesting that PD, PDD, and DLB have distinct genetic etiologies. Therefore, further
studies undertaking genome-wide investigations are necessary to identify distinct genetic
variants associated with the development of dementia in patients with PD, independent
of DLB.

In this study, we employed a novel customized microarray platform to comprehen-
sively investigate the genetic variants associated with dementia in patients with PD.

2. Materials and Methods

2.1. Study Population

We prospectively enrolled patients with PDD, patients with PD without dementia
(PD-ND), and healthy controls at Asan Medical Center, Seoul, Korea. All participants were
ethnic Koreans. The diagnosis of PD was based on the UK Brain Bank criteria [2] and the
diagnosis of PDD was based on the criteria proposed by the Movement Disorder Society
Task Force [20]. Healthy controls were recruited from among the spouses of the patients,
and the inclusion criterion included the absence of neurological diseases including PD or
dementia. Blood samples were collected from all participants for genetic tests, and patient
information including that related to age, sex, and educational qualification (number of
years of education) was collected at the time of sampling. Mini-Mental Status Examination
(MMSE) was performed for the screening of cognitive function. For patients with PD, age
at disease onset, age at diagnosis of dementia if applicable, age at latest follow-up, and the
latest MMSE scores were obtained.

2.2. Development of Microarray Genotyping Platform

We designed a microarray genotyping platform that contained genetic variants with
biological plausibility for PDD, suggested by our previous GWAS or other previous genetic
studies. The platform included: (1) Genetic variants that showed a high level of association
(p-value < 10−4) with PD in our previous GWAS performed using ethnicity-specific Korean
Chip (K-CHIP). K-CHIP was designed by the Center for Genome Science, Korea National
Institute of Health (4845–301, 3000–3031) (www.cdc.go.kr) [14,21]. K-CHIP consists of an
imputation GWAS grid (505,000 Asian-based grid with minor allele frequency (MAF) > 5%
in Asians); exome content (84,000 Korean-based grid with MAF > 5% in Koreans, 149,000
coding single-nucleotide polymorphisms, and insertions and deletions determined based
on data derived from 2000 whole-exome sequences and 400 whole-genome sequences
with MAF > 0.1%); new exome/loss of function contents (44,000 variants); expression
quantitative trait loci (17,000 variants); genes associated with absorption, distribution,
metabolism, and excretion; and other miscellaneous variants. (2) Genetic variants that
showed significant association with PD in previous GWAS [7–13]. (3) Genetic mutations
that were reported to be a cause of monogenic familial PD with Mendelian inheritance
(https://www.omim.org/). (4) Genetic variants that showed significant association with
DLB in previous GWAS [15,16,22]. (5) Genetic variants that showed significant association
with Alzheimer’s disease in previous GWAS [23–26]. (6) Genetic variants associated with
neuroinflammation in previous GWAS [11,27,28].

Annotation of the variants was performed using the nspEff tool to confirm the dis-
tribution of the gene effect [29]. From a total of 219,065 variants, we excluded 109,804
“novel—not recommended and neutral” markers for the score data, because the perfor-
mance or efficacy of genotyping might be low (Table S1). The final selection was performed
by excluding duplicate markers, markers not included in the 1000 genome project phase 3
data, markers with a minor allele frequency of zero in East Asian GWAS data, and proxy
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single nucleotide polymorphisms (SNPs) (tagging r2 > 0.8) (Table S2). The final candidate
markers consisted of 74,224 markers (Table S3).

2.3. Sample Quality Control

Samples with a low call rate and high heterozygosity were excluded. Samples that
deviated from the whole sample were excluded from the analysis by an assessment per-
formed using multidimensional scaling. We also excluded excessive singleton, samples
with gender discrepancies, and cryptic first-degree relatives using the PLINK program
(version 1.90, NIH–NIDDK Laboratory of Biological Modeling, Bethesda, MD, USA).

2.4. SNP Quality Control

We performed an SNPolisher analysis to exclude low-quality SNPs. SNPs with call
rates over 95% in both cases and controls were included. SNPs with p-value > 10−4

in a Hardy–Weinberg equilibrium test were excluded. We excluded SNPs with minor
allele frequency < 1% in both cases and controls. We performed cluster quality control
for every SNP with p < 0.001 using linkage disequilibrium within 150 kilobases through
visual inspection.

2.5. Statistical Analysis

We compared the demographics and clinical characteristics of patients with PDD,
those with PD-ND, and healthy controls using Kruskal-Wallis tests for continuous variables,
which did not meet the assumption of the homogeneity of variance, as well as with chi-
squared test for categorical variables. Post hoc analysis was performed using Dunnett’s
post hoc tests and Bonferroni correction.

The association between the genetic variants and PD or PDD was analyzed using a
multiple logistic regression model after adjusting for age, sex, and education years. For
each genetic variant, we calculated the odds ratios (OR), 95% confidence interval (CI), and
two-tailed p-value. Bonferroni correction was applied to adjust for multiple comparisons.
Manhattan plots and quantile–quantile plots (Q-Q plots) were constructed for p-values of
all genotyped variants that passed quality control.

Statistical analysis was performed using R (version 3.1.2, Free Software Foundation,
Inc., Boston, MA, USA), the PLINK program (version 1.90, NIH–NIDDK Laboratory of
Biological Modeling, Bethesda, MD, USA), Haploview (version 4.2, Daly Lab at the Broad
Institute, Cambridge, MA, USA), and LocusZoom (version 1.4, University of Michigan,
Department of Biostatistics, Center for Statistical Genetics, Ann Arbor, MI, USA).

3. Results

3.1. Clinical Characteristics

We enrolled 318 patients with PDD, 326 patients with PD-ND, and 648 healthy con-
trols. After quality control assessment, 5 patients with PDD, 5 patients with PD-ND, and
13 healthy controls were excluded. The final study population included 313 patients with
PDD, 321 patients with PD-ND, and 635 healthy controls. The ages noted at the latest
follow-up for patients with PD or those noted at study enrollment for healthy controls
were significantly different among the three groups (median 76.0 vs. 75.0 vs. 68.0, p < 0.001)
(Table 1). In the post hoc analysis, ages noted at the latest follow-up were significantly lower
among healthy controls than those among patients with PDD or PD-ND (all p < 0.001). The
ages at disease onset and the disease durations were not significantly different between
patients with PDD and PD-ND. The median disease duration was 12.0 years for both PDD
and PD-ND groups. The percentage of females was significantly higher in the PDD group
compared to that in the healthy controls (57.2% vs. 44.9%, p = 0.0007 in post hoc analysis).
The number of education years (total years of academic education) was significantly lower
in the PDD group than that in the PD-ND or healthy control group (both p < 0.001 in post
hoc analysis).
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Table 1. Baseline clinical characteristics of the study subjects.

Characteristics PD Dementia (N = 313) PD without Dementia (N = 321)
Controls
(N = 635)

p-Value

Age at onset, years 64.0 (57.0−68.0) 63.0 (57.0−68.0) - 0.449

Age at latest follow-up,
years 76.0 (72.0–81.0) 75.0 (72.0−80.0) 68.0 (64.0−72.0) a,b <0.001

Disease duration, years 12.0 (9.0−17.0) 12.0 (9.0−16.0) - 0.896

Female, N (%) 179 (57.2%) 166 (51.7%) 285 (44.9%) a 0.001

Education, years 6.0 (2.0−12.0) 12.0 (6.0−16.0) c 12.0 (9.0−16.0) a <0.001

Latest MMSE 17.0(13.0−20.0) 27.0 (26.0−29.0) c 28.0 (26.0−29.0) a <0.001

Age at dementia, years 73.0 (69.0−78.0) - -

PD, Parkinson’s disease; MMSE, Mini-Mental Status Examination. a Significant difference compared with PD dementia using Dunn’s post
hoc test. b Significant difference compared with PD without dementia using Dunn’s post hoc test. c Significant difference compared with
healthy controls using Dunn’s post hoc test.

3.2. Genetic Association with Susceptibility to PD

The 41,534 genetic variants that passed quality control were genotyped and analyzed.
Multiple logistic regression with additive coding schemes was performed to compare ge-
netic variants between patients with PD (both, patients with PDD and those with PD-ND)
and healthy controls after adjusting for age and sex. Q-Q plots were generated for the diag-
nosis of patients with PD in comparison with healthy controls (Figure S1). The Manhattan
plot is depicted in Figure 1. Among the top 10 genetic variants associated with PD, five
SNPs were observed in the loci of SNCA (rs11931074, rs12642514, rs75876872, rs80184884,
and rs75231811) (Table 2), and two SNCA SNPs (rs11931074 and rs12642514) showed
statistical significance after Bonferroni correction (Figure 1). Among the SNCA SNPs,
SNP rs11931074 was most significantly associated with PD (OR = 0.66, 95% CI = 0.56–0.78,
p = 7.75 × 10–7). SPHK1 SNP rs2247856 (OR = 0.65, 95% CI = 0.53–0.80, p = 4.35 × 10–5) and
FYN SNP rs7772036 (OR = 0.72, 95% CI = 0.61–0.85, p = 9.74 × 10–5) were also associated
with PD.

3.3. Genetic Association with Dementia in PD

We compared genetic variants between PDD and PD-ND using multiple logistic
regression with additive coding schemes after adjusting for age, sex, and education years.
Q–Q plots were generated for the diagnosis of PDD compared with PD-ND (Figure S2). The
respective Manhattan plot is depicted in Figure 2. Among the top 10 SNPs associated with
PDD, two SNPs were observed in the loci of MUL1 (rs3738128 and rs12566937) (Table 3).
MUL1 SNP rs3738128 (OR = 2.52, 95% CI = 1.68–3.79, p = 8.75 × 106) was most significantly
associated with dementia in PD. In linkage analysis, MUL1 SNP rs12566937 showed
moderate linkage disequilibrium with MUL1 SNP rs3738128, which was associated with
the lowest p-value (Figure 3). SNPs in ZHX2 (OR = 0.56 95% CI = 0.43–0.74, p = 3.65 × 10–5)
and ERP29 (OR = 3.05, 95% CI = 1.77–5.27, p = 6.41 × 10–5) were also associated with
dementia in PD. However, following Bonferroni correction, none of the SNPs showed
statistical significance.
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Figure 1. Manhattan plots for Parkinson’s disease (PD). The genes nearest to the top 10 significant variants are labeled.
The x-axis represents the base pair position of the variants from chromosome 1 to chromosome 22. The SNCA loci showed
a statistically significant association with PD after Bonferroni correction. SNCA SNP rs11931074 was most significantly
associated with PD (OR = 0.66, 95% CI = 0.56–0.78, p = 7.75 × 10–7). The SPHK1 and FYN loci were also associated with PD.

Table 2. Top 10 genetic variants associated with Parkinson’s disease in the order of statistical significance.

Gene SNP Chr Position
Region

Relative to the
Gene

Allele
(Minor/Major)

Minor Allele
Frequency

(Case/Control)
OR (95% CI) p-Value

SNCA,
GPRIN3 rs11931074 4 89718364

intron,
downstream,

upstream
G/C 0.37/0.46 0.66 (0.56, 0.78) 7.75 × 10–7

SNCA,
GPRIN3 rs12642514 4 89708246

intron,
downstream,

upstream
A/C 0.36/0.46 0.66 (0.58, 0.79) 2.08 × 10–6

SNCA rs356191 4 89766969 Intron A/G 0.06/0.10 0.52 (0.38, 0.70) 2.64 × 10–5

SNCA,
GPRIN3 rs80184884 4 89705068

intron,
downstream,

upstream
G/A 0.06/0.10 0.52 (0.38 0.71) 4.24 × 10–5

SPHK1 rs2247856 17 76385474 missense,
UTR-5, exon A/G 0.16/0.22 0.65 (0.53, 0.80) 4.35 × 10–5

MYRIP rs6599077 3 40055127 Intron A/G 0.43/0.35 1.42(1.20, 1.68) 4.81 × 10–5

MRI100HG rs577924 11 122264399 Intron C/T 0.43/0.35 1.41 (1.19, 1.67) 6.05 × 10–5

SNCA,
GPRIN3 rs75876872 4 89705795

intron,
downstream,

upstream
G/A 0.05/0.08 0.49 (0.35, 0.69) 6.07 × 10–5

LOC339593 rs1473702 20 11253884 intron,
downstream C/T 0.51/0.44 1.38 (1.18, 1.62) 8.05 × 10–5

FYN rs7772036 6 111739596 Intron G/A 0.32/0.39 0.72 (0.61, 0.85) 9.74 × 10–5

Chr, chromosome; OR, odds ratio; CI, confidence interval.
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Figure 2. Manhattan plots for dementia in Parkinson’s disease (PD). The genes nearest to the top 10 significant variants are
labeled. The x-axis represents the base pair position of the variants from chromosome 1 to chromosome 22. The MUL1 loci
was most significantly associated with dementia in PD. MUL1 SNP rs3738128 (OR = 2.52, 95% CI = 1.68–3.79, p = 8.75 ×
10–6) was most significantly associated with dementia in PD. The ZHX2 and ERP29 loci were also associated with dementia
in PD.

Table 3. Top 10 genetic variants associated with dementia in Parkinson’s disease in the order of statistical significance.

Gene SNP Chr Position
Region

Relative to the
Gene

Allele
(Minor/Major)

Minor Allele
Frequency

(Case/Control)
OR (95% CI) p-Value

MUL1 rs3738128 1 20499992 UTR-3 G/C 0.07/0.11 2.52 (1.68, 3.79) 8.75 × 10–6

ZHX2 rs11779459 8 122968311 Intron T/C 0.34/0.29 0.56 (0.43, 0.74) 3.65 × 10–5

ERP29, NAA25 rs4767293 12 112025492 downstream A/G 0.04/0.06 3.05 (1.77, 5.27) 6.41 × 10–5

LINC01488 rs7395791 11 69448148 upstream,
downstream A/G 0.56/0.50 0.61 (0.47, 0.78) 8.44 × 10–5

LINC01140 rs7553864 1 87147675 Intron T/C 0.14/0.19 1.88 (1.37, 2.6) 1.15 × 10–4

MUL1 rs12566937 1 20506181 Intron G/T 0.13/0.17 1.91 (1.37, 2.67) 1.33 × 10–4

LYZL1,
C10orf126 rs1889714 10 29099710 upstream,

downstream A/G 0.12/0.09 0.43 (0.28, 0.66) 1.47 × 10–4

AMY1C,
LOC101928476,
LOC100129138

rs12026039 1 104028469 downstream,
upstream G/A 0.51/0.47 0.61 (0.47, 0.79) 1.74 × 10–4

DMRT1,
KANK1 rs912062 9 841152 upstream,

downstream C/A 0.17/0.22 1.76 (1.31, 2.37) 1.82 × 10–4

GLI2,
LINC01101 rs11688682 2 120590036 Upstream C/G 0.08/0.04 2.62 (1.57, 4.37) 2.30 × 10–4

SNP, single-nucleotide polymorphism; Chr, chromosome; OR, odds ratio; CI, confidence interval.
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Figure 3. Regional association plot of the genetic variants of MUL1. MUL1 SNP rs12566937 showed moderate linkage
disequilibrium with MUL1 SNP rs3738128.

4. Discussion

In this study, we identified genetic variants that were significantly associated with
dementia in patients with PD with a median disease duration of over 12 years. The MUL1
SNP rs3738128 showed the most significant association with dementia in PD. ZHX2 and
ERP29 also showed correlations with dementia in PD. The SNCA locus showed the most
significant association with susceptibility to PD, consistent with the results of previous
GWAS [7–12].

There were few studies investigating the role of MUL1 in the development of dementia
in PD, and one case-control study conducted in China showed that MUL1 SNP rs529974
was correlated with the development of PD [30]. MUL1 encodes mitochondrial ubiquitin
ligase 1, a mitochondrial E3 protein ligase that regulates mitofusin. The mitochondria
are involved in cellular energy production and cell survival, playing an important role
in the neurodegenerative process in PD [31]. Mitochondrial genes such as parkin, PINK1,
DJ-1, LRRK2, ATP13A2, and VPS35 are associated with PD [32]. An experimental study
showed that MUL1 suppressed the mitochondrial phenotype in PINK1/parkin mutant
dopaminergic neuron, and the knockdown of MUL1 in parkin knockout mouse cortical
neurons augmented mitochondrial damage [33]. Therefore, mutants with MUL1 and
parkin mutations are employed in the development of animal models of PD [34]. MUL1
overexpression has been shown to reduce the degeneration of dopaminergic neurons and
enhance motor activity in neurons of flies fed with rotenone [35]. MUL1 dysfunction
renders dopaminergic neurons susceptible to mitochondrial damage. The loss of MUL1
function may be more prominent when other mitochondrial dysfunctions exist as well, as a
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result of genetic variants or environmental toxins. The lack of correlation of MUL1 with PD
in this study may be explained by the adjunctive role of MUL1 in mitochondrial function.

Considering that the MUL1 pathway regulates mitochondrial damage in both dopamin-
ergic and cortical neurons [33,36], defects in the MUL1 pathway might affect the cognitive
decline in PD. However, little is known about the association between MUL1 and cognitive
decline in PD or other neurodegenerative diseases that cause dementia. Mitochondrial
dysfunction induces energy deficiency, intracellular calcium imbalance, and oxidative
stress, leading to synaptic dysfunction and neuronal cell loss [37]. This mechanism explains
how mitochondrial dysfunction mediates cognitive decline in neurodegenerative diseases,
such as Alzheimer’s disease. Mitochondrial dysfunction is also prominent among patients
with PD [38]. When MUL1 is downregulated, cortical neurons, as well as dopaminergic
neurons, might become more susceptible to damage due to mitochondrial dysfunction,
leading to the progression of cortical neuronal loss, synaptic dysfunction, and cognitive
decline. In addition, recent studies have revealed that amyloid-beta and p-tau interact with
mitochondrial proteins, resulting in increased mitochondrial fragmentation and reduced
mitochondrial fusion in Alzheimer’s disease [39]. Similarly, pathogenic alpha-synuclein
and amyloid-beta found in the brains of patients with PDD [40,41] might interact with
MUL1, leading to mitochondrial dysfunction. The significant association of MUL1 with
dementia in PD suggests the biological plausibility of the involvement of mitochondrial
dysfunction in the development of dementia in PD. Further studies are needed to elucidate
the exact pathogenic mechanisms underlying the involvement of MUL1 in the development
of dementia in PD.

Other genetic variants associated with dementia in PD were located in the loci of
ZHX2 and ERP29. Few clinical studies have investigated the role of ZHX2 and ERP29 in
PD or dementia. The gene ZHX2 encodes zinc-finger and homeodomain protein 2 (ZHX2)
that regulates transcription and neuronal differentiation [42]. Genetic variants of ZHX2
were found in two affected members of familial corticobasal degeneration, mutations of
which were predicted to impair protein function [43]. Both corticobasal degeneration
and PD are neurodegenerative diseases characterized by damage to cortical neurons and
cognitive decline. Since ZHX2 is also associated with cortical neuronogenesis [42], it may
be associated with the progression to dementia. ERP29 gene encodes a 29 kDa endoplasmic
reticulum protein (ERp29), which is ubiquitously expressed in cells and regulates protein
transport between the endoplasmic reticulum and Golgi apparatus [44]. ERp29 is involved
in protein misfolding and mistrafficking [44,45], which are potent pathogenic features of
PD and Alzheimer’s disease [46]. Given that endoplasmic reticulum stress is related to
Lewy body dementia [47], it is possible that ERp29 mutation also induces cortical neuronal
damage and is linked to the progression of dementia in patients with PD.

In our study, the SNCA SNP rs11931074 was most significantly associated with sus-
ceptibility to PD, which is consistent with previous results [7,9–12,48]. Mutations in the
SNCA gene were first found in familial PD with autosomal dominant inheritance [49,50],
and several SNPs across the SNCA locus were also linked to the increased risk for sporadic
PD in multiple GWAS [7–12]. The SNCA gene encodes alpha-synuclein, which is the
main component of Lewy bodies, the pathologic hallmark of PD. Interestingly, SNCA SNP
rs11931074, which showed the most significant association with PD in this study also has a
distinct relationship with PD based on race [48]. The presence of SNCA SNP rs11931074
increases the risk of PD, as demonstrated by the allele model, homozygote model, and
recessive model developed for the Asian population, while the association was found to be
true only in an allele model developed for the Caucasian population. These results support
the quality of PD samples used in this study and might emphasize the role of SNCA SNP
rs11931074 in the development of PD in the Asian population.

We found that SPHK1 and FYN SNPs were associated with PD. SPHK1 gene en-
codes sphingosine kinase 1 protein, which phosphorylates sphingosine into sphingosine-1-
phosphate (S1P). S1P synthesized by SPHK1 exerts mitogenic and anti-apoptotic effects
in an autocrine or paracrine manner [51]. The expression of sphingosine kinase 1 was
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downregulated in experimental models of PD, and inhibition of sphingosine kinase 1
decreases cell viability and enhances the production of reactive oxygen species [52]. FYN
gene encodes the Fyc protein, which is a tyrosine phosphotransferase enzyme belonging to
the Src family of nonreceptor tyrosine kinases. Fyc has been suggested to regulate alpha-
synuclein phosphorylation, oxidative stress-induced dopaminergic neuronal death, and
enhancement of neuroinflammation [53]. Therefore, both sphingosine kinase 1 protein and
Fyc were suggested as potential therapeutic targets for PD [51,53], and our data support
the protective effects of SPHK1 and FYN in PD.

The strength of this study is that we used clinical diagnosis of dementia based on the
long-term follow-up of patients with PD. The prevalence of dementia in patients with PD
is 17% at 5 years after diagnosis and 46−75% at 10 years after diagnosis [6,54]. Therefore,
including PD patients with a short follow-up duration would misclassify them as having
PD without dementia. A previous GWAS investigating the cognitive decline in PD included
patients whose median follow-up duration was 4 years [55], and another GWAS assessed
cognition using cross-sectional MMSE scores or MoCA scores [14].

This study has a few limitations. First, the sample size was relatively small, which
may explain why genetic variants associated with dementia in patients with PD did not
remain statistically significant after stringent Bonferroni correction. Second, the biological
functions of the genetic variants were not validated. However, the experimental studies
on SPHK1, FYN, MUL1, ZHX2, and ERP29 genes, as discussed above, might support the
biological plausibility of the involvement of these genes in PD. Therefore, future functional
studies are required to confirm our results.

5. Conclusions

This microarray genomic study identified the new loci of MUL1 associated with de-
mentia in PD, suggesting an essential role of mitochondrial dysfunction in the development
of this nonmotor symptom of PD.
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Abstract: Over the last decades, genetics has been the engine that has pushed us along on our voyage
to understand the etiology of Parkinson’s disease (PD). Although a large number of risk loci and
causative mutations for PD have been identified, it is clear that much more needs to be done to solve
the missing heritability mystery. Despite remarkable efforts, as a field, we have failed in terms of
diversity and inclusivity. The vast majority of genetic studies in PD have focused on individuals
of European ancestry, leading to a gap of knowledge on the existing genetic differences across
populations and PD as a whole. As we move forward, shedding light on the genetic architecture
contributing to PD in non-European populations is essential, and will provide novel insight into
the generalized genetic map of the disease. In this review, we discuss how better representation
of understudied ancestral groups in PD genetics research requires addressing and resolving all
the challenges that hinder the inclusion of these populations. We further provide an overview
of PD genetics in the clinics, covering the current challenges and limitations of genetic testing
and counseling. Finally, we describe the impact of worldwide collaborative initiatives in the field,
shaping the future of the new era of PD genetics as we advance in our understanding of the genetic
architecture of PD.

Keywords: Parkinson’s disease; genetics; diversity; post-GWAS era; genetic testing; genetics counselling

1. Introduction

Parkinson’s disease (PD) is a complex neurodegenerative disorder whose prevalence
is predicted to increase drastically, being more pronounced in older age people and with
variations among sex and ancestry groups [1]. PD is clinically manifested as resting tremor,
gait impairment, bradykinesia (slowness of movements), rigidity, and postural instability.

The heritability of PD driven by common genetic variation is estimated to be ~22%
and only approximately one third of it has been uncovered with the largest genetic study
in the European ancestry population to date [2]. PD is a complex genetic disease, and such
heritable genetic variation has a different magnitude of effect, frequency, deleteriousness,
and penetrance, so that we can differentiate between rare or common variants, pathogenic
deleterious mutations or variants that slightly increase the risk for developing PD, and
incomplete versus complete penetrance [3]. The vast majority of patients with PD are
diagnosed as sporadic without a clear genetic cause but probably due to the interplay
between genetic and environmental risk factors. However, up to 15% of PD patients have
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a positive PD family history and 5–10% respond to Mendelian inheritance [4]. The last
twenty years have witnessed the discovery of recessively and dominantly inherited genes
responsible for rare monogenic forms of PD [5]. Well-known, highly penetrant variants
causing familial or early onset PD are found within SNCA, VPS35, PARKN, DJ-1, and
PINK1 genes. In addition, risk variants with incomplete penetrance have been reported
within GBA and LRRK2 [6], as well as 90 risk variants increasing the susceptibility of PD in
Europeans and Asian populations [2,7]. Despite the progress made in understanding the
genetic basis of PD, current available genetic testing is mostly used on familial and early
onset PD cases requiring appropriate genetic counseling.

The discovery of genes and loci associated with PD allows us to redefine the genetic
map of the disease, gaining knowledge of potential mechanisms contributing to PD. Un-
derstanding PD etiology gives us valuable insights to develop disease-modifying therapies
that may stop or slow the progression of the disease. Genome wide association studies
(GWAS) have been a powerful tool to better understand how genetics contribute to the risk,
progression, and onset of PD [2,8,9]. However, a drawback of all the progress made in un-
derstanding PD genetics is that the vast majority of studies have focused on individuals of
European ancestry, leading to a gap of knowledge on the likely existing genetic differences
among populations.

In this review, we aim to outline the need, benefit, and challenges of exploring the
genetic basis of PD across underrepresented populations. We provide an overview of the
current state of the field and its applicability in clinical practice, as well as highlight the
role of worldwide initiatives in shaping the future of the new era of PD genetics as we
advance in our understanding of the genetic architecture of PD.

2. Parkinson’s Disease Genetics in Underrepresented Populations: Need
for Inclusivity

The recent decade has witnessed unprecedented growth in PD genomics research.
This has produced a substantial improvement in therapeutic development. Despite efforts,
the effective translation of PD research outcomes into health care optimization has failed at
generalizability due to the limited ethnic diversity of studies, since most PD genetic studies
have been conducted on populations of European descent and, lately, Asian ancestry
populations [2,7]. Such paucity in the representation of ethnically diverse populations,
including Africans, South Americans, and indigenous populations, can culminate in a
serious disparity in the quality of health care delivered to PD patients [10,11].

The inclusion of ethnic diversity in PD genetics research is essential to improve PD
health care in many aspects. First, the under-studying of non-European populations can
lead to the underestimation of genetic risk factors specific to that population, which can
serve as valuable markers for early disease detection and risk quantification. In addition,
including diverse populations can help validate or refute previously identified risk loci in
European populations and highlight potential variability in genetic variants’ contributions
to PD risk across different populations. An example of these differences can be found in
the largest GWAS undertaken in the Asian population, in which associations between the
PD phenotype and GBA or MAPT variants were not found [7].

Moreover, the ethnic diversity in PD research is crucial to improve our understand-
ing of the disease’s biology and pathogenesis. Addressing the variability in the genetic
architecture of PD research across populations can help us capture a broader range of
genetic and environmental factors implicated in disease development and progression,
and tailor the ideal preventive measures and therapeutic interventions accordingly. For
instance, these include rare genetic variation with key implications in disease pathogenesis,
which could be better highlighted in certain populations while overlooked or completely
missed in others because of naturally occurring, population-based variations in allele
frequencies [12].

By addressing the variability in genetic architecture and environmental conditions,
diversifying PD genetic research can also help us comprehend the interplay between the
contributing common variants and environmental factors. This is important since many
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diagnostic/risk assessment algorithms like polygenic scores are based on the dosage of
common variants’ contributions to disease’s risk/pathogenesis identified in European
populations, which are not necessarily applicable to non-European populations [5,13].
Generally, translating genetic information derived from studies based on European ancestry
populations to other ethnicities with a distinct genetic background and environmental
exposure might produce limited gains in the future, or potentially even worse clinical
outcomes. This underscores the importance of diversifying PD genetic research, which
represents a current global priority.

A better representation of understudied populations in PD genetics research requires
addressing, and resolving, all the challenges that hinder the inclusion of these populations
(Figure 1). Several factors were found to be responsible for the underrepresentation of
non-European populations in PD research. The major recognized challenge limiting the
access of populations living in low and middle-income countries (LMICs) to PD research
is the lack of funding and infrastructure. Hence, allocating funds to support genetics
studies in PD in these countries can help to improve the accessibility of these populations
to research [14]. Besides the financial and logistic limitations, the availability of a trained
scientific workforce is another major challenge in LMICs. Fortunately, establishing training
programs targeting the scientific workforce in under-developed countries is currently more
feasible with the aid of virtual tools and technologies [15]. To address this to some degree,
the Global Parkinson’s Genetics Program (GP2, https://www.gp2.org/, accessed on 20
September 2021) [16] has recently established a virtual center of excellence with resources
and expertise to serve the training needs across these populations.

Figure 1. The Parkinson’s disease genetics path: From research to clinics. Parkinson’s disease (PD).

In addition, the lack of motives to participate in genetics research either due to low
awareness about research benefits or negative perceptions about research or towards
research procedures, especially invasive procedures like blood sampling, can also signif-
icantly limit the inclusion of certain populations in PD genetics research [17–19]. This
combined with potential restricting cultural and/or religious barriers were found to limit
the participation of understudied populations both in LMICs as well as minorities living in
high-income countries [19]. Organizing educational programs in targeted communities to
improve populations’ awareness about PD genetics research and reduce cultural stigma,
combined with developing policies and regulations to protect participants’ confidentiality
and safety is essential to guarantee the better engagement of targeted populations in genetic
studies [20].
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When thinking about genetic research in non-European populations, there are some
limitations to take into account. One of them is the variation in linkage disequilibrium pat-
terns and haplotype structure between ethnically diverse populations that can complicate
GWAS imputation while using genotyping panels designed for European populations in
other populations [13,21]. Furthermore, the heterogeneity of certain populations, particu-
larly African and Latino populations, where complex ancestry admixture exists, represents
another major challenge [13].

Fortunately, in the last few years, several national and international endeavors have
been launched to improve population diversity in PD research. One of the prominent
international initiatives supporting ethnic diversity in PD genetic research is The Global
Parkinson’s Genetics Program (GP2) from the Aligning Science Across Parkinson’s (ASAP)
initiative [16]. Aiming to enhance PD genetics research and population diversity to generate
comprehensive, reproducible, and accessible data, GP2 has devoted significant resources
to establish research infrastructure and train researchers in PD research around the globe.
An example of its commitment is the GP2 Black and African American Connections to
Parkinson’s disease study (BLAAC PD) launched in 2021. This project targets one of the
most underrepresented in neurodegenerative disease studies, which are the African Ameri-
can and Black American populations [19]. Similarly, The International Parkinson Disease
Genomics Consortium-Africa (IPDGC-Africa) and Latin American Research Consortium
on the Genetics of PD (LARGE-PD) have established PD research programs targeting
underrepresented populations in Africa and Latin America respectively [22–24]. Besides
enhancing the representation of understudied populations, these initiatives aim to improve
PD research facilities, train the local workforce, and engage the communities through
promoting research-supporting concepts and alleviating negative notions [16,22]. Such
endeavors are expected to improve diversity in PD genetics research and warrant equity in
medical services provided for PD patients around the globe.

3. Parkinson’s Disease Genetics in the Clinic: Interpretation of Genetic Testing and
Genetic Counseling. Challenges and Limitations

Genetic testing is mostly defined as DNA-based testing performed within a medical
context for health care purposes with the intention to counsel individuals or families on
the risk of diseases or implications to health and life decision-making. Depending on the
specific purpose of the genetic test it can be diagnostic or predictive [25]. Genetic testing
is often expensive, time-consuming, and not necessarily accessible in some countries.
Diagnostic genetic testing, when positive, not only stops expensive diagnostic tests, but
also has therapy implications and allows appropriate counseling on severe life decisions.
On the other hand, a negative report might reorient a differential diagnosis or lead to future
reassessment and further investigation [25].

Genetic testing and appropriate counselling for complex disorders like PD has been
rapidly evolving, however there are many aspects to be considered when requiring a
genetic test in PD. The increasing knowledge in the PD genetics field and the advent of
technology have revolutionized genetic testing and counseling over the past decades. The
technology used in genetic testing has rapidly evolved from single-gene approaches to next-
generation sequencing, including exome and genome sequencing. As a result, genomic
data for diagnostic purposes has been generated at a large scale and in an unprecedented
manner, often requiring high capacities and resources for a clinician to interpret it [26]. The
increasing application of genetic testing in clinical practice has been related to the decline
of genotyping and sequencing costs. However, downstream requirements for genomic
interpretation still limits its broader use in complex disorders like PD [27].

Since the identification of missense variants in the SNCA gene in 1997 [28], genetic
mutations in about twenty genes have been described (Table 1), with at least six of them
showing consistent evidence for causality [29]. Many genetic variants in SNCA, VPS35,
PRKN, LRRK2, PINK1, and DJ1 among other genes, have been consistently linked to
monogenic PD forms representing approximately 5% of all PD cases [30,31]. However,
incomplete penetrance, often seen in LRRK2 and GBA variants, implies limited use for
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establishing individual risk in clinical practice. Additionally, a relevant situation to mention
relates to these two genes harboring one or few founder mutations that are particularly
frequent in certain populations.

Table 1. List of genes reported to be linked with Parkinson disease.

Gene
Year of

Discovery
Reported Variants Frequency Inheritance

Confidence as a
PD Gene

SNCA * 1997, 2003 Missense or multiplication Very rare Dominant Very high
PRKN * 1998 Missense or loss of function Rare Recessive Very high
UCHL1 1998 Missense Unclear Dominant Low
PARK7 * 2003 Missense Very rare Recessive Very high
LRRK2 * 2004 Missense Common Dominant Very high
PINK1 * 2004 Missense or loss of function Rare Recessive Very high
POLG 2004 Missense or loss of function Rare Dominant High

HTRA2 2005 Missense Unclear Dominant Low
ATP13A2 * 2006 Missense or loss of function Very rare Recessive Very high
FBXO7 * 2008 Missense Very rare Recessive Very high
GIGYF2 2008 Missense Unclear Dominant Low

GBA * 2009 Missense or loss of function Common
Dominant

(incomplete
penetrance)

Very high

PLA2G6 * 2009 Missense or loss of function Rare Recessive Very high
EIF4G1 2011 Missense Unclear Dominant Low
VPS35 * 2011 Missense Very rare Dominant Very high
DNAJC6 2012 Missense or loss of function Very rare Recessive High
SYNJ1 2013 Missense or loss of function Very rare Recessive High

DNAJC13 2014 Missense Unclear Dominant Low
TMEM230 2016 Missense Unclear Dominant Low

VPS13C 2016 Missense or loss of function Rare Recessive High
LRP10 2018 Missense or loss of function Unclear Dominant Low
NUS1 2018 Missense Unclear Recessive Low

* Gene of PD clinical significance adapted from Blauwendraat et al., 2019. Parkinson’s Disease (PD).

LRRK2 and SNCA mutations are often screened in the presence of family history
and suspicion of monogenic autosomal dominantly inherited PD. Affected PD patients
carrying LRRK2 mutations have been reported worldwide with higher frequencies among
Ashkenazi Jewish and Tunisian Barber populations [32], and lower frequencies among
East Asians and Latinos with high Amerindian ancestry [33,34]. LRRK2-G2019S and
ROC (Ras of complex) domain variants (R1441G/C/H) are among the most common
variants associated with PD. Despite the fact that motor symptoms and responses to
levodopa do not differ from idiopathic PD, some studies suggest a lower frequency of
non-motor symptoms and mild cognitive impairment [35]. Age-dependent penetrance
has been consistently demonstrated, with higher rates within LRRK2-G2019S carriers [36].
Genetic testing among putative LRRK2 carriers can be useful from the patient and research
perspective, as clinical trials of LRRK2 kinase inhibitors have started showing promising
results as the first personalized therapies for monogenic LRRK2 patients [30,37]. Missense
and copy number variants (duplications and triplications) in the SNCA gene have been
linked to monogenic autosomal inherited PD [38]. Clinical phenotypes of SNCA carriers
are quite variable but often severe, with some SNCA mutations and rearrangements being
related to a higher frequency of cognitive impairment, psychosis, and depression [39,40].
Thus, genetic diagnostic panels that include LRRK2 and SNCA should be considered when
affected individuals with autosomal dominant familial PD are seen in clinics.

Biallelic rare variants within the PRKN, PINK1 and DJ-1 genes are consistently associ-
ated with early onset recessive PD. These three genes encode proteins sharing a common
pathway, mitochondrial quality control and regulation [41]. Main clinical features related
to variants within these genes are mostly consistent with early onset disease with slower
progression, excellent Dopa response, frequent dystonia, dyskinesia, and uncommon cog-
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nitive decline [42]. Genetic testing for PRKN, PINK1, and DJ-1 in familial forms of PD
with recessive patterns and in early onset PD cases might be considered on diagnostic and
therapy algorithms. Early onset PRKN PD cases usually have a prolonged and consistent
response to low doses of levodopa, however they tend to develop levodopa-induced dysk-
inesias as well as compulsive disorders with the use of dopamine agonists [43]. Other
treatment options including DBS have demonstrated positive results in selected cases [44].

Genetic testing and counseling for PD common risk variants is hard to interpret for
individual cases in clinical practice. GWAS studies have nominated potential susceptibility
factors in LRRK2 and SNCA linked to sporadic PD [3]. GBA, the coding gene for gluco-
cerebrosidase, is the most common genetic factor for developing PD and an important risk
factor for other synucleinopathies for which multiple clinical trials are ongoing. Heterozy-
gous variants in GBA are present in up to 15–20% of PD patients in certain populations and
bear a higher risk of non-motor features, such as cognitive decline and dementia [45,46].
The consistent association of GBA with PD risk contrasts with the large number of GBA
carriers who do not develop PD given the low penetrance of this gene [47,48].

On the other hand, there is controversial evidence suggesting risk conferred by het-
erozygous PRKN and PINK1 variants in PD etiology. Large-scale studies systematically
interrogating PINK1 variants failed to confirm its role as risk factor for PD [49]. Given
the lack of replication and controversial findings across research studies, genetic testing
seeking this specific heterozygous variation is not recommended.

Regular genetic testing for sporadic late-onset PD is not currently recommended as
standard clinical practice. PD is considered a complex disorder with the coexistence of
a genetic predisposition together with variable environmental exposure [50]. Sporadic
PD is the most common form of neurodegenerative Parkinsonism, representing the vast
majority of cases seen in regular clinical practice. Despite the tremendous advances in
understanding the genetic architecture of PD, it is still challenging to explore individual
genetic risk in sporadic forms. Novel multi-OMIC approaches are being investigated to
predict PD risk, including polygenic risk stratification and multimodal data integration.

Genetic testing for PD should be performed within appropriate genetic counseling
approaches depending on the individual clinical profile. Genetic testing might be highly
valuable in the presence of a positive family history, early onset PD, or specific high-risk
ancestry like Ashkenazi Jewish [51]. While there is strong evidence for a potential use of
genetic testing for monogenic PD, not only for diagnostic purposes, but also for precision
medicine decisions, there are still significant limitations including the existence of variants
with variable penetrance, variants of uncertain significance, and the presence of other
susceptibility genetic factors [52]. Given the complexity of PD, it is strongly recommended
to discuss the benefits and limitations of genetic testing during pre-test counseling sessions,
including the risk of privacy loss and discrimination [53]. Since direct-to -consumer testing
for common variants of LRRK2 and GBA genes is currently available, care providers must
be trained in genetic counseling to address consultants’ concerns. Comprehensive genetic
education and training of clinicians and patients together with efforts to promote universal
access to genetic services are needed to massively translate PD genetic testing into clinical
practice across the globe [54].

4. The New Era of Parkinson’s Disease Genetics: Increasing Knowledge about
Disease Etiology

The new era of PD genetics holds promise. Genetic studies conducted in underrep-
resented populations have started to emerge [55–57] as well as consortium setups [58]
(GP2, https://www.gp2.org/, accessed on 20 September 2021) with programs strongly
focused on increasing diversity in PD research so that the applications of genetic discov-
eries can be extrapolated to the entire population. As a result, an important analytical
approach in our field will be the implementation of trans-ethnic GWAS meta-analysis, such
as GWAMA [57] and MANTRA [59], that will allow us to combine genetic information
from different ancestries to further delineate the etiology of this complex disease. GWAS
data from non-European samples is considerably increasing, ensuring higher statistical
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power to improve fine-mapping strategies by leveraging the LD structure from different
populations [59]. A considerable improvement in the fine-mapping resolution when study-
ing data across highly ancestral heterogeneous samples has been shown as opposed to
fine-mapping based on European ancestry only data [60].

When it comes to further exploring nominated loci from GWAS, the altered molecular
pathways contributing to the phenotype of interest may be diverse [61]. Additionally,
among the nominated loci, it is usually challenging to detect the causal variant underneath
the peak, often masked by other non-causal alleles falling within the same haplotype
block as a result of the underlying LD structure. In this context, the tuning of genotyping
approaches as well as the development and implementation of novel bioinformatics tools
are of paramount importance. On the one hand, some novel genotyping platforms, such
as the recently created Neuro Booster array (unpublished manuscript), are focused on a
wide SNP coverage, including more than 1.8 million variants (as compared to the roughly
400,000 variants from previous arrays [62,63]), and a custom content of approximately 95K
neurological disease related variants. On the other hand, a wide range of publicly available
and useful data science approaches allows us to interpret GWAS outcomes and further
dissect potential loci. Fine-mapping methods represent a means to come up with the likely
causal variant from a specific locus for a given phenotype and to determine the functional
implications of such loci [64]. In very few situations, the causal variant will be within the
locus of interest, affecting the protein conformation if the mutation is coding. Most likely, a
causal genetic variant can be found within a non-modifiable or regulatory region, resulting
in the dysregulation of the gene product of interest. Colocalization methods allow us to
explore whether GWAS studies share a common genetic causal variant with tissue level
and cell-state-specific expression quantitative trait loci (eQTL datasets), allowing us to link
GWAS single nucleotide polymorphisms (SNPs) to the regulation of gene expression [64].
Moreover, functional fine-mapping methods give us insight into the putative epigenetic
signatures of GWAS nominated loci, such as DNA methylation or histone modification of
regulatory elements, as well as the formation of chromatin loops [65].

The identification of culprit variants affecting PD risk may be possible by the imple-
mentation of state of the art high-throughput long read sequencing technologies. Causal
variants do not necessarily have to be SNPs, but can also be more complex genomic vari-
ation, such as repeat expansions or structural variants which are easily overlooked in
short-read sequencing, and/or technologically challenging to genotype due to repetitive
sequences or high GC content. PD studies looking at non-SNV variation are starting to
emerge [66].

Undertaking integration of different level data (i.e., clinical data, genetics, transcrip-
tomics, proteomics, and metabolomics) can be challenging and costly. Fortunately, it is
worth highlighting that some frameworks that facilitate the process for post-GWAS analyses
are available [67]. These platforms include large integrated biological datasets, making the
automatization of concrete and parallel analyses possible, easing reproducibility and trans-
parency. As we move forward, standardization and harmonization of datasets, as well as
automating data processing is key. An example of this is GenoML (https://genoml.com/,
accessed on 20 September 2021) which enables automatic machine learning in genetic
studies and has been widely applied in the PD genetics field [68,69].

Overall, post-GWAS analyses are focused on approaches to prioritize molecular pathways
and promising targets for biomarkers and drug development. By discovering and validating
potential findings in independent cohorts, we can nominate pathways to be assessed in cell lines
and animal models or build up networks. Moreover, novel datasets for PD genetics research are
currently being made public resources to the research community. The Foundational Data Ini-
tiative for Parkinson’s Disease (FOUNDIN-PD) [70] is an international, collaborative, and multi-
year project, aiming to produce a multi-layered molecular dataset in a large cohort of 95 induced
pluripotent stem cell (iPSC) lines at multiple time points during differentiation to dopaminergic
(DA) neurons (https://www.foundinpd.org/#Foundinpd, accessed on 20 September 2021).
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5. Future Perspectives

Over the last 20 years, in many ways, genetics has been the engine that has pushed
us along on our voyage to gain knowledge about PD etiology. As we move forward,
shedding light on the genetic architecture contributing to PD in non-European populations
is essential and will provide novel insights regarding the generalised genetic map of the
disease. This is a major commitment and a significant step forward for our field in an effort
to understand how the basis of disease varies across populations.

We envisage that we will continue increasing the number of known genetic risk loci
disease-causing mutations for the complex and variable manifestations of PD. Our field
will keep investigating risk loci to saturation, genetic modifiers of disease, and genetically
defined disease subtypes. In terms of genetic players underlying PD etiology, we anticipate
that our field will expand our understanding of structural and repeat variability involved
in disease through the application of long-read sequencing, which so far has been relatively
difficult to explore using traditional genome sequencing methods.

However, in the future, our field will not just strive to improve our understanding
of the role genetics plays in PD on a global scale, but to also make that understanding
actionable. Worldwide initiatives will be key to the creation of publicly available resources
for the scientific research community [16]. Multimodal data integration will facilitate
translation of genetic maps to mechanisms and will improve our ability to develop more
accurate models of disease prediction and prognosis.

It is not enough to just make data available to the wider PD research community, we
must train the next generation of scientists. Training individuals with exceptional drive
and talent will be key to success. The future of PD genetics ultimately aims to inform
biology, improve disease modeling, promote target prioritization, inform trial design and
efficiency, and develop therapeutic strategies matching patients to specific treatments.
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Abstract: Mutations of the GBA gene, encoding for lysosomal enzyme glucocerebrosidase (GCase),
are the greatest genetic risk factor for Parkinson’s disease (PD) with frequency between 5% and 20%
across the world. N370S and L444P are the two most common mutations in the GBA gene. PD carriers
of severe mutation L444P in the GBA gene is characterized by the earlier age at onset compared to
N370S. Not every carrier of GBA mutations develop PD during one’s lifetime. In the current study
we aimed to find common gene expression signatures in PD associated with mutation in the GBA
gene (GBA-PD) using RNA-seq. We compared transcriptome of monocyte-derived macrophages of
5 patients with GBA-PD (4 L444P/N, 1 N370S/N) and 4 asymptomatic GBA mutation carriers (GBA-
carriers) (3 L444P/N, 1 N370S/N) and 4 controls. We also conducted comparative transcriptome
analysis for L444P/N only GBA-PD patients and GBA-carriers. Revealed deregulated genes in GBA-
PD independently of GBA mutations (L444P or N370S) were involved in immune response, neuronal
function. We found upregulated pathway associated with zinc metabolism in L444P/N GBA-PD
patients. The potential important role of DUSP1 in the pathogenesis of GBA-PD was suggested.

Keywords: Parkinson’s disease; GBA; macrophages; RNA-seq; transcriptome

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder that is characterized by the
accumulation of abnormal protein aggregates of alpha-synuclein in the brain [1,2]. Several
genetic factors have been associated with an increased risk of PD development. Mutations
in the GBA gene are the highest genetic risk factors for PD with an increase of PD risk (of
seven to eight times) and with a frequency of 5% to 20% in all populations [3,4]. The GBA
gene, encoding the lysosomal enzyme glucocerebrosidase (GCase), is the key enzyme in
ceramide metabolism and catalyzes the hydrolysis of glucosylceramide to glucose and
ceramide. GCase is expressed in most tissues, especially in the brain, endocrine issue, liver,
spleen, skin (https://www.proteinatlas.org, accessed on 21 September 2021). GBA muta-
tions resulted in the most common lysosomal storage disorder (LSD), Gaucher disease (GD),
characterized with lysosphingolipid accumulation, presumably in blood macrophages.
Generally, the two most common mutations in the GBA gene N370S (c.1226A > G) and
L444P (c.1448 T > C) account for 60–70% of the mutant alleles amongst others [4,5]. PD
carriers of the severe L444P mutation in the GBA gene are characterized by an earlier age
at onset and rapid progression [6] compared to N370S and other mild mutations. The
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molecular mechanisms of an association between GBA mutations and PD are unclear [7].
We, and others, have previously demonstrated that mutations in the GBA gene lead to a
decrease of GCase activity and an increase of blood lysosphingolipid concentration, even in
heterozygous carriers of GBA mutations [8–11]. However, not all carriers of GBA mutations
develop PD. GCase dysfunction does not seem to be enough to launch the pathogenic
mechanism of PD among GBA mutation carriers.

Transcriptome analysis using next-generation sequencing (RNA-seq) is a powerful
method to analyze the genome transcriptomic profile with high-resolution. Although
variations in the transcriptome are tissue specific, the blood and brain demonstrated sig-
nificant gene expression similarities [12,13]. It is worth noting that RNA-seq revealed
the difference between transcriptomic profiles in the peripheral blood of symptomatic
and asymptomatic G2019S LRRK2 mutation carriers and identified common differentially
expression genes functionally involved in the pathways and related with LRRK2-PD patho-
genesis, such as Akt signaling, glucose metabolism, or immunity [14,15]. Monocyte-derived
macrophages represent one of the most promising models for investigating molecular
mechanisms of GCase dysfunction, as this cell type is vulnerable for disturbances in ce-
ramide metabolism [16,17]. In particular, we and others demonstrated high potential of
peripheral blood monocyte-derived macrophages to reflect individual sensitivity for drugs
influencing GCase activity [18,19]. Here, we first generated the transcriptomic profiles
for GBA-PD patients, asymptomatic GBA mutation carriers (GBA carriers), and controls
in monocyte-derived macrophages, in order to investigate what variations in monocyte-
derived macrophage transcriptomes can be attributed to the presence of GBA mutation
and what can be viewed as a trigger of PD in GBA mutation carriers. Our results will be
useful to others looking for potential triggers of PD among GBA mutation carriers, and
provides future directions for PD preclinical research.

2. Materials and Methods

This project was approved by the Pavlov First Saint-Petersburg State Medical Univer-
sity. A formal written consent form was provided to all included subjects to read and sign
prior to the study.

2.1. Subjects

Five patients with GBA-PD, four GBA carriers, and four neurologically healthy in-
dividuals were enrolled for the current study. Demographic data of the studied groups
are summarized in Table 1. Controls had no history of parkinsonism. GBA-PD patients
were diagnosed at two neurological clinic centers in St. Petersburg, Russia: Pavlov First
Saint-Petersburg State Medical University and the Institute of the Human Brain of RAS.
A standard neurologic clinical examination was performed for all participants and the
diagnosis of PD was based on previously published criteria [20]. GBA-PD patients were
recruited by genotyping of N370S, L444P mutations in the GBA gene among PD patients,
as previously described [3]. GBA carriers were collected from first-degree relatives of GD
patients at the Research Centre for Medical Genetics where GBA mutations were confirmed
by target sequencing of all exons in the GBA gene.

Table 1. Demographic characteristics of the compared groups.

Groups
Age at Exam,
Mean ± SD,

Years

Age at Onset,
Mean ± SD,

Years

Gender
(Male:Female)

Mutations in
the GBA Gene

GBA-PD, N = 5 53.5 ± 8.73 49.0 ± 10.89 3:2 4 L444P/N
1 N370S/N

GBA-carriers, N = 4 54.9 ± 8.9 - 2:2 3 L444P/N
1 N370S/N

Controls, N = 4 54.4 ± 9.5 - 2:2 -
GBA-PD—Parkinson’s disease associated with mutations in the GBA gene; GBA-carriers—asymptomatic GBA
mutation carriers; SD—standard deviation.
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2.2. Differentiation of Human Monocytes to Macrophages

Peripheral blood mononuclear cells (PBMCs) were isolated from 24 mL of peripheral
blood from participants, by density gradient centrifugation (Ficoll–Paque PLUS, GE Health-
care, Chicago, IL, USA). PBMCs were differentiated by the macrophage colony-stimulating
factor (M-CSF) (10 ng/ml) (Sigma-Aldrich, Burlington, MA, USA) in RPMI 1640 medium
(Gibco, Waltham, MA, USA) supplemented with 10% FCS (Gibco, Waltham, MA, USA)
with harvesting after 5 days. Phenotypical maturation of monocyte-derived macrophages
was confirmed by light microscopy and flow cytometry with specific antibodies to CD14+
and CD68+ (eBioscience, San Diego, CA, USA), as described earlier [18,21].

2.3. RNA Isolation and RNA Sequencing (RNA-Seq)

RNA was isolated from monocyte-derived macrophages and amplified following the
user manual of the SMART-Seq™ v4 Ultra™ Low Input RNA Kit for sequencing. Sequencing
libraries were generated using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina®

(NEB, Ipswich, MA, USA), following the manufacturer’s recommendations. The RNA
molecules that contained polyA were then sequenced on the Illumina HiSeq1500 platform.

2.4. Quality Control

Quality control for each sample was performed by FastQC (v0.11.9) [22] and RSeQC
(v4.0.0)) [23]. In this step, clean data (clean reads) were obtained by removing low-quality
reads, reads containing adapters, and reads containing ploy-N from raw data. The removal
adapter was conducted with Cutadapt [24]. All downstream analyses were based on
clean data.

2.5. Reads Mapping to Reference Genome

Human reference genome assembly GRCh38 (hg38) and gene model annotation files
were downloaded from the Gencode website (https://www.gencodegenes.org/human/
(accessed on 9 September 2021)) directly (release 37). HISAT2 (v2.2.1) [25] was used with
default parameters to build the index of the reference genome and mapping reads to
the genome.

2.6. Quantification of Gene Expression Level

Counting sequencing reads mapping to each gene after the alignment step was per-
formed using the HTSeq-count function from the HTSeq framework (v.0.6.1) [26].

2.7. Analysis of Gene Differential Expression

Gene differential expression analyses of three groups were performed using the
DESeq2 package (v.1.30.1) [27] in R (v.4.0.3). DESeq2 provides statistical routines for
determining differential expression in digital gene expression data using a model based on
negative binomial distribution. The resulting p-values were adjusted using Benjamini and
Hochberg’s approach for controlling the false discovery rate (FDR). Detected differential
expression of genes was considered statistically significant at FDR ≤ 0.05 and a fold change
(FC) threshold >1.5. The differentially expressed genes were visualized in a volcano plot
built by using ggplot (v.3.3.3) in R (v4.0.3).

2.8. GO Enrichment Analysis of Differentially Expressed Genes

Gene Ontology (GO) enrichment analysis of differentially expressed genes was per-
formed using GO resource (http://geneontology.org (accessed on 9 September 2021)) and
was carried out using the apps ClueGO v. 2.5.7 [28] and CluePedia v. 1.5.3 [29] for Cy-
toscape v. 3.6.1. GO terms with a corrected p-value of less than 0.05. Term groups were
selected by ClueGO based on the number of common genes/terms (>50%). Term clusters
were selected based on common genes. A network of selected metabolic processes and
DEGs was built using CluePedia v. 1.5.7.
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3. Results

3.1. RNA-Seq Experiments

A whole-transcriptome analysis of monocyte-derived macrophages obtained from
four patients with L444P/N GBA-PD, three L444P/N GBA carriers, and controls without
any GBA mutations (N = 4) was performed. Transcriptome analysis of monocyte-derived
macrophages was also conducted for all GBA-PD patients (L444P/N, N = 4, N370S/N,
N = 1), and GBA carriers (L444P/N, N = 3, N370S/N, N = 1). Using the Illumina HiSeq
1500 sequencer, we generated 10–14M raw reads, trimming from the 13 samples, with
a read length of 50 bp. After strict quality control, more than 20G clean bases were
retained. Overall, 21,980 genes were identified in each of the 13 samples. Post-trimming
and mapping results for all groups are provided in Table S1. Between 85.20% and 95.97%
of the clean reads was aligned to the reference genome. Raw data were subjected to
differential expression testing with DESeq2.

3.2. Changes in the Transcriptome Attributed to the Presence of GBA L444P/N Mutation

First, we conducted comparative transcriptome analysis of GBA-PD patients baring
L444P/N mutation and controls, which revealed 32 DEGs, and asymptomatic carriers
of the GBA L444P/N mutation and controls, which revealed 18 DEGs (Tables S2 and S3,
Figure 1A,B). Moreover, 36 DEGs were revealed between L444P/N GBA-PD patients and
L444P/N GBA carriers (Table S4, Figure 1C). The top list of revealed DEGs in L444P/N
GBA-PD patients compared to controls included the genes, JUNB, NR4A2, and EGR1, which
played roles in neurogenesis. GBA-PD was characterized by downregulated expression of
those genes. GO term enrichment analysis was conducted for all determined DEGs. We con-
sidered “metabolic process” terms with a p-value (Bonferroni corrected) <0.05 and all types
of GO terms to gene connections. Significant terms are presented in Table 2 and networks
are performed (Figure 2A–C). Pathways from GO databases enriched by DEGs that were
found when comparing GBA-PD patients to the controls were associated with cytokine
secretion (cellular response to chemokine (GO:1990869) and immune response (monocyte
chemotaxis (GO:0002548), neutrophil chemotaxis (GO:0030593), and myeloid leukocyte
migration (GO: 0097529)) (Table 2, Figure 2A). Altered biological GO pathways in L444P/N
GBA-PD patients compared to L444P/N GBA carriers were the pathways related to cellular
response to cadmium ion (GO:0071276), cellular response to zinc ion (GO:0071294), cellular
zinc ion homeostasis (GO:0006882), detoxification of copper ion (GO:0010273), cellular
response to copper ion (GO:0071280) (Table 2, Figure 2B). The 13 genes deregulated in
L444P/N GBA carriers compared to the controls were involved in the enriched pathways
related to immune response (system development (GO:0048731), immune system devel-
opment (GO:0002520), myeloid leukocytes differentiation (GO:0002573)), and regulation
negation axon extension involved in regeneration (GO:0048692) and axon extension in-
volved in regeneration (GO:0048677) (Table 2, Figure 2C). The Venn diagram demonstrated
one upregulated DEG, KIAA0319, which was upregulated in both L444P/N GBA-PD
patients and L444P/N GBA carriers compared to the controls and two DEGs, DUSP1
and ARL4C, which were downregulated in L444P/N GBA-PD patients compared to both
L444P/N GBA carriers and controls (Figure 3A). The comparison between the list of DEGs
from the GO analysis and the list of DEGs obtained by the Venn diagram revealed five
genes (IL31RA, ACOD1, OSCAR, MT1M, TBX3) downregulated in L444P/N GBA carriers
compared to L444P/N GBA-PD and controls, and one downregulated gene (DUSP1) in
L444P/N GBA-PD patients compared to L444P/N GBA carriers and controls (Figure 3A),
and one upregulated gene (KIAA0319) in L444P/N GBA-PD patients and L444P/N GBA
carriers compared to controls (Figure 3B).
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Figure 1. Volcano plot for DEGs between the studied groups (FDR < 0.05 and |FC| > 1.5); the upregulated genes are
represented by red dots and the downregulated genes are represented by blue dots. (A). L444P/N GBA-PD patients and
controls, (B). L444P/N GBA carriers and controls, (C). L444P/N GBA-PD patients, and L444P/N GBA carriers. (GBA-
PD—Parkinson’s disease associated with mutations in the GBA gene; GBA carriers—asymptomatic GBA mutation carriers;
DEGs—differentially expressed genes).

Table 2. Functional clusters selected according to the results of the GO analysis between L444P/N GBA-PD patients,
L444P/N GBA carriers, and controls.

(GO ID] GO Terms padjusted DEGs

L444P/N GBA-PD vs. Controls

(GO:0097529) myeloid leukocyte migration 6.93 × 10−9 CCL3, CCL3L1, CCL4, CXCL2, CXCL5, DUSP1,
IL6, PPBP

(GO:0002548) monocyte chemotaxis 6.93 × 10−9 CCL3, CCL3L1, CCL4, DUSP1, IL6

(GO:1990869) cellular response to chemokine 6.93 × 10−9 CCL3, CCL3L1, CCL4, CXCL2, CXCL5, DUSP1,
PPBP

(GO:0030593) neutrophil chemotaxis 6.93 × 10−9 CCL3, CCL3L1, CCL4, CXCL2, CXCL5, PPBP

L444P/N GBA-PD vs. L444P/N GBA carriers

(GO:0006882) cellular zinc ion homeostasis 8.09 × 10−9 MT1F, MT1L, MT1M, MT1X, SLC39A8
(GO:0010273) detoxification of copper ion 9.81 × 10−7 MT1F, MT1L, MT1M, MT1X

(GO:0071276) cellular response to cadmium ion 9.81 × 10−7 MT1F, MT1L, MT1M, MT1X
(GO:0071280) cellular response to copper ion 9.81 × 10−7 MT1F, MT1L, MT1M, MT1X

(GO:0071294) cellular response to zinc ion 9.81 × 10−7 MT1F, MT1L, MT1M, MT1X

L444P/N GBA carriers vs. controls

(GO:0048731) system development 0.001035 ACOD1, IL31RA, KIAA0319, OSCAR, TBX3
(GO:0002520) immune system development 0.001035 ACOD1, IL31RA, OSCAR

(GO:0002573) myeloid leukocyte differentiation 0.001011 IL31RA, OSCAR
(GO:0048692) negative regulation of axon

extension involved in regeneration 0.000615 KIAA0319

(GO:0048677) axon extension involved in
regeneration 0.000615 KIAA0319

GBA-PD—Parkinson’s disease associated with mutations in the GBA gene; GBA carriers—asymptomatic GBA mutation carriers; DEGs—
differentially expressed genes; GO—gene ontology.
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Figure 2. Networks of selected metabolic processes and DEGs in (A). L444P/N GBA-PD vs. controls; (B). L444P/N GBA
carriers vs. controls; (C). L444P/N GBA-PD vs. L444P/N GBA carriers (obtained using CluePedia v. 1.5.7 + ClueGo v.2.5.7).
(GBA-PD—Parkinson’s disease associated with mutations in the GBA gene; GBA carriers—asymptomatic GBA mutation
carriers; DEGs—differentially expressed genes).

3.3. Differentially Expressed Genes and Enriched Pathways in GBA-PD Patients (L444P/N
+N370S/N) and GBA Carriers (L444P/N +N370S/N) Compared to Controls

Comparative transcriptome analysis of monocyte-derived macrophages revealed
23 DEGs between GBA-PD patients and GBA carriers, 28 DEGs between GBA-PD patients
and controls. Moreover, eight DEGs were found between GBA carriers compared to con-
trols (Figure 4A,B, Tables S5–S7.) The top list also revealed DEGs in GBA-PD patients
compared to controls, including the genes, JUNB, NR4A2, EGR1. Significant terms of GO
analysis between GBA-PD patients, GBA carriers, and controls are presented in Table S8,
and networks are presented in Figure 5A,B. A total of 25 genes were enriched in 17 GO
pathways. The altered biological pathways in GBA-PD patients compared to the controls
were directly related to the functioning of the immune system, immune response, cy-
tokine metabolism, and the immune response ((GO:0019221) cytokine-mediated signaling
pathway, (GO:0006935) chemotaxis, (GO:0002548) monocyte chemotaxis, (GO:1990869)
cellular response to chemokine), and apoptosis ((GO:0010941) regulation of cell death,
(GO:0010942) positive regulation of cell death). The main of the alerted GO pathways
in GBA carriers compared to the controls was the pathway associated with cytokine
metabolism ((GO:0071345) cellular response to cytokine stimulus). The Venn diagram
demonstrated two genes HOOK2, JUNB downregulated in GBA-PD patients and GBA
carriers compared to controls that can be attributed to the presence of GBA mutations.
The HOOK2, JUNB genes were also involved in the enriched pathway (response to cy-
tokines (GO:0034097)) identified by GO analysis in GBA-PD patients compared to controls
(Figure 6A).
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Figure 3. Venn diagram of (A). DEGs in monocyte-derived macrophages of L444P/N GBA-PD
patients to controls compared to L444P/N GBA-PD patients to L444P/N GBA carriers, and compared
to L444P/N GBA carriers and controls. B. DEGs determined be the Venn diagram in (B) and DEGs
determined by GO analysis for L444P/N GBA-PD patients, L444P/N GBA carriers, controls. All
data are presented as the number of genes with a p-value < 0.05 and |FC| more than 1.5. Three
Venn diagrams were developed using the library VennDiagram (v.1.6.20) in R (v.4.0.3). (GBA-PD—
Parkinson’s disease associated with mutations in the GBA gene; GBA carriers—asymptomatic GBA
mutation carriers; DEGs—differentially expressed genes; GO—gene ontology).
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Figure 4. Volcano plot for DEGs between the studied groups (FDR < 0.05 and |FC| > 1.5); the upregulated genes are
represented by red dots and the downregulated genes are represented by blue dots. (A). GBA-PD patients and controls;
(B). GBA carriers and controls; (C). GBA-PD patients and GBA carriers. (GBA-PD—Parkinson’s disease associated with
mutations in the GBA gene; GBA carriers—asymptomatic GBA mutation carriers; DEGs—differentially expressed genes).
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Figure 5. Networks of selected metabolic processes and DEGs in (A). GBA-PD (L444P/N +N370S/N) vs. controls; (B). GBA
carriers (L444P/N +N370S/N) vs. controls; (C). GBA-PD (L444P/N +N370S/N) vs. GBA carriers (L444P/N +N370S/N)
(obtained using CluePedia v. 1.5.7 + ClueGo v.2.5.7). (GBA-PD—Parkinson’s disease associated with mutations in the GBA
gene; GBA carriers—asymptomatic GBA mutation carriers; DEGs—differentially expressed genes).

3.4. Differential Expression of Genes and Pathways in GBA-PD Patients (L444P/N +N370S/N)
and GBA Carriers (L444P/N +N370S/N)

Differential expression analysis of monocyte-derived macrophages resulted in 23
DEGs in GBA-PD patients compared to GBA carriers (Figure 4C). GO analysis showed the
main altered pathways that are related to immune response ((GO:0042092) type 2 immune
response, (GO:0006952) defense response) (Table S8, Figure 5C). The Venn diagram allowed
us to reveal seven overlapping DEGs (DUSP1, ALR4C, RPL16, TPTEP1, COLEC12, TRIM13,
BCL6) among GBA-PD patients when compared with GBA carriers and controls and two
genes (ACOD1, IL31RA) between GBA carriers compared with GBA-PD patients and
controls (Figure 6B). The comparison between the list of DEGs from GO analysis and list of
DEGs obtained by the Venn diagram revealed two genes (IL31RA, ACOD1) downregulated
in GBA carriers, compared to GBA-PD and controls, and four deregulated genes (two
(DUSP1, COLEC12) downregulated and two (TRIM13, BCL6) upregulated) in GBA-PD
patients, compared to GBA carriers and controls (Figure 6B).

3.5. Searching the Overlapping DEGs between our and Publicly Available Dataset

To identify the similarities between lists of DEGs from our and previously published
studies we used Venn diagram. We revealed overlapping DEGs between list of DEGs from
our analysis of GBA-PD (L444P/N +N370S/N) and list of DEGs of G2019S LRRK2-PD
from study of Infante and colleagues: two genes encoding monocyte attracting chemokines,
such as CCL3L1 gene, in GBA-PD, G2019S LRRK2-PD and PD in comparison with controls,
and the CCL3 gene, when comparing GBA-PD to controls and G2019 LRRK2-PD to PD and
also, JUNB gene when comparing GBA-PD, GBA-carriers, G2019 LRRK2-PD and G2019
LRRK2-carriers [15]. Dataset of Infante and colleagues’ study is available for download
following this link: https://ars.els-cdn.com/content/image/1-s2.0-S0197458015005382-
mmc1.doc [15] (accessed on 9 September 2021).
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ARL4C DUSP1 RPL18 TPTEP1
COLEC12 BCL6 TRIM13

JUNB, HOOK2 ACOD1, IL31RA

Figure 6. Venn diagram of (A). DEGs in monocyte-derived macrophages of GBA-PD (L444P/N +N370S/N) patients to
controls compared to GBA-PD (L444P/N +N370S/N) patients to GBA carriers (L444P/N +N370S/N), and compared to
GBA carriers (L444P/N +N370S/N) and controls; B. DEGs determined be Venn diagram in (B) and DEGs determined
by GO analysis for GBA-PD (L444P/N +N370S/N) patients, GBA carriers (L444P/N +N370S/N), controls. All data are
presented as the number of genes with a p-value < 0.05 and |FC| more than 1.5. Three Venn diagrams were developed
using the library VennDiagram (v.1.6.20) in R (v.4.0.3). (GBA-PD—Parkinson’s disease associated with mutations in the GBA
gene; GBA carriers—asymptomatic GBA mutation carriers; DEGs—differentially expressed genes; GO—gene ontology).

4. Discussion

This is the first whole-transcriptome analysis of monocyte-derived macrophages in
GBA-PD patients, GBA carriers, and controls. We intended to cover molecular pathways
involved in GBA-PD pathogenesis and study the differences in the transcriptome between
GBA mutation carriers with and without PD. To date, the last review of genome-wide
transcriptomic studies in sporadic PD identified a total of 96 studies during the period
between 2004 and 2017: 12 meta-analyses, 21 re-analyses of exiting data, and 63 original
studies carried out by means of different genome-wide technologies [30]. Several studies
analyzed transcriptomic profiles in the blood, brain tissue, and dopaminergic neurons
in autosomal dominant PD associated with mutations in the LRRK2 gene (LRRK2-PD)
(OMIM no.609007) [13,31–33], with only one research study conducted with RNA-seq
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technology [14]. In fact, presently, only one research study has examined the transcriptomic
profile in GBA-PD [34] despite the (obvious) actual problems of incomplete penetrance of
GBA mutations.

Here, we compared the gene expression profile in monocyte-derived macrophages
between L444P/N GBA mutation carriers, discordant for clinical manifestation of PD and
controls. This mutation is more severe compared to N370S, and characterized by an earlier
age of PD onset, as well as motor, psychiatric, cognitive, and olfactory symptoms [6].
It also results in more pronounced alpha-synuclein accumulation in in vitro and in vivo
models of PD [35]. According to our previous data, GCase enzyme activity decreases
more strongly and the plasma level of oligomeric alpha-synuclein is higher in L444P/N
GBA-PD patients compared to N370S/N GBA-PD patients [10]. We revealed 32 DEGs
between L444P/N GBA-PD and the controls, 36 between L444P/N GBA-PD and L444P/N
GBA carriers and 18 between L444P/N GBA carriers and controls. First, we focused on
searching for molecular biomarkers involved in PD pathogenesis among L444P/N GBA
mutation carriers. We revealed two potential biomarkers for PD in L444P/N GBA mutation
carriers (downregulation of the DUSP1 and ARL4C gene expression). The DUSP1 gene
encodes the mitogen-activated protein kinase 1 (MKP-1) phosphatase that participates
in regulation of apoptosis, endoplasmic reticulum (ER) stress, cell cycle, and autophagy,
with the cellular process playing a pivotal role in PD [36]. MKP-1 belongs to the class I
classical cysteine-based protein phosphatases (DUSP family) that have the dual ability to
dephosphorylate phospho-serine/threonine and phospho-tyrosine residues [37,38]. MKP-1
is expressed during embryonic development in the midbrain, including dopaminergic
neurons, as well as in adulthood in substantia nigra (SN) and can act as a neuroprotective
agent. ARL4C, known also as ARL7, participates in cholesterol transport between the perin-
uclear compartment and the plasma membrane for ABCA1-associated removal and, thus,
may be integral to the LXR-dependent efflux pathway [39]. Dysregulation of cholesterol
metabolism has been implicated in PD [40].

Next, we aimed to find similarities in symptomatic and asymptomatic L444P/N GBA
mutation carriers that can be attributed to the presence of L444P/N GBA mutations. More-
over, all L444P/N GBA mutation carriers were characterized by an increased KIAA0319
expression level. The KIAA0319 gene was involved in the pathway associated with the
axon extension, involved in regeneration (GO:0048677). The genetic variants of KIAA0319
were found to be associated with dyslexia [41,42].

Additionally, the transcriptomic analysis was conducted for both L444P and N370S
GBA mutations. We revealed 28 DEGs between GBA-PD and controls, 23 between GBA-PD
and GBA carriers, and 8 between GBA carriers and controls. We suggested that four genes,
DUSP1, COLEC12, TRIM13, BCL6, deregulated in GBA-PD patients, might be potential
candidates for PD biomarkers among GBA mutations carriers. Downregulated expression
of DUSP1 and COLEC12 genes and upregulated expression of the TRIM13 and BCL6 genes
were found in GBA-PD patients compared to both GBA carriers and controls. DUSP1 and
TRIM13 are involved in initiation of autophagy and in the ubiquitin-proteasome pathway
of protein degradation during ER stress that may play a critical role in alpha-synuclein
degradation. It has been shown that repression of endogenous TRIM13 inhibits autophagy
induced by ER stress [43]. Family DUSPs have many substrates and modulate diverse
neural functions, such as neurogenesis, differentiation, and apoptosis. DUSP1 critically
contributes to the resolution of acute inflammatory responses of macrophages and mediates
protective glucocorticoids effects, which potently inhibit pro-inflammatory responses, and
are widely used for the treatment of inflammatory diseases [44]. We revealed decreased
expression level of the DUSP1 gene in GBA-PD patients compared to GBA carriers and
controls. Thus, a decreased expression level of the DUSP1 gene may lead to impairment
of macrophage’s inflammatory response and, therefore, contribute increasing inflamma-
tion levels. TRIM13 is a negative regulator of MDA5-mediated type I interferon (IFN)
production and may impact RIG-I-mediated type I IFN production. Proper regulation
of the type I IFN response contributes to maintaining immune homeostasis [45]. Since
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macrophages are vital to immune response, dysregulation of the TRIM13 gene may lead
to disturbance of immune homeostasis and levels of cytokines, which act as important
mediators of the immune system. The COLEC12 gene, known also as SCARA4, SRCLI,
SRCLII, CL-P1, is implicated in innate immune responses [46], and is associated with lipid
metabolism and phagosome formation. In particularly, COLEC12 protein functions as
a receptor for the detection, uptake, and degradation of oxidized modified low-density
lipoproteins by vascular endothelial cells [47]. BCL6 is a critical marker in cell apoptosis
and contributed to the inflammation activation of macrophages [48]. Previous studies on
mouse and human macrophages showed that COLEC12 is a novel receptor involved in
myelin uptake by phagocytes and may play a role in active multiple sclerosis, which is a
chronic, inflammatory, neurodegenerative disease [49]. Considering its role in the uptake
of myelin, COLEC12 likely plays an important role in the pathophysiology of neurode-
generative disease, but as an uptake of myelin leads to both demyelination and central
nervous system repair, depending on whether it concerns intact myelin or myelin debris,
COLEC12-mediated myelin uptake can be beneficial or detrimental. BCL6 is a critical
marker in cell apoptosis and contributes to the inflammation activation of macrophages.
BCL6 overexpression was found to inhibit the increase in reactive oxygen species ROS. Mi-
tochondrial functions lead to exacerbation of ROS generation and susceptibility to oxidative
stress involved in PD pathogenesis [50].

Next, we found similarities in symptomatic and asymptomatic GBA mutation carriers
that consisted of the decreased JUNB and HOOK2 gene expression in both GBA-PD patients
and GBA carriers compared to controls. HOOK2 encodes the Hook2 protein that belongs to
a family of cytoplasmic linker proteins. Hook2 is implicated in the formation of aggresomes,
vesicle trafficking, and fusion, particularly in degradation of neuronal tau aggregates in
Alzheimer’s disease (AD) [51–53].

Comparing the transcriptomes between the GBA-PD independent of the type of mu-
tation (L444P, N370S) as well as in L444P/N GBA-PD revealed three genes (JUNB, EGR1,
NR4A2) encoding transcriptional regulators involved in the maintenance of dopaminergic
neuron function, neuronal differentiation, and neurogenesis from the top of the DEGs
list. It is worth noting that a previous transcriptomic analysis conducted for the blood
and brain for sporadic PD revealed an alteration in the pathways that include dopamine
metabolism, mitochondrial function, oxidative stress, protein degradation, neuroinflamma-
tion, vesicular transport, and synaptic transmission [30]. Our data support the statement
that neurodegenerative mechanisms could be detectable from a peripheral tissue. JUNB,
EGR1, NR4A2 belong to immediate-early genes (IEGs) and encode the transcription fac-
tors, JunB, Egr-1, NR4A2, respectively [54–57]. These factors are activated in respond to
a variety of cellular stimuli and control specific neuronal functions, including neuronal
activity. Both JunB and Egr-1 are key mediators of apoptosis and the inflammatory re-
sponse [58,59]. It is interesting to note that JUNB overexpression protections against cell
death of nigral neurons [60]. Furthermore, JunB modulates expression of canonical markers
of alternative activation in macrophages [61]. The latest study demonstrated that a large
share of EGR1 target regions in macrophages are enhancers associated to the inflamma-
tory response [59]. Egr1 inhibits pro-inflammatory gene expression in macrophages [59].
Egr-1 activation promotes neuroinflammation and dopaminergic neurodegeneration in an
experimental model of PD [62]. NR4A2 (Nurr1) is critical in the development and mainte-
nance of the dopaminergic neurons. It coordinates several key proteins, including tyrosine
hydroxylase (TH), dopamine transporter (DAT), and vesicular monoamine transporter
(SCL18A2/VMAT) [63]. Previous studies demonstrated an association between NR4A2
polymorphisms with PD [64–66] and showed that sporadic PD patients is characterized by
decreased NR4A2 gene expression in PBMCs [67]. Nurr1 also appears to restrain inflam-
matory processes by polarizing macrophages to the M2 type [68]. Thus, the role of these
genes in neuroimmune interaction could not be excluded as monocytes; macrophages may
migrate across the blood–brain barrier and induce the neuroinflammatory processes in the
brain and, therefore, contribute to brain pathology, such as neurodegeneration [69].
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According to the Human Protein Atlas (https://www.proteinatlas.org (accessed on
9 September 2021)), the top of DEGs in GBA-PD patients compared to controls, JUNB,
EGR1, NR4A2, and potential biomarkers of GBA-PD (DUSP1, COLEC12, TRIM13, BCL6,
ARL4C) express not only in the blood, but in brain tissues.

GO enrichment analysis revealed several altered pathways in GBA-PD patients in-
dependent of the type of mutation in the GBA genes (L444P, N370S) generally related to
the immune system. Growing evidence suggests that neuroinflammation may contribute
to the development of Parkinson’s disease and elevated levels of inflammation-related
mediators in the brain and cerebrospinal fluid. Many studies focused on peripheral in-
flammatory processes have found a significant association between immune markers and
disease severity. We should note that, previously, we (and others) demonstrated elevation
of proinflammatory cytokine secretion in plasma of GBA-PD patients compared to sporadic
PD patients and controls [70,71].

Presently, only one paper performed transcriptomic analysis for PD patients baring
GBA mutations. The study was fulfilled on iPSC-derived dopamine neurons from three
GBA-PD patients with the N370S GBA variant [34]. Single-cell profiling demonstrated
disease relevant pathways, even in the carriers of the same mutation. Thus, in one initially
diagnosed as a patient with PD, the patient’s cellular profile prompted a clinical reassess-
ment, leading to a revised diagnosis of progressive supranuclear palsy (PSP). Nevertheless,
on iPSC-derived dopamine neurons from two other patients with N370S GBA-PD, the
authors found 60 deregulated genes that included downregulated genes implicated in
neuronal function, and upregulated genes involved in zinc ion transport [33]. Similar to
Lang and colleagues, we also found upregulation of genes, MT1F, MT1L, MT1M, MT1X,
and SLC39A8, involved in the zinc metabolism pathway in GBA-PD patients, compared
to GBA carriers. Alterations of zinc homeostasis have long been implicated in PD. Zn2+,
besides its role in multiple cellular functions, also acts as a synaptic transmitter in the brain.
Recent meta-analysis studies, though, point to lower zinc levels in serum and plasma and
CSF of PD patients compared to healthy controls. The association between deregulated
levels of circulating zinc and PD has been explained by its antioxidant role since this trace
element is essential for a variety of enzymes and proteins (superoxide dismutase oxidative,
metallothioneins, and interleukins) involved in oxidative stress [72]. Moreover, dysregu-
lated zinc homeostasis zinc plays a critical role in the innate immune system, especially for
maintaining the function of macrophages due to participation in impairment phagocytosis
and an abnormal inflammatory response [73]. The following ingenuity pathway analysis
conducted by Lang and colleagues showed that, among 60 deregulated genes in GBA-PD,
eight (PRKCB, RTN1, ATP1A3, TSPAN7, NTM, L1CAM, BDNF, SLC2A1) are regulated
with histone deacetylase 4 (HDAC4). In our study, both GBA-PD and L444P/N GBA-PD
patients demonstrated decreased expression of the DUSP1 gene involved in ER stress,
implicated previously in PD pathogenesis, particularly GBA-PD [74]. Notably, Lang and
colleagues found downregulation of another gene from the same MKP family—the DUSP4
gene encoding MKP-2 that is closely related with DUSP1/MPK-1 [34,38]. There are cur-
rently few studies assessing the role of the DUSP genes in PD. However, one study reported
decreased DUSP1 mRNA expression in the brain tissue in an idiopathic PD patient [37].
DUSP1 overexpression protects dopaminergic neurons against neurotoxicity induced with
6-hydroxydopamine in vitro [75]. Strategies aimed at increasing the expression of DUSP1
have been discussed as potential therapeutic approaches for PD [37]. Taken together, our
results highlight the potential important role of the DUSP family in the pathogenesis of
GBA-PD. To summarize our results with the study by Lang and colleagues, we could
make a conclusion about the involvement of the downregulation of genes related to neu-
ronal functions and upregulation of pathways related to immune response and zinc ion
homeostasis in GBA-PD pathogenesis.

It is interesting to note that, oppositely, regarding the number of DEGs attributed
to a presence of GBA mutations revealed in our preset study, RNA-seq conducted in
LRRK2 G2019S mutation carriers suggested that G2019S mutation in the LRRK2 gene
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markedly altered blood transcriptome in comparison with sporadic PD [14]. Infante and
colleagues found 174 genes with significant differential expression in the blood between
LRRK2-PD patients with G2019S mutation and asymptomatic carriers and 1139 DEGs
between asymptomatic carriers of G2019S LRRK2 mutation and controls [14]. These data
allow us to suggest that the GBA mutation had less influence on the transcriptome profile
in comparison with LRRK2 mutations. We compared our gene set with the gene set
presented in the study by Infante and colleagues, and revealed overlap genes, encoding
monocyte-attracting chemokines, such as CCL3L1 gene, when comparing GBA-PD, G2019S
LRRK2-PD, and PD to controls, and the CCL3 gene, when comparing GBA-PD to controls
and G2019 LRRK2-PD to G2019S LRRK2-carriers. That observation supports the hypothesis
involving the role of immune response in PD pathogenesis [76]. It is also important to
mention that the difference between the amount of the revealed differentially expressed
genes in our study compared to the study by Infante and colleagues can be explained due
to the fact that their study conducted whole-blood transcriptomic analysis. We could not
exclude the possibility that such discrepancies are attributed to monotype cell populations
used in the present study for transcriptomic analysis.

The current study has some limitations. The small size of the studied groups may
influence the outcome of differential expression analysis for genes with small differences
in expression levels, eliminating nonspecific gene expression differences. Moreover, the
influence of L-DOPA treatment in GBA-PD patients on the gene expression level cannot be
ruled out. In addition, we could not exclude PD manifestation among GBA carriers later in
their lives, as only 10% of carriers of mutations in the GBA gene develop PD at the age of
60, 16% at the age of 70, and 19% at the age of 80 [77]. It is interesting to note that Lang et al.
demonstrated that the genome profile in sporadic PD could—in some cases—be similar
to GBA-PD, suggesting that findings from GBA-PD could be extrapolated to a subset of
sporadic PD patients [34]. A further limitation of our study is the absence of PD patients
without GBA mutations.

5. Conclusions

In conclusion, this study provides new insights into the global transcriptome in GBA-
PD and asymptomatic GBA mutation carriers. Potential involvement of genes of neuronal
functions, inflammation, and zinc metabolism in the pathogenesis of GBA-PD was shown.
Alteration expression of DUSP1 may be considered a potential biomarker of PD among GBA
mutations carriers. This knowledge could assist in answering the fundamental question
about potential triggers, which is important for future studies devoted toward determining
the pathogenesis of PD among GBA mutations carriers.
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Abstract: Pathogenic C9orf72-G4C2 repeat expansions are associated with ALS/FTD, but not with
Parkinson’s disease (PD); yet the possible link between intermediate repeat lengths and PD remains
inconclusive. We aim to study the potential involvement of these repeats in PD. The number of
C9orf72-repeats were determined by flanking and repeat-primed PCR assays, and the risk-haplotype
was determined by SNP-array. Their association with PD was assessed in a stratified manner: in
PD-patients-carriers of mutations in LRRK2, GBA, or SMPD1 genes (n = 388), and in PD-non-carriers
(NC, n = 718). Allelic distribution was significantly different only in PD-NC compared to 600 controls
when looking both at the allele with higher repeat’s size (p = 0.034) and at the combined number
of repeats from both alleles (p = 0.023). Intermediate repeats (20–60 repeats) were associated with
PD in PD-NC patients (p = 0.041; OR = 3.684 (CI 1.05–13.0)) but not in PD-carriers (p = 0.684). The
C9orf72 risk-haplotype, determined in a subgroup of 588 PDs and 126 controls, was observed in
higher frequency in PD-NC (dominant model, OR = 1.71, CI 1.04–2.81, p = 0.0356). All 19 alleles
within the risk-haplotype were associated with higher C9orf72 RNA levels according to the GTEx
database. Based on our data, we suggest a model in which intermediate repeats are a risk factor for
PD in non-carriers, driven not only by the number of repeats but also by the variants’ genotypes
within the risk-haplotype. Further studies are needed to elucidate this possible role of C9orf72 in
PD pathogenesis.

Keywords: Parkinson’s disease (PD); C9orf72; intermediate repeats; hexanucleotide expansions

1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder, affecting about 2%
of the elderly population worldwide [1]. Its complex genetic background has been revealed
in the past decades, implicating many genes associated with the disease. A wide variety of
genetic changes and mechanisms are involved in PD, including rare and common variants,
recessive, dominant, and oligogenic inheritance, and epigenetics [2–8]. However, the full
range of genetic changes in PD is still evolving.

G4C2 Hexanucleotide repeat expansions in C9orf72 are strongly associated with amy-
otrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) [9,10], mostly in Euro-
pean and North American populations [11,12]. Although 30 repeats and over are consid-
ered pathogenic for ALS and FTD, most patients that are C9orf72- associated-ALS or -FTD,
carry an expanded allele with hundreds, or even thousands, of repeats [12–14]. Interest-
ingly, parkinsonism was observed in more than 40% of FTD and FTD/ALS patients with

Genes 2021, 12, 1210. https://doi.org/10.3390/genes12081210 https://www.mdpi.com/journal/genes
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pathogenic C9orf72 expansions [15]. This observation has led researchers to investigate the
possible association of C9orf72 expansions with PD.

While rare cases of PD patients with 30 to 60 repeat expansions or more in C9orf72 were
detected (<0.7%), there was no association with PD [16–20]. Few studies have suggested
that intermediate-size repeat lengths in C9orf72 may be a risk factor for PD; however,
these studies suggested different repeat lengths for this association: ≥7 repeats in Han
Chinese [21], and ≥20 repeats in Caucasians [17]. In a multi-center meta-analysis of mostly
Caucasian and Asian populations, the pathogenicity expansions threshold was determined
as >60 repeats, and the intermediate repeat size was set as 17–60 repeats [22], suggesting
an effect on PD-risk for the cutoff of 17 repeats, and even as little as 10 repeats as a stand-
alone or as a cutoff. In a recent comprehensive review by Bourinaris and Houlden [23],
C9orf72 intermediate repeat lengths were reported in several parkinsonism and movement
disorders, including in Dopa-responsive PD, atypical parkinsonisms including PSP and
MSA, essential-tremor plus parkinsonism, and spinocerebellar ataxia.

As previous studies have shown the pivotal role of genetically homogeneous pop-
ulations, such as the Ashkenazi Jews (AJ), in understanding the genetic background of
neurodegenerative diseases [24–27], we hereby determined C9orf72 repeats’ size in PD
patients of Ashkenazi origin and examined their potential association with PD. We also
studied the possible association of the shared risk-haplotype, which is observed in carriers
of intermediate repeats, with PD-risk.

2. Methods

2.1. Population

This study included a cohort of consecutively recruited unrelated 1106 PD patients
of full Ashkenazi Jewish origin (Table 1). Patients were recruited between the years 2005
and 2015. The diagnostic criteria, recruitment, and genotyping for LRRK2, GBA, and
SMPD1 mutations have been previously described [24,25,28]. Carrier patients (PD-carriers)
were defined with one or more of the following mutations in LRRK2 (p.G2019S), SMPD1
(p. L302P), or any of the 10 GBA mutations (c.84insG, IVS2 + 1G > A, p.V394L, p.N370S,
p.L444P, p.R496H, p.E326K, p.T369M, p.R44C, and 370Rec). Patients who did not carry any
of these mutations were determined as non-carriers (PD-NC). The cohort of 600 ethnically
matched control individuals used in this study has been previously described [26].

Table 1. Characteristics of the 1106 Parkinson’s disease patients of Ashkenazi Jewish origin.

Non-Carrier PD Patients a PD Patients Carriers of LRRK2, GBA,
or SMPD1 Mutations

N 718 388 c

Women, N (%) 266 (37.0) 171 (44.1)
AAE, mean (SD), y 68.5 (10.2) d 65.4 (10.1)
AAO, mean (SD), y 61.4 (11.5) 58.4 (10.6)

Family history of PD b, N (%) 144 (20) 120 (30.9)

Abbreviations: PD, Parkinson disease; N, number of individuals; AAE, age at enrollment; SD, standard deviation; y, years; AAO, age at
disease onset. a Patients without the LRRK2, GBA, or SMPD1 mutations (specified in the Methods section). b Patients with 1st or 2nd
degree family members with PD. c Carrier patients included: 133 individuals with LRRK2 mutation, 223 individuals with GBA mutations, 8
individuals with SMPD1 mutation, 23 individuals with mutations in both LRRK2 and GBA, and 1 patient with both GBA and SMPD1
mutations. d Data regarding AAE was not available for one individual.

2.2. Determining the G4C2 Hexanucleotide Repeat Length in the C9orf72 Gene

To determine the number of repeats in C9orf72, flanking and repeat-primed PCR assays
were performed as previously described [9,10], with some modifications [26]. This method
detects all repeats expansion but can determine the number of repeats up to 55 repeats.
Therefore, in all individuals that carried an allele with 30 repeats or more, an additional
method was used to determine accurately the repeat number up to 145 repeats (Asuragen
assay kit AmplideX® PCR/CE C9orf72 Kit; Asuragen Genetics; Austin, TX, USA).

216



Genes 2021, 12, 1210

2.3. Assembly of the Risk-Haplotype within the C9orf72 Locus

To determine the presence of the risk-haplotype in C9orf72-locus, we used the genotype
data (from Vacic et al. [29], Affymetrixs SNP6.0) of 127 AJ controls (all part of our cohort
of 600 controls) and 597 AJ-PD patients (594 are part of our cohort of 1106 PD patients).
When determination of the presence of the risk-haplotype was impossible due to missing
genotypes, these individuals were excluded (Control = 1, PD = 5). One PD was excluded
due to low genotype rate, one was not tested for repeat size, and two PDs who carried
>145 repeats were also excluded. In total, 126 controls and 588 PD patients were analyzed.

2.4. Statistical Analyses of C9orf72 G4C2 Hexanucleotide Repeats

All statistical analyses were performed using IBM SPSS statistics software v25 (IBM
Corporation, New York, USA). Differences in continuous variables were tested using Mann–
Whitney U test or t-test (2-tailed). To test the difference in C9orf72 repeat lengths between
patients and controls, both alleles repeat sizes (per individual) were included.

Categorical variables were compared using 2-sided χ2-test, or Fisher’s exact test
when numbers were less than 5. Odds ratio (OR), with 95% confidence interval (CI), was
applied to assess the association of C9orf72 G4C2 repeat lengths with PD. This association
was examined using the longest repeat size (per individual) as the independent variable.
Association of the risk-haplotype with PD was examined using a dominant model. Logistic
regression analysis was performed when using repeat units as a quantitative trait (the
largest allele or the sum of both alleles).

3. Results

3.1. Allele Frequencies of C9orf72 G4C2 Hexanucleotide Repeats in Ashkenazi PD Patients

Allele frequencies of C9orf72 repeats were determined in our cohort of 1106 Ashke-
nazi PD patients (Table 1), that was divided into two groups based on their genotypic
status, either carriers of PD-associated mutations (see Methods section), or non-carrier
patients (PD-NC). We ran a stratified analysis based on the carrier status in LRRK2, GBA,
and SMPD1, as a high percentage of our PD cohort carry risk alleles in these 3 genes
(35.1%, 388/1106), and these carrier-patients may mask the effect of the hexanucleotide
repeat length on PD-risk in non-carrier patients. The most frequent alleles found were 2,
8 and 5 repeat units (66.2%, 12.1%, 8.9% in carrier, and 63.1%, 12.7%, 9.7% in non-carrier
patients; Figure 1 and Supplement Table S1). These alleles were also shown as the most
common alleles in our previously published data of Ashkenazi controls (66.4%, 11.0%,
and 10.2%) [26]. No significant difference in allele distribution was observed between
patients with mutations (in LRRK2, GBA, or SMPD1 genes) and controls (Mann–Whitney
U test p = 0.756; 4.23 ± 6.13, N = 776 and 4.09 ± 5.36, N = 1200, respectively). However, a
significant difference in allele distribution was detected in PD-NC (Mann–Whitney U test
p = 0.034; 4.71 ± 8.40, N = 1436). This was also significant for the total number of repeats
(combining the numbers of repeats from both alleles; excluding individuals with expanded
alleles of >145 repeats) in PD-NC (Mann–Whitney U test p = 0.023; 8.63 ± 5.57, N = 714,
and 7.94 ± 5.01, N = 599) and was not significant in PD-carriers (Mann–Whitney U test
p = 0.565; 8.10 ± 4.90, N = 387).
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Figure 1. Graphic representation of C9orf72 G4C2 hexanucleotide repeat allele frequencies in Ashkenazi Parkinson’s disease
patients and controls. The repeats’ allele frequencies for each group are presented: PD patients without LRRK2, GBA, and
SMPD1 mutations (PD-non-carriers, black); PD patients carrying mutation in LRRK2, GBA, or SMPD1 (PD-carriers, gray);
and controls as previously published (Reference [26], white). Upper panel is a zoomed-in graph of 12 repeats and higher.

3.2. The Association of C9orf72 G4C2 Hexanucleotide Intermediate Repeat Lengths with PD in
Ashkenazi Patients

We examined the association of the longest repeat allele in each individual with
PD (in PD-carriers and PD-NC). First, we examined whether large expansion lengths
(>145 repeats) are present within our cohort of PD patients and controls. We found one
PD-carrier patient (carrying the LRRK2 p.G2019S mutation, 1/388 = 0.3%), four PD-NC
(4/718 = 0.6%), and one control (1/600 = 0.2%) that carried an expanded allele. No signifi-
cant association was detected in any of the patients’ groups compared to controls (Fisher’s
Exact Test p = 1.000 and p = 0.384, respectively). Of interest, one of these PD patients was
later diagnosed with ALS, and two had dementia. For further analysis, we excluded these
five carriers with C9orf72 G4C2 repeats expansion (all with > 145 repeats). None of our
patients or controls carried alleles between 60 and 145 repeats.

Next, we examined if intermediate C9orf72 hexanucleotide repeats (20–60 repeats)
were associated with PD in our cohort. Among the 1101 PD patients, 3 PD-carriers (0.8%,
3/387) and 13 PD-NC (1.8%, 13/714) carried an allele with intermediate repeat lengths,
compared to 3 among the controls (0.5%, 3/599). An association with increased risk for
PD was observed in PD-NC patients compared to controls (Fisher’s exact test, p = 0.041;
OR = 3.684, CI = 1.045–12.990; Table 2, Figure 1), but no association was detected when
comparing PD-carrier patients to controls (p = 0.684, Table 2).

218



Genes 2021, 12, 1210

Table 2. The association 2–60 C9orf72 hexanucleotide repeats with Parkinson’s disease.

Cohort Non-Carrier PD Patients a PD Patients Carriers of LRRK2,
GBA, or SMPD1 Mutations

Controls b

2–19 repeats, N (%) 701 (98.2) 384 (99.2) 596 (99.5)
20–60 repeats, N (%) 13 (1.8) 3 (0.8) 3 (0.5)
Odds Ratio (95% CI) 3.684 (1.045–12.990) 1.552 (0.312–7.729)

p-value c 0.041 0.684

Abbreviations: PD, Parkinson’s disease; N, Number of individuals; CI, confidence interval. The longest allele in each individual was
recorded. a Patients without the LRRK2, GBA, or SMPD1 mutations (specified in the Methods section). b The values in the control cohort
were previously published [26]. c 2 × 2 Fisher’s exact test (2-sided).

Measuring the effect of the risk associated with an increasing number of repeats (β,
regression analysis for each one repeat unit) shows a significant effect in PD-NC when
looking either at the largest allele or at the sum of alleles (β = 0.032, p = 0.015, OR = 1.032,
CI = 1.006–1.059; β = 0.025, p = 0.021, OR = 1.025, CI = 1.004–1.047; respectively). No effect
was observed in PD-carriers (β = 0.009, p = 0.542, OR = 1.01, CI = 0.979–1.041; β = 0.007,
p = 0.617, OR = 1.007, CI = 0.981–1.033; respectively). No effect on age of motor symptoms
onset was observed in PD-NC (p value = 0.978).

3.3. The C9orf72 Risk-Haplotype Is Associated with Higher RNA Expression Levels and with PD

We have previously shown that the C9orf72 expansions in AJ shared a risk-haplotype
that expands 107Kb (Goldstein et al. [26], hg19: chr9:27484575-27591569), encompasses the
complete C9orf72 gene, and includes 44 informative single nucleotide variants (SNVs), with
significant association with higher number of repeats (over 8 repeats). We further examined
here the effects of these 44 SNVs (within the risk haplotype) on the RNA expression levels
(eQTL) and splicing (sQTL) of their adjacent genes, as reported by the Genotype-Tissue
Expression (GTEx) project [30]. Of them, 11 SNVs had no QTLs, 4 had low effect size
(absolute NES < 0.2), and one had no significant effect (m-value < 0.9). Nine other variants
were also excluded due to high allele frequency in AJs (> 0.5 in gnomAD v3.1 database of
non-neuro cases). The other 19 SNVs within this 107Kb risk-haplotype were all associated
with higher C9orf72 RNA expression levels compared to the expression levels of the non-risk
alleles (Table 3, Figure 2). Cerebellum and Nucleus-accumbens were the tissues with the
highest normalized effect size (NES). Moreover, as GTEx evaluates the effect of each SNV
on the neighboring genes within a 2 Mb interval (1 Mb upstream and 1 Mb downstream),
it is important to note that all 19 SNVs affected exclusively C9orf72-RNA levels and not
any other genes within that 2 Mb window. These SNVs also affected splice variants (sQTL)
in an exclusive manner, only for C9orf72, mainly in cerebellum (Table 3).

We, therefore, tested if carrying the risk-haplotype is associated with PD. Genotyping
data from 127 AJ controls and 597 AJ-PD patients were assembled (see Methods), and
the presence of the 19-SNVs-risk-haplotype was determined. Overall enrichment of the
risk-haplotype was observed in PDs compared to controls: 167 out of 588 PDs carried one
or two copies of the risk-haplotype (28.4%) compared to 24 out of 126 controls (19.0%).
When stratifying based on mutation carrier status (PD-carriers and PD-NC), a significant
association was detected in PD-NC: 28.6% of them carried one or two copies of the risk-
haplotype (OR = 1.71, CI = 1.04–2.81, p = 0.0356), and tendency was shown in PD-carriers
(28.0%, OR = 1.65, CI = 0.97–2.82, p = 0.0656).
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Figure 2. Higher levels of C9orf72 RNA expression for all 19 SNVs within the risk-haplotype: Normalized eQTL effect size
in Nucleus accumbens (dimond), Cortex (square), and small intestine (triangle). Upper panel and upper-case letters are
the alternate allele observed in the risk haplotype, associated with higher levels of C9orf72 expression; lower panel and
lower-case letters are the reference allele observed in the risk haplotype, associated with higher levels of C9orf72 expression.

We also attempted to define the correlation between the existence of risk-haplotype
and number of repeats, by looking at all alleles (n = 1428 alleles): 100% negative cor-
relation existed between the risk-haplotype and the 2-repeats’ allele (with zero percent
risk-haplotype), and 100% positive correlation was observed in carriers of 14–60 repeats
(100% carried the risk-haplotype, Supplement Figure S1). Thus, we used 14 repeats as
the best assessor for carrying the risk-haplotype and re-calculated the association of
14 repeats and higher with PD in our cohorts. Among all alleles in PD-NC, 2.3% had
14–60 repeats, compared to only 1.3% in controls, showing a trend toward significance
(Figure 3a, OR = 1.75, CI = 0.96–3.19, p = 0.069, uncorrected), with no significance observed
in PD-carriers (Figure 3b, OR = 1.46, CI = 0.72–2.97, p = 0.296). Further analysis showed a
significant association in PD-NC when the cutoff of 13 repeats or 12 repeats was selected
(OR = 1.70, CI = 1.07–2.72, p = 0.0257 and OR = 1.51, CI = 1.01–2.25, p = 0.044, respectively,
Figure 3a, uncorrected), while there was no significant association in PD-carriers (OR = 1.46,
CI = 0.72–2.97, p = 0.296; OR = 1.39, CI = 0.79–2.42, p = 0.249 and OR = 1.32, CI = 0.83–2.12,
p = 0.245, respectively, Figure 3b). No significance was shown at 11 repeats cutoff, both
in PD-NC and PD-carriers (Figure 3, OR = 1.22, CI = 0.89–1.69, p = 0.214 and OR = 1.20,
CI = 0.82–1.74, p = 0.345, respectively).
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Figure 3. The effect of each cutoff of C9orf72-repeats-size on Parkinsons’ disease risk in non-carriers
of mutations ((a), PD-NC) and in carriers of mutation ((b), PD-Carriers; see Methods). Grey lines
(circles) depict the Odds ratio and black lines (squares) depict the p-value. Dashed grey lines represent
Odd Ratio of 1.0, and dashed black lines represent p-value of 0.05.
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4. Discussion

More than 40 diseases, most of which affect the nervous system, were identified with
a genetic basis of expansions of simple short DNA sequence (reviewed by Reference [31]).
Among these diseases are myotonic dystrophy, Huntington’s disease, spinocerebeller
ataxia (SCA), spinal and bulbar muscular atrophy (SBMA), and Fragile-X syndrome. A
common finding in these disorders is the correlation of the number of repeats with clinical
phenotypes and penetrance. Interestingly, emerging studies suggest that expanded repeats
and intermediate repeats can cause or act as risk factors for different neurological diseases,
depending on the number of repeats. This was suggested for the FMR1 gene, when over
200 CCG repeats cause mental retardation (Fragile-X syndrome), while the premutations of
45–200 repeats are a risk factor for Fragile-X- tremor/ataxia syndrome (FXTAS) in males
and premature ovarian failure 1 (FXPOI) in females. Other examples are ATXN2, in which
more than 34 repeats cause SCA2, while 29–33 are risk factor for ALS [32,33], and ATXN1, in
which more than 38 repeat cause SCA1, while ≥33 are risk factor for ALS, mostly in C9orf72
expansion carriers [34]. The latter is an example of the complexity of these mechanisms, as
some of these risk alleles are more significant in specific subgroups of patients. To see if a
similar phenomenon exists also for C9orf72 intermediate repeats, we analyzed Parkinson’s
disease patients of Ashkenazi origin, in a stratified manner, in carriers of mutations in
LRRK2, GBA, and/or SMPD1 genes, and in patients that do not carry these mutations. We
showed that the expanded alleles (>60 repeats) had no association with PD, as shown by
other groups and in a meta-analysis [16–22]; however, intermediate-size repeats of 20–60
are significantly enriched in PD-NC, increasing the risk for PD, while, in PD-carriers, there
was no effect. The high significant odds ratio of 3.68 in non-carriers may be due to the
exclusion of those patients who carry known risk alleles in LRRK2, GBA, or SMPD1, as
we believe that in these patients the risk for PD is likely influenced by these mutations
and not by the C9orf72 intron 1 hexanucleotide repeat numbers. Of note is that Xi et al.
also reported that intermediate repeats of 20–29 were found only in PD-NC, and not in
PD-patients that carry the LRRK2 p.G2019S mutation [19]. Based on these observations,
we propose that C9orf72 G4C2 hexanucleotide repeats in intron 1 act as a risk factor for PD
when number of repeats are intermediates. Although the exact definition of intermediate-
and pathogenic-length size is still in debate, and may differ in different populations, we
believe that the presence of alleles lower than the 60 repeats, in the intermediate range,
should not be dismissed as a potential risk for PD.

How may intermediate numbers of repeats affect the risk to develop PD?
In ALS, although the role of C9orf72 expansions is not yet fully established, three

main mechanisms are proposed to contribute to its pathogenicity: C9orf72 loss-of-function,
generation of toxic RNA aggregates, and short peptide accumulation [12,14]. As G4C2
repeats in the C9orf72 gene are located within intron 1 and are near the promoter region,
they may lead to changes in promoter regulation, depending on the number of repeats.
Indeed, it was shown that ALS/FTD-expanded alleles are highly methylated and lead to
lower levels of C9orf72 mRNA and protein [35–37].

Do these same mechanisms contribute to Parkinson’s disease risk? We demonstrated
here that the risk-haplotype, which is shared by the intermediate C9orf72 G4C2 repeats,
includes many SNVs that have the same effect of increasing RNA expression levels of
C9orf72, as reported in GTEx. We, therefore, suggest that the mechanism involved in the
effect of intermediate-size repeats on PD-increased-risk, could be the higher expression
of C9orf72. This mechanism was recently suggested for a different neurodegenerative
disease, Corticobasal Degeneration (CBD), a rare neurodegenerative disease that shares
some similar clinical features with PD [38]. Researchers showed a significant enrichment of
intermediate repeats in autopsy-proven CBD, as well as increased C9orf72-RNA expression
levels in human brain tissues and in CRISPR/cas9 knock-in iPSC cells, but no association
with pathologic RNA foci or dipeptides aggregates.

One important question is whether intermediate-repeats-sizes or the increase of
C9orf72 expression, which is associated with the risk-haplotype, may drive the risk for PD.
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As these two mostly go together, this question should be answered in an experimental
set-up that separates the two events. Cali et al. tried to answer this question by knocking-in
28 repeats into iPSCs that normally have either 2 or 6 repeats (suggestive of cells that do
not carry the risk haplotype) and demonstrated that these knocked-in cells show higher
expression of C9orf72 [38]. As GTEx data suggest higher expression of C9orf72 for all 19
variants within the risk-haplotype, it is tempting to suggest that PD-risk may be determined
by the level of C9orf72 expression, mediated by both the risk-haplotype and the number of
repeats, a hypothesis that needs further evaluation. This hypothesis raises other questions:
does the overall level of C9orf72 expression depend on the effect of the total number of
repeats in both alleles, and whether the genomic region of the C9orf72-risk-haplotype might
expand to a larger interval than the minimal linkage disequilibrium of 107 Kb, as suggested
by gnomAD database? In addition, the GTEx data show that the risk-haplotype effect on
C9orf72 RNA expression levels is not uniform in all tissues. The effect size is large and
significant mostly in brain tissues, as well as in the small intestine, but much smaller in
whole blood and lymphocytes.

What could be the effect of intermediate-size repeats on cellular expression? Cali et al.
performed a comparative genes expression analysis between cells with intermediate repeats
and cells with low number of repeats [38], demonstrating upregulation of genes that are
enriched for vesicle trafficking and protein degradation pathways, including golgi vesicle
transport, response to ER-stress, and autophagy, pathways which are involved in PD.

In summary, our stratified analysis suggests that intermediate- size hexanucleotide
repeats in C9orf72 are a risk factor for PD in individuals who do not carry common AJ
founder mutations in LRRK2, GBA, or SMPD1. These results should be interpreted with
caution as no correction for multiple comparisons was performed, and similar analyses
should be performed on a larger cohort of PD patients. However, we propose a model in
which the risk for PD may be driven not only by the number of repeats, but also by the
genotypes of SNVs within the risk-haplotype, affecting C9orf72 RNA expression levels.
Further studies are needed to elucidate the possible role of C9orf72 in PD pathogenesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/genes12081210/s1, Table S1. Allele frequencies of G4C2 hexanucleotide repeat lengths in
C9orf72 in Parkinson’s disease patients of Ashkenazi Jewish origin and controls. Figure S1. Number of
alleles observed for each C9orf72-G4C2-repeat-size with risk or non-risk haplotypes in the Ashkenazi
Jews (PDs and controls).
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