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Abstract

Twenty-five years have passed since the causative gene for familial Parkinson's disease (PD), Parkin (now PRKN), was
identified in 1998; PRKN is the most common causative gene in young-onset PD. Parkin encodes a ubiquitin-protein ligase,
and Parkin is involved in mitophagy, a type of macroautophagy, in concert with PTEN-induced kinase 1 (PINK1). Both
gene products are also involved in mitochondrial quality control. Among the many genetic PD-causing genes discovered,
discovering PRKN as a cause of juvenile-onset PD has significantly impacted other neurodegenerative disorders. This is
because the involvement of proteolytic systems has been suggested as a common mechanism in neurodegenerative diseases
in which inclusion body formation is observed. The discovery of the participation of PRKN in PD has brought attention
to the involvement of the proteolytic system in neurodegenerative diseases. Our research group has successfully isolated
and identified CHCHD2, which is involved in the mitochondrial electron transfer system, and prosaposin (PSAP), which is
involved in the lysosomal system, in this Parkin mechanism. Hereditary PD is undoubtedly an essential clue to solitary PD,
and at least 25 or so genes and loci have been reported so far. This number of genes indicates that PD is a very diverse group
of diseases. Currently, the diagnosis of PD is based on clinical symptoms and imaging studies. Although highly accurate
diagnostic criteria have been published, early diagnosis is becoming increasingly important in treatment strategies for neu-
rodegenerative diseases. Here, we also describe biomarkers that our group is working on.

Keywords PARK? - Parkin - Mitophagy - Ubiquitin—proteasome pathway - Autophagy-lysosome pathway - Mitochondria -
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Introduction

The importance of hereditary Parkinson's disease (PD),
a form of PD first reported in 1997, has attracted much
attention. The a-synuclein was found to be a significant
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controlling oxidative stress and mitochondrial abnormali-
ties. We surmised that the causative gene in this form of
familial PD might be located close to the Mn-SOD region,
which had been mapped to the long arm of chromosome 6.

As we had only two families with autosomal recessive
PD, we decided to collaborate with Prof. Shoji Tsuji, the
chairman of the Department of Neurology at Niigata Uni-
versity at that time. He and his colleagues were studying
11 families with autosomal recessive familial PD with
his colleagues. We performed linkage analyses on these
families and found that the genetic locus for these fami-
lies was located at 6q25.2-27 (Matsumine et al. 1997).
Soon after, we found an autosomal recessive PD patient
who lacked the D6S301 marker (Matsumine et al. 1998)
among the highest logarithm of odds (LOD) scores in our
linkage analysis. Subsequently, we identified the causative
gene, PRKN, in 1998 based on our collaboration with Prof.
Nobuyoshi Shimizu of Keio University. Since identifying
the first causative gene, a-synuclein (SNCA), in 1997, the
study of hereditary PD has accelerated dramatically. PRKN
was the first causative gene for young-onset PD and is con-
sidered the most frequent causative gene so far (Table 1).

Table 1 The list of hereditary Parkinson's disease

On the other hand, as the study of hereditary PD has pro-
gressed, the diversity of the disease has become apparent,
and the need for early diagnosis and stratification has been
advocated.

Discovery of PRKN that is responsible
for young-onset PD (YOPD)

Clinical features of patients with PRKN mutations

The clinical features of autosomal recessive early-onset PD
were first reported by Yamamura et al. (1973). They coined
the term “‘early-onset parkinsonism with diurnal fluctuation”
and described the clinical features as average age at onset of
26.1 years, parkinsonism with marked diurnal fluctuation,
a remarkable effect of levodopa, dystonia, hyperreflexia,
absence of dementia, and a benign course (Yamamura et al.
1998). Autonomic symptoms are only mild, if present at all.
The patients developed dyskinesia soon after the initiation
of levodopa therapy. Thus, since the discovery of PRKN,
mutations within PRKN have been known to cause YOPD,
particularly in patients who develop symptoms before age 40

Gene symbol Gene locus Mode Gene name AAO LB Function
PARK1(SNCA), PARK4 4q21 AD SNCA Around 40 + Synaptic Vesicle
*PARK2 6q252.2-27 AR PRKN <40 —(+) Ubiquitin Ligase, Mitophagy
PARK3 2p13 AD ? 35-89 +

PARKS 4pl4 AD UCHL1 <50 ? Ubiquitin Pathway
PARK6 1p35-36 AR PINK1 Around 50 + Mitophagy

PARK7 1p36 AR PARK7 27-40 ? Anti-oxidant

PARKS 12q12 AD LRRK2 Around 65 + Membrane Trafficking
PARK9 1p36 AR ATP13A2 11-16 ? Autophagy

PARK10 1p32 Sp ? Late ?

PARKI11 2q36-37 AD GIGYF2 Late ? Signal Transduction
PARK12 Xp21-q25 Sp ? Late ?

PARKI13 2pl2 Sp HTRA2 Late ? Mitochondrial Function
PARK14 22q13.1 AR PLA2G6 20-25 + Lipid Metabolism
PARK15 22q12-q13 AR FBXO7 10-19 ? Ubiquitin Ligase
PARK16 1932 Sp ? Late ?

PARK17 16q12 AD VPS35 Late - Membrane Trafficking
PARK18 3q27 AD EIF4G1 Late + Translation Initiation Factor
PARK19 1p31.3 AR DNAIJC6 10-20 ? Membrane Trafficking
PARK20 21q22.11 AR SYNJ1 Early ? Membrane Trafficking
*PARK?22 Tpll.2 AD CHCHD2 Late ? Mitochondrial Function
PARK23 15q22.2 AR VPS13C 25-46 + Mitochondrial Function
*PARK24 10q21-22 AD PSAP 33-60 +7? Cofactor for lysosome
PARK25 9q34.11 AR PTPA 11-23 ? Protein Phosphatase
N/A 1921 Sp GBALI 52+-7 + Lipid Metabolism

The asterisks indicate the causative genes that have been isolated and identified by our team
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(Schrag and Schott 2006). In addition, mutations in the par-
kin gene are a common cause of familial YOPD and sporadic
cases with an age of onset <40 years. Clinical features are
very similar to those of dopa-responsive dystonia (DYT5)
(Khan et al. 2003). An autopsy study of one of their patients
by Takahashi et al. revealed neuronal loss without Lewy
bodies and the presence of melanin-poor neurons in the sub-
stantia nigra (SN). They found a loss of neurons in the SN
and the locus coeruleus, with the nigral loss much more
significant than that in the locus coeruleus (Takahashi et al.
1994). We confirmed their autopsy findings in our patient
with a linkage to 6q25.2-27 (Mori et al. 1998). We also
confirmed that Yamamura’s cases mapped to the same locus
(Matsumine et al. 1998).

Molecular cloning of PRKN and its mutations

We screened the candidate gene using the only complete
human genomic DNA library that had been constructed by
Asakawa et al. (Asakawa et al. 1997) at the Department of
Molecular Biology at Keio University in Japan. We collab-
orated with Dr. Nobuyoshi Shimizu, the chairman of that
department. We cloned a gene from Asakawa’s complete
human bacterial artificial clones (BAC) DNA library using
the marker D6S301. We isolated a complementary DNA
clone of 2960 base pairs (bp) with a 1395-bp open reading
frame, encoding a protein of 465 amino acids over 12 exons
(Kitada et al. 1998). Dr. Shimizu named it ‘‘parkin’’ and is
now known as PRKN. The gene product has a ubiquitin-like

structure in the amino-terminal region, and two RING-finger
motives in the carboxyl side are present. This was the second
familial PD gene discovered, the first being PARK1/4, now
known as SNCA (Polymeropoulos et al. 1997).

To determine the prevalence and genotype—phenotype
correlation of the PRKN gene variants in PD, we screened
2,322 patients for enrollment, including 1,204 familial PD
patients and 1,118 sporadic PD patients. We identified 137
familial PD patients and 105 sporadic PD patients, 242 of
whom had PRKN mutations as possible susceptibility fac-
tors. We divided the cohort into two groups: monoallelic
and biallelic mutation. Patients with the biallelic muta-
tion had a significantly younger age of onset than those
with the monoallelic mutation. The presence of the bial-
lelic mutation reflected a higher frequency of normal
[123Umetaiodobenzylguanidine myocardial scintigraphy.
The log-rank test revealed exacerbations associated with the
biallelic mutation over a 15-year course. Patients with the
PRKN variant reported specific symptoms dependent on the
number of mutant alleles (Yoshino et al. 2022) (Fig. 1). The
allele frequencies of deletion and insertion mutations were
significantly higher than those of point mutations (Yoshino
et al. 2022; Hattori et al. 1998).

Recently, we aimed to identify complex structural vari-
ants in PRKN using long-read sequencing. Our research
involved investigating the genetic cause of young onset
dystonia-parkinsonism in monozygotic twins. A heterozy-
gous exon 3 deletion in PRKN and a large novel inversion
spanning over 7 Mb were identified. The study also analyzed

Association between the number of
mutant alleles and AAO

PRKN: 1 allele PRKN: 2 alleles PRKN: 2 alleles
or or +
PINK1: 1 allele PINK1: 2 alleles PINK1: 1 allele
PRKN 452 + 159 29.6 + 9.8
e 48.8 + 15.0 313 + 10,1 26.5+12.8

Fig.1 The Parkin and PINKI1 genes are both responsible for auto-
somal recessive PD, typically caused by mutations in two alleles,
though some cases have mutations in only one allele. The number
of mutated alleles can influence the age of onset, with single allele
mutations in either gene leading to onset at ages 45 or 48, slightly
younger than those without the mutation. For mutations in two alleles

PINK1 (N=30), Hayashida A, et al. Neurobiol Aging 2020
PRKN (N=242), Yoshino, H, et al. Neurobiol Aging 2022
Digenic (N=4), Funayama, M, et al. Mov Disord 2008

of either gene, the age of onset is 29 for Parkin and 31 for PINKI.
Cases with two mutated Parkin alleles and one mutated PINK1 allele
have an even younger onset at 26. Genetic studies in Drosophila have
shown that Parkin and PINKI1 functionally cooperate in mitochon-
drial clearance
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whole genome sequencing data from the UK-Biobank and
AMP-PD datasets, identifying several inversions likely to
affect PRKN isoforms. The findings underscore the impor-
tance of using long-read whole genome sequencing for
structural variant analysis in unresolved young-onset PD
cases (Daida et al. 2023) (Fig. 2). This suggests the possi-
bility that some cases of young-onset PD may be caused by
inversions, as in this case. Therefore, it is believed that long-
read sequencing is necessary for PRKN mutations, which
have a high frequency of structural variants including copy
number variants.

Based on this structure, a new domain, RINGO, consisting
of two RING boxes (RING1 and 2) plus two different con-
served cysteine-rich clusters between Cys150-Cys169 and
Cys196-His215 consisting of CX2-3CX11CX2C and CX4-
6CX10-16-CX2(H/C) motifs, was identified. Several muta-
tions, such as K161N, S167N, M192V/L, S1931, K211R/N,
and C212G/Y, have been found in the newly discovered
RINGO domain (Hristova et al. 2009).

Hedrich et al. (2002) introduced a new technique to detect
biallelic mutations in PRKN that used quantitative duplex
PCR to detect alterations in gene dosage. They found that
14% of the 50 probands had biallelic mutations of PRKN,
and 12% had monoallelic mutations. Mitsui et al. authors
reported a mutation in the aphidicolin-induced common
fragile sites (CFSs), like that seen in genes responsible for
Duchenne and Becker muscular dystrophy (DMD/BMD)
(Mitsui et al. 2010).

6162191716-162294775  Go B <

Biallelic variants in PRKN can cause PD, while monoal-
lelic variants may increase PD risk through altered mito-
chondrial function. Castelo Rueda et al. studied cells from
non-manifesting monoallelic PRKN variant carriers, find-
ing hyperactive mitochondrial respiration and other signs
of altered mitochondrial function. These findings could help
identify individuals at risk of PD and test potential therapies
before neurodegeneration progresses (Castelo Rueda et al.
2023).

Function of parkin

The product of this gene, E3 ubiquitin-protein ligase par-
kin, is involved in protein degradation as a ubiquitin-pro-
tein ligase, working with the enzyme UbcH7. Mutations in
PRKN from PD patients result in a loss of this activity, lead-
ing to an accumulation of unidentified proteins and selective
neural cell death. This discovery could aid in understand-
ing neurodegeneration in not only PD and other diseases
related to abnormal protein ubiquitination, such as AD,
ALS, CAG triplet diseases, and tauopathies (Shimura et al.
2000). Moreover, the gene PRKN, which codes for the ubig-
uitin ligase parkin, is linked to early onset PD due to loss-
of-function mutations. While the role of parkin in neuron
maintenance is unclear, it has been associated with regulat-
ing mitochondria. Its absence leads to swollen mitochon-
dria, muscle degeneration in Drosophila melanogaster, and
mitochondrial dysfunction in other species. Narendra et al.

Daida K, et al. Mov Disord 2023 (modified)
remxn
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Fig.2 A Family pedigree of the family with PRKN inv/exon 3 dele-
tion. Squares, men; circles, women; oblique lines, deceased; black
squares, clinically diagnosed with PD. B MLPA result for PRKN
exons and screenshot from IGV presenting with Exon 3 deletion in
PRKN. C Screenshot from IGV presenting breakpoints of 7 M bp
inversion including PRKN. Left figure represents the 5’ break point.
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GAGTCTAT GTGACTGGGAAG

The breakpoint is located on the intron 11 of PRKN. Right fig-
ure shows the 3’ breakpoint. Schematic representation of the inver-
sion. Upper panel shows the overall picture of the inversion. Lower
panel shows the sequence around both breakpoints. 5’ breakpoint
Chr6:161,351,957, 3' breakpoint Chr6:168,777,862. REFreference,
INVinversion
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(2008) show that in mammalian cells, parkin is selectively
recruited to dysfunctional mitochondria with low membrane
potential. It then facilitates autophagosomes' engulfment of
these mitochondria, leading to the selective elimination of
impaired mitochondria. This suggests that parkin promotes
the autophagy of damaged mitochondria and that the inabil-
ity to eliminate dysfunctional mitochondria may contrib-
ute to the development of PD. In addition, Matsuda et al.
reveal that the genes PRKN and PINK]I, linked to famil-
ial forms of PD, play a crucial role in disease pathogen-
esis through ubiquitylation and maintaining mitochondrial
integrity (Matsuda et al. 2010). The exact mechanism of
their interaction remains unclear. Our group shows that
PINK1 is rapidly degraded in a mitochondrial membrane
potential-dependent manner under steady conditions. Loss
of mitochondrial membrane potential stabilizes PINK1.
PINK1 phosphorylates and recruits parkin to mitochondria
with low membrane potential to initiate autophagic degra-
dation of damaged mitochondria (Shiba-Fukushima et al.
2012, 2014). Ubiquitin ligase activity of parkin is usually
repressed but is activated upon PINK1-dependent mitochon-
drial localization. Some pathogenic mutations of PINK1 and
PRKN disrupt these processes, indicating their importance
in PD etiology. This provides significant insight into PD
pathogenic mechanisms (Matsuda et al. 2010).

The discovery of ubiquitin enrichment in neurodegenera-
tive disorders like PD and AD suggested the importance of
the involvement of the proteolytic system. Ubiquitin marks
proteins for elimination, leading to the belief that the ubig-
uitin—proteasome system (UPS) is inactive in these disor-
ders, causing protein accumulation, aggregation into inclu-
sion bodies, and neuronal death. The gene PRKN, linked
to young-onset PD, was found to function as a ubiquitin
ligase, further supporting this theory. Moreover, recent
studies, including ours, show ubiquitylation relevance to
the autophagy system, with parkin promoting autophagy of
dysfunctional mitochondria after mitochondrial membrane
potential loss.

Parkin is crucial for mitochondrial quality control in cells.
PRKN mutations, which cause parkin dysfunction, lead to
dopaminergic cell loss and decreased mitochondrial func-
tion due to impaired mitochondrial clearance. This dysfunc-
tion also causes mitochondrial injury and astrocytic dys-
function. Studies using immunohistochemical methods and
patient-specific induced pluripotent stem cells showed fewer
astrocytes in PRKN-mutated subjects and organoids (Kano
et al. 2020). This suggests that PRKN mutations may cause
astrocytic alterations and potentially non-autonomous cell
death in dopaminergic neurons (Kano et al. 2020). PINK1,
a mitochondrial kinase, phosphorylates ubiquitin and Parkin,
another gene linked to parkinsonism (Shiba-Fukushima et al.
2012). PINK1 protein levels are typically low due to deg-
radation after mitochondrial import but can accumulate on

the mitochondrial membrane when the membrane potential
is disrupted (Narendra et al. 2010). This leads to increased
ubiquitin phosphorylation and parkin recruitment, target-
ing dysfunctional mitochondria for degradation. Despite
the critical role of PINK1 in neuron maintenance, its activ-
ity in primary neurons is hard to detect. Evidence suggests
that non-neuronal cells, like astrocytes and microglia, play
arole in PD pathogenesis. Barodia et al. found that PINK1-
dependent ubiquitin phosphorylation mainly in astrocytes,
highlighting the need for further research on the function of
PINKI in astrocytes and their contribution to PD (Barodia
et al. 2019).

Moreover, Cossu et al. investigated the role of the
mitophagy-related gene PRKN in neuroinflammation using a
mouse model of experimental autoimmune encephalomyeli-
tis (EAE) (Cossu et al. 2021). Compared to wild-type mice,
PRKN-/- mice showed earlier onset and greater severity of
EAE, with increased T-cell activity, monocyte/macrophage
recruitment, and microglia activation. In persistent disease,
these mice also exhibited reduced glial cell numbers and
abnormal mitochondrial morphology. The findings highlight
the importance of parkin modulating immune responses dur-
ing EAE and its potential in developing new neuroprotective
therapies. The differences observed in the EAE model are
presumed to indicate impairments in the immune system.
Given the previously noted dysfunction in glial cells, the
pathogenesis of hereditary PD by parkin may involve non-
autonomous cell death. Neuroinflammation is a significant
cause of developing PD.

The six factors potentially contributing to immune system
dysfunction in PD include: (1) PD risk-associated genetic
variants possibly affecting immune function; (2) Mitochon-
drial dysfunction linked to both immune system activation
and neurodegeneration in PD; (3) The Braak hypothesis sug-
gesting Lewy body pathology may originate in peripheral
areas like the nose and gut; (4) Epidemiological evidence
indicating a mix of factors, including infection, may increase
PD risk during the prodromal phase; (5) Increased leakage
of the blood-brain barrier and cerebrospinal fluid barrier in
PD patients and animal models, suggesting altered periph-
eral immune responses and drug effects may influence dis-
ease progression; 6) Age-related immune system changes
potentially increasing susceptibility to infection and age-
related autoimmunity.

Discovery of CHCHD2 responsible
for autosomal dominant PD

Our linkage analysis and whole genome sequencing of Japa-
nese families with an autosomal dominant form of PD led to
the discovery of mutations in coiled-coil-helix-coiled-coil-
helix domain containing 2 (CHCHDZ2) (Funayama et al.
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2015). The patients exhibited unique symptoms such as
typical parkinsonism, middle-aged onset, good response to
levodopa, largely benign course, and fewer complications of
dysautonomia, psychosis, and cognitive decline. Subsequent
studies reported the association of P2L. and R8H in sporadic
PD and V66M in a patient with multiple system atrophy
(MSA) (Ikeda et al. 2017; Yang et al. 2016; Nicoletti et al.
2018). Additionally, several N-terminal variants were identi-
fied as a risk for PD and dementia with Lewy bodies (DLB)
(Ogaki et al. 2015). At the same time, other studies found
no evidence linking CHCHD?2 to PD in both Asian and Cau-
casian populations, suggesting that CHCHDZ2 mutations are
relatively rare in PD.

CHCHD?2, found in the intermembrane spaces of the
mitochondria, is a multifunctional protein that regulates
mitochondrial respiration, transcriptional regulation of
complex IV, and mitochondria-associated apoptosis. The
loss of CHCHD?2 destabilizes cytochrome ¢ and complex
IV, reducing oxygen consumption and complex IV activity
in cultured mammalian cells (Fig. 3) (Meng et al. 2017). In
Drosophila, the loss of CG5010, an ortholog of CHCHD2
and CHCHD10, led to high production of reactive oxygen
species (ROS), degeneration of mitochondrial crista struc-
ture, and impairment of oxygen respiration, resulting in
PD-like phenotypes such as DA neuronal loss and motor
dysfunction with age.

CHCHDI10, which shares 54% amino acid sequence iden-
tity with CHCHD?2, has been linked to symptoms consistent
with amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia in individuals with the CHCHD10 S59L mutation
(Bannwarth et al. 2014). This mutation causes mitochon-
drial respiratory chain deficiency and partial disassembly
of complex VI and complex V. CHCHD?2 forms a heterodi-
mer with CHCHD10, contributing to efficient mitochondrial

CHCHD2 stabilizes cytochrome C in the OXPHOS complex

CHCHD2
Cytochrome C

H*

Inner membrane

Matrix

Meng et al. Nat. Commun 2017

Fig.3 CHCHD?2 binds to cytochrome c¢ along with a member of the
Bax inhibitor-1 superfamily, MICS1, and modulated cell death signal-
ling, suggesting that CHCHD2 dynamically regulates the functions
of cytochrome c in both oxidative phosphorylation and cell death in
response to mitochondrial stress
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respiration and stress response, suggesting that these two
proteins may play multiple roles in the pathogenesis of neu-
rodegenerative diseases (Ikeda et al. 2022).

We found widespread a-synuclein pathology in an
autopsy case with a CHCHD2 T611 mutation, a mem-
ber of a large family with PD. DA neuron cultures pre-
pared from CHCHD?2 T61I-induced pluripotent stem cells
(iPSCs) showed increased accumulation of detergent-
resistant a-synuclein. Furthermore, Drosophila express-
ing CHCHD?2 T61I in DA neurons replicated the accelera-
tion of a-synuclein aggregation. Our results provide direct
genetic evidence that mitochondrial dysfunction due to the
CHCHD2 mutation could be a risk factor for a-synuclein
aggregation and propagation in the pathogenesis of PD
(Ikeda et al. 2019).

Previous reports suggest that mitochondrial dysfunction
and accumulation of a-synuclein may play a vital role in the
development of PD. However, the sequence of these events
leading to neurodegeneration remains unclear. In this review,
we review data supporting that mitochondrial dysfunction
is preceded and indirectly induced by a-synuclein accumu-
lation or that mitochondrial dysfunction initiates neuronal
dysfunction and a-synuclein accumulation (Zaltieri et al.
2015). The exact temporal sequence of these events and their
contribution to PD remains challenging.

Discovery of PSAP responsible for autosomal
dominant PD

The importance of lysosomal storage disorders in the patho-
genesis of PD arose from the discovery of the involvement
of Gaucher disease in PD. Gaucher disease is an autosomal
recessive lysosomal storage disorder caused by homozy-
gous mutations in GBAI, whereas heterozygous mutations
in GBAI were reported to be the most common genetic risk
factor for PD (Aflaki et al. 2017; Sidransky et al. 2009).
The depletion of glucocerebrosidase, a product of GBAI,
leads to the accumulation of a-synuclein, causing neurotox-
icity through aggregation. For several lysosomal hydrolases,
including glucocerebrosidase, to be fully active, the pres-
ence of sphingolipid activator proteins (saposins), which are
degradation products of prosaposin (PSAP), is necessary.
The genetic variability in PSAP has been linked to
PD. Three pathogenic mutations in the PSAP saposin D
domain were found in families with autosomal dominant
PD (Fig. 4A). Two variants in the intronic regions of the
PSAP saposin D domain were found in sporadic PD in Japan
and Taiwan. Abnormal accumulation of autophagic vacu-
oles, impaired autophagic flux, altered intracellular locali-
zation of prosaposin, and aggregation of a-synuclein were
observed in patient-derived cells such as skin fibroblasts or
induced pluripotent stem cell-derived dopaminergic neurons
(Fig. 4B). In mice, a Psap saposin D mutation caused motor
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Fig.4 Heterozygous mutations in PSAP saposin D domain in PD.
A Genetic mutation screening identified three independent probands
with autosomal dominant inherited PD with mutations in PSAP
saposin D domain. B Mutations in PSAP saposin D domain can

decline and dopaminergic neurodegeneration, providing new
genetic evidence for the involvement of the PSAP saposin D
domain in PD (Oji et al. 2020).

Altered PSAP levels were observed in the plasma, cer-
ebrospinal fluid, and post-mortem brain of PD patients, and
these changes correlated with motor impairments. PSAP-
deficient mice showed symptoms like PD, including reduced
movement and depression/anxiety-like symptoms. Lipid-
omic analysis revealed an accumulation of highly unsatu-
rated and shortened lipids and a reduction of sphingolip-
ids in the brains of these mice. Overexpression of PSAP
protected against toxicity in wild-type rodents, suggesting
that PSAP may maintain dopaminergic lipid homeostasis,
which is disrupted in PD, and counteract experimental par-
kinsonism (He et al. 2023). PSAP's role in maintaining the
homeostasis of dopaminergic neurons, particularly in lipid
metabolism, is revealed through experiments with PSAP
deletion. This deletion increases the susceptibility of mice
to a-synuclein overexpression. However, Parkinsonism
induced by a-synuclein can be mitigated by PSAP injection.
PSAP also protects against oxidative stress and neurotoxic-
ity induced by 6-OHDA. Furthermore, PSAP implantation
shows therapeutic effects against Parkinsonism induced by
a-synuclein. Therefore, PSAP could potentially modify the
pathogenesis of PD, and its replenishment could help slow
the progression of the disease (He et al. 2023).

B Parkinson's disease (heterozygous saposin D domain mutations)
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g1 degradation
PSAP saposin D mutations
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¥
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$

Parkinson’s disease

impair intracellular transport of PSAP and cause lysosomal dysfunc-
tion. Impairment of the delivery of saposins to lysosomes might be
involved in the lysosomal dysfunction. Autophagy-lysosomal dys-
function can be related to a-synuclein aggregation

Toward the era of biological biomarkers
for PD

Disease staging, originating from cancer research, is cru-
cial for categorizing individuals based on shared biomedi-
cal characteristics along a disease trajectory. This approach,
defined by anatomical and biological features, has been prac-
tical in establishing prognosis and directing treatment proto-
cols. There is growing interest in applying a similar system
for PD. However, operationalizing a biological definition
into a diagnosis or staging system requires measurability.
This poses a challenge for assays involving a-synuclein, a
protein whose function isn't fully understood and can aggre-
gate in the brain. Current methods to measure a-synuclein
require a cerebrospinal fluid (CSF) sample, which is chal-
lenging for most PD patients. However, the field is rapidly
evolving with the potential development of blood-based
a-synuclein seed amplification assays (SAA) and possibili-
ties to document a-synuclein presence in other body fluids
or tissues (Cardoso et al. 2023).

The SAA has finally laid the foundation for the biologi-
cal diagnosis of PD, and it has made it possible to detect
the disease even before any clinical or physical changes are
detected. However, the collection of CSFs is more burden-
some than conventional testing methods, and the develop-
ment of blood tests and other less-than-burdensome methods
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may be necessary to spread the use of a-synuclein as a clue
for diagnosing PD (Siderowf et al. 2023).

PD, DLB, and MSA comprise a group of neurodegen-
erative diseases called synucleinopathies. a-Syn seeds have
been identified in various tissues in patients with synucle-
inopathies. The diseases are caused by abnormal aggregation
of proteins called alpha-synuclein. These aggregates gradu-
ally appear in the patient's brain, causing neuronal cell death
and producing different neurological symptoms depending
on the part of the brain affected. Furthermore, differentiation
of these diseases is difficult in the early stages. Therefore,
early diagnosis is desirable because early treatment of these
conditions can improve patients' quality of life. In synucle-
inopathies, it has been observed that a-synuclein aggre-
gates are widely distributed in the central nervous system
and spread to peripheral nerves. However, the mechanism of
a-synuclein spread is still unclear. The spread of a-synuclein
seeds cannot be explained by a single focus of nerve-medi-
ated spread alone, as the evidence suggests that a-synuclein
deposited in the skin may spread via the blood. Therefore,
the multifocal theory assumes that the seed spreads by other
pathways, including blood circulation.

Based on the findings, we have developed a method com-
bining RT-QulC and immunoprecipitation (IP/RT-QuIC)
to enrich a-synuclein seeds (Okuzumi et al. 2023). This
approach allows us to detect microscopic a-synuclein seeds
in the serum of individuals with synucleinopathies with
high sensitivity. Previous studies have shown that the struc-
ture of a-synuclein fibrils can vary between PD and MSA.
Therefore, we examined the morphology of a-synuclein
fibrils produced by serum seeds using transmission electron
microscopy and a cell-based assay. Both techniques revealed
morphological differences between a-synuclein fibrils from
individuals with synucleinopathies (PD, DLB, or MSA),
providing diagnostic solid power. We also found that the
transmission of serum a-synuclein seeds from patients with
PD or MSA differs. When injected directly into the striatum
of mice, PD and MSA a-synuclein seeds spread at different
rates, correlating with the progression of clinical symptoms
in these diseases (Okuzumi et al. 2023). These results sug-
gest that the amplified a-synuclein seeds retain their disease-
specific morphological and transmission characteristics.

Looking ahead, detecting serum a-synuclein seeds by
IP/RT-QuIC could be a valuable biomarker for diagnos-
ing synucleinopathy. However, most participants in our
study were clinically diagnosed without neuropathological
confirmation, so the accuracy of our method needs further
validation. Additionally, it remains unclear whether the
presence of a-synuclein seeds in serum influences disease
progression and pathogenic mechanisms. To address this,
longitudinal monitoring of patients with REM sleep behav-
ior disorder (RBD), early PD, DLB, and MSA is necessary.
Notably, RBD can be a prodromal state to PD, DLB, or,

@ Springer

less commonly, MSA. The fact that some RBD patients
tested positive with IP/RT-QulC suggests that our method
could potentially detect the disease before clinical or physi-
cal changes become apparent. Therefore, our IP/RT-QuIC
method could be beneficial for diagnosing synucleinopa-
thies from blood samples (an easily accessible source of
pathological a-synuclein seeds) and for understanding the
pathogenic mechanisms of synucleinopathies. Furthermore,
serum a-synuclein seeds could serve as a surrogate marker
for disease-modifying therapies.

The landscape of PD diagnosis is being significantly
transformed by the recent development of SAA and new
sensitive assays for biomarker detection in biofluids. How-
ever, most studies are conducted post-diagnosis and are
cross-sectional during the earliest stages of the disease.
The reliability and stability of results, particularly for SAA
assays, need to be verified through inter-laboratory exchange
and cross-validation, as most studies are based on single
laboratory experiences. The diverse clinical presentation of
Alpha-synucleinopathy should be considered for at-risk pop-
ulations and marker distribution in different tissues, which
may highlight different pathophysiological mechanisms and
disease subtypes. The combination of various techniques and
markers is crucial to detect and differentiate markers of state
and progression, which are particularly interesting as target
engagement for disease-modifying treatments and strategies.
The use of biological markers for a biological diagnosis of
PD and synucleinopathies even before symptom develop-
ment is a significant challenge for the research and clinical
community, but it will undoubtedly transform the landscape
in the coming decades.

Conclusions

The causative genes for hereditary PD have been isolated up
to PARK2S5. Our group has successfully isolated and identi-
fied three of these causative genes. Among them, parkin is
the most frequent causative gene in young onset PD, and
there is a consensus that its function is mitophagy. It is nec-
essary to consider the involvement of mitophagy not only in
neurons but also in glial cells. The second gene we isolated
and identified, CHCHD?2, is localized in mitochondria and
is known to be directly involved in the electron transport
system. The binding of CHCHD2 with ALS-associated
CHCHD10 suggests a common involvement of mitochon-
drial dysfunction in neurodegenerative diseases. The third
gene is a cofactor of the lysosomal system, and its relevance
to Gaucher disease is profound. The fact that these single
genes can express the phenotype of PD implies that dopa-
mine neuron loss occurs for multiple etiologies, and even a
single cause can be multifaceted.
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In the diversity, neuropathology can be divided mainly
into two by the presence or absence of Lewy bodies. In our
IP/RT-QuIC, all parkin mutation-positive cases showed
negative of IP/RT-QuIC, and we believe that precision medi-
cine will be realized by diagnosing with blood in the future.
Undoubtedly, aiming to establish effective biomarkers and
elucidate the cause of hereditary PD will be a breakthrough.
The most important task is to develop from lab-based bio-
markers to tests that can be included in insurance coverage.

Data availability Not applicable.
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