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of the disease, and further progress in understanding the 
pathogenesis of PD is desirable. Here, we focus on basic 
researches on PD in the approximately 12-month period 
through May 2023. Initially, we summarize the impairment 
of mitochondrial-lysosomal function in the pathophysiol-
ogy of PD. Subsequently, we present the latest findings on 
the involvement of α-synuclein in the interaction with these 
dysfunctions.

Mitochondrial factors in PD pathogenesis

PD is a complex neurodegenerative disorder that results 
from the interplay of genetic and environmental factors. 
Several genes including SNCA, LRRK2, GBA, PARK2, 
PARK7, PINK1, and VPS35 have been identified as caus-
ative or risk factors for PD, either in Mendelian or non-
Mendelian forms (Funayama et al. 2023). Upon examining 
the genes associated with PD reported to date, it becomes 
evident that a central focus lies on those related to mito-
chondria, the autophagy-lysosome system, and vesicular 
transport processes involving both. This section begins by 
exploring recent research on genes strongly associated with 
mitochondria.

Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder 
characterized by the gradual neuronal loss of the substantia 
nigra dopaminergic neurons and other brain areas, leading 
to movement and non-movement disorders (Kalia and Lang 
2015). A prominent hallmark of PD pathology is the abnor-
mal aggregation of α-synuclein protein, which forms aggre-
gates known as Lewy bodies and Lewy neurites (Spillantini 
et al. 1997). Research to understand the pathogenesis of PD 
has been ongoing for a long time, and it is a relief to patients 
that several treatments are available. On the other hand, 
there is still no drug that is certain to slow the progression 
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Abstract
Parkinson’s disease (PD) is a neurodegenerative disorder characterized by progressive degeneration of dopaminergic 
neurons in the substantia nigra and other brain regions. A key pathological feature of PD is the abnormal accumulation of 
α-synuclein protein within affected neurons, manifesting as Lewy bodies and Lewy neurites. Despite extensive research 
efforts spanning several decades, the underlying mechanisms of PD and disease-modifying therapies remain elusive. This 
review provides an overview of current trends in basic research on PD. Initially, it discusses the involvement of mitochon-
drial dysfunction in the pathogenesis of PD, followed by insights into the role of lysosomal dysfunction and disruptions 
in the vesicular transport system. Additionally, it delves into the pathological and physiological roles of α-synuclein, a 
crucial protein associated with PD pathophysiology. Overall, the purpose of this review is to comprehend the current 
state of elucidating the intricate mechanisms underlying PD and to outline future directions in understanding this disease.
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PINK1 and PRKN are two genes that have been impli-
cated in autosomal recessive PD and these genes have shed 
light on the process of selective autophagy-lysosomal deg-
radation of damaged mitochondria, known as mitophagy, as 
a significant factor in the development of the disease (Kitada 
et al. 1998; Valente et al. 2004; Narendra et al. 2008). Soutar 
et al. conducted a mitophagy screening assay to investigate 
the functional significance of genetic risk genes identified in 
Genome-wide association study (GWAS). They discovered 
two new regulators, KAT8 and KANSL1 (KAT8 regula-
tory NSL complex subunit 1), that influence the initiation 
of PINK1-dependent mitophagy, a process associated with 
PD (Soutar et al. 2022). The findings suggest that PINK1-
mitophagy pathway can be involved in idiopathic PD, and 
KANSL1 plays a critical role in the disease pathogenesis. 
Another group has also extracted KANSL1 gene as a result 
of GWAS focusing on short tandem repeats (STRs) in PD 
(Bustos et al. 2023). STRs are small repetitive units involv-
ing a repetitive unit of 1–6 base pairs that vary among indi-
viduals (Chintalaphani et al. 2021). The authors analyzed 
data from 39,087 individuals, including PD cases and con-
trols of European ancestry, and identified 34 genome-wide 
significant STR loci associated with PD. The strongest sig-
nal was found in the KANSL1 gene. Gene expression analy-
sis revealed that some STRs influenced the expression of 
multiple genes, including known PD-related genes.

Loss-of-function mutations in the PARK7 gene, which 
encodes DJ-1, respectively, is also associated with autoso-
mal recessive forms of PD (Bonifati et al. 2003). While the 
roles of PINK1 and parkin in mediating mitophagy are well 
established, the mechanisms by which DJ-1 loss leads to 
PD are not fully understood. Imberechts et al. investigated 
PINK1/parkin-mediated mitophagy in human fibroblasts 
and iPSC-derived neurons with homozygous PARK7 muta-
tions (Imberechts et al. 2022). The study found that DJ-1 is 
crucial for PINK1/parkin-mediated mitophagy. Loss of DJ-1 
did not affect the activation of PINK1 or parkin after mito-
chondrial depolarization but instead disrupted mitophagy 
downstream by inhibiting the recruitment of the selective 
autophagy receptor optineurin to depolarized mitochon-
dria. DJ-1 translocated to depolarized mitochondria in close 
proximity to optineurin, and this translocation depended on 
PINK1 and parkin. Overexpression of DJ-1 could not rescue 
the mitophagy defect in cells lacking PINK1 or parkin, sug-
gesting DJ-1 functions downstream of PINK1 and parkin 
in the same pathway specifically in mediating mitophagy. 
Disruption of PINK1/parkin/DJ-1-mediated mitophagy may 
be a common pathogenic mechanism in autosomal recessive 
PD.

Whole exome sequencing (WES) is a genomic technique 
that focuses on sequencing the protein-coding regions of the 
genome. It allows for the identification of genetic variants 

within these regions, including disease-causing variants. 
Li et al. performed WES on a cohort of 1917 patients with 
early-onset or familial PD and a cohort of 1962 patients 
with sporadic late-onset PD (Li et al. 2022). They identified 
a significant association between PPARGC1A rare missense 
variants and susceptibility to early-onset and familial PD. 
PPARGC1A is considered a master regulator of mitochon-
drial biogenesis, but the functional relationship between this 
gene and PD awaits further investigation in future research 
(Piccinin et al. 2021).

A recent study also focused on pacemaking substantia 
nigra dopaminergic neurons and used various techniques to 
investigate their mechanisms (Zampese et al. 2022). They 
found that calcium entry through L type voltage-gated cal-
cium channels, triggered by neuronal spikes, led to cal-
cium release from the endoplasmic reticulum. This calcium 
release stimulated mitochondrial oxidative phosphorylation 
through two separate Ca2+-dependent mechanisms: the 
mitochondrial uniporter and the malate-aspartate shuttle. 
Disrupting either of these mechanisms impaired the ability 
of dopaminergic neurons to sustain spike activity. While this 
feedforward control helps dopaminergic neurons meet their 
energy demands during sustained spiking, it also contributes 
to increased oxidative stress, which may be associated with 
aging and disease-related decline in these neurons.

The discussion related to mitochondrial dysfunction in 
PD mostly revolves around pathways associated with the 
degradation system of impaired mitochondria. The dis-
cussion on α-synuclein will be addressed later, but it is 
noteworthy that in familial PD caused by genes related to 
mitochondria or in animal models induced by compounds 
with mitochondrial toxicity, there is not necessarily a sig-
nificant accumulation of α-synuclein in the brain. While the 
mechanism behind this phenomenon requires explanation, it 
is also plausible to consider that PD may involve a mixture 
of several distinct diseases (Ahlskog et al. 2009), though 
conclusive statements cannot be made at present.

Lysosomal factors in PD pathogenesis

Next, our focus will shift to the autophagy-lysosome system. 
GBA gene, which encodes the enzyme β-glucocerebrosidase 
(GCase) and is linked to Gaucher’s disease and PD (Sid-
ransky et al. 2009). GCase is a lysosomal enzyme, and 
two recent papers have presented the relationship between 
GCase and mitochondria. Baden et al. discovered that 
GCase can enter the mitochondria from the cytosol by rec-
ognizing internal mitochondrial targeting signals (Baden 
et al. 2023). Within the mitochondria, GCase plays a role 
in maintaining the integrity and function of mitochondrial 
complex I, which is involved in energy metabolism. GCase 
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also interacts with mitochondrial quality control proteins 
HSP60 and LONP1. Disease-associated mutations in GBA 
disrupt complex I stability and function, and enhance the 
interaction with the mitochondrial quality control machin-
ery. By using a multi-part enrichment proteomics and post-
translational modification (PTM) approach, Bogetofte et al. 
2023 identify numerous dysregulated proteins and PTMs 
in dopamine neurons derived from iPSCs of PD patients 
with heterozygous GBA-N370S mutation (Bogetofte et al. 
2023). They found disturbances in glycosylation and the 
autophagy-lysosomal pathway, accompanied by perturba-
tions in mammalian target of rapamycin (mTOR) activation 
in GBA-PD neurons. Dysregulation of proteins encoded by 
PD-associated genes is also observed. Integrated pathway 
analysis reveals impaired neuritogenesis, with tau identi-
fied as a key pathway mediator. Functional assays confirm 
deficits in neurite outgrowth and impaired mitochondrial 
movement in GBA-PD neurons. Pharmacological rescue of 
glucocerebrosidase activity using NCGC758 improves the 
neurite outgrowth deficit.

ATP13A2 is a lysosomal ATPase associated with a 
familial PD and several reports have been published on its 
ability as a transporter (Ramirez et al. 2006), and a recent 
report claims that ATP13A2 is an H+,K+-ATPase (Fujii et 
al. 2023). The ATPase activity and K+-transport activity of 
ATP13A2 were found to be inhibited by certain inhibitors 
of sarco/endoplasmic reticulum Ca2+-ATPase and gastric 
H+,K+-ATPase. Remarkably, these H+,K+-ATPase inhibi-
tors induced lysosomal alkalinization and accumulation of 
α-synuclein. Additionally, the study revealed that muta-
tions in ATP13A2 associated with PD lead to abnormal 
expression and function. These findings suggest that the 
H+/K+-transporting function of ATP13A2 plays a role in 
maintaining lysosomal acidity and facilitating α-synuclein 
degradation within lysosomes. TMEM175 is a lysosomal 
channel and TMEM175 mutations have been identified by 
several GWASs as a genetic risk factor for PD (Chang et al. 
2017; Blauwendraat et al. 2019; Krohn et al. 2020). Hu et 
al. demonstrate that TMEM175 acts as a proton-activated, 
proton-selective channel on the lysosomal membrane, 
mediating the H + leak necessary to maintain the optimal 
acidic pH range in lysosomes (Hu et al. 2022). Activation 
of TMEM175 prevents excessive acidification of lyso-
somes. Both endogenous and synthetic agonists can activate 
TMEM175 and trigger the release of protons from lyso-
somes. Deficiency in TMEM175 leads to lysosomal over-
acidification, impaired proteolytic activity, and increased 
aggregation of α-synuclein.

Senkevich et al. 2023 identified an association between 
the GALC gene, which encodes the lysosomal enzyme 
galactosylceramidase, and PD (Senkevich et al. 2023). The 
research demonstrated that a specific variant in the GALC 

locus is associated with increased galactosylceramidase 
activity and PD.

The functional relationship between GALC and the 
pathogenesis of PD awaits further investigation.

As one idea for how lysosomal dysfunction induces PD, 
there is a vicious cycle hypothesis suggesting that when 
lysosomal function is impaired, α-synuclein accumulates, 
and further impairment of lysosomal function occurs as 
α-synuclein accumulates (Bellomo et al. 2020). However, it 
is crucial to note that in GBA-deficient medaka, degenera-
tion of dopaminergic neurons is observed regardless of the 
presence of α-synuclein. Additionally, in zebrafish, which 
inherently lack α-synuclein, degeneration of dopaminer-
gic neurons is observed with GBA deficiency or ATP13A2 
deficiency, underscoring the need for careful consideration 
(Uemura et al. 2015; Nyuzuki et al. 2020; Matsui et al. 
2021). Given these experimental results, it may be more 
natural to assume that lysosomal dysfunction leads to an 
accumulation of impaired mitochondrial components or 
itself, and it can be inferred that a vicious loop might eas-
ily form between lysosomal dysfunction and mitochondrial 
impairment (Stepien et al. 2020).

Vesicular transport factors in PD 
pathogenesis

Vesicular transport is a cellular process that involves the 
movement of substances within a cell through small, mem-
brane-bound structures called vesicles. These vesicles, 
encapsulated by membranes, serve as carriers for trans-
porting various molecules between different cellular com-
partments or between the cell and its external environment 
(Smolders et al. 2020). LRRK2, VPS35, VPS13C, DNAJC6 
and SYNJ1 are genes strongly associated with vesicular 
transport among the molecular components related to PD.

LRRK2 is a gene that encodes a protein kinase enzyme. 
It is associated with PD, as mutations in the LRRK2 gene 
are a known genetic cause of inherited forms of the disease 
and genetic risk of sporadic PD (Paisan-Ruiz et al. 2004; 
Zimprich et al. 2004; Satake et al. 2009; Simón-Sánchez 
et al. 2009). Three recent studies provide insights into the 
complex functions and dysregulation of LRRK2 in PD, par-
ticularly in relation to intracellular membrane dynamics. In 
the first study, the researchers directed LRRK2 to lysosomes 
and early endosomes, resulting in autophosphorylation of 
LRRK2 itself and phosphorylation of its direct substrates 
Rab10 and Rab12 (Kluss et al. 2022). The phosphorylation 
of Rab10 was primarily observed in perinuclear lysosomes, 
while Rab12 phosphorylation occurred in both peripheral 
and perinuclear LRRK2-positive lysosomes. This suggests 
that lysosomal localization of LRRK2 plays an important 
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acting as a gatekeeper, influences BAK clustering, controls 
nucleoid release, and facilitates their transfer to endosomes. 
Through the action of VPS35, early endosomes mature 
into late autophagy vesicles, enabling the degradation of 
mtDNA. This process plays a crucial role in the selective 
removal of mutation-bearing mtDNA and helps ameliorate 
mitochondrial dysfunction associated with mtDNA-related 
diseases (Matsui et al. 2021). Hancock-Cerutti et al. inves-
tigated the consequences of VPS13C depletion in HeLa 
cells (Hancock-Cerutti et al. 2022). The authors found that 
depletion of VPS13C led to an accumulation of lysosomes 
with an altered lipid profile. Additionally, they observed 
activation of the DNA-sensing cGAS-STING pathway, 
which has recently been implicated in PD pathogenesis, in 
these cells (Sliter et al. 2018). The activation of the cGAS-
STING pathway resulted from two factors: elevated levels 
of mtDNA in the cytosol and a defect in the degradation of 
activated STING, which is a lysosome-dependent process. 
Another group used AlphaFold predictions to complement 
existing structural information and generated a full-length 
model of human VPS13C (Cai et al. 2022).

It is well-established that mitochondria, lysosomes, and 
vesicular transport play crucial roles in the pathogenesis 
of PD. However, the position occupied by α-synuclein, 
which is considered a key molecule, within these processes 
remains unclear, contributing to the ongoing mystery. The 
following sections will delve into a discussion centered 
around α-synuclein.

α-synuclein aggregation, propagation and 
toxicity in PD pathogenesis

SNCA is not only the causative gene for familial PD, but also 
a risk gene for sporadic PD (Polymeropoulos et al. 1997; 
Satake et al. 2009; Simón-Sánchez et al. 2009). Protein 
aggregates seen in PD are mainly composed of α-synuclein 
and the accumulation and aggregation of α-synuclein are 
thought to play a central role in the pathogenesis of PD. In 
the context of the newly identified PD risk gene GPNMB, 
reported in 2022, it has been demonstrated that mutations in 
this gene lead to an increase in the quantity of α-synuclein 
within neurons (Weterman et al. 1995; Diaz-Ortiz et al. 
2022). In studies of α-synuclein in PD, the most common 
focus is on its aggregation and toxicity.

Multiple system atrophy (MSA) is another synucleinopa-
thy characterized by α-synuclein inclusions in brain cells. 
Yang et al. found that the cryo-electron microscopy (cryo-
EM) structures of α-synuclein filaments in PD, PD dementia, 
and DLB consist of a single protofilament called the Lewy 
fold, which is different from the protofilaments observed in 
MSA (Yang et al. 2022a). These findings suggest the existence 

role in regulating LRRK2-dependent Rab phosphoryla-
tion. The researchers found that anterograde transport of 
lysosomes to the cell periphery hindered the recruitment 
and phosphorylation of Rab10 by LRRK2. The absence of 
phosphorylated Rab10 from the lysosomal membrane pre-
vented the formation of lysosomal tubulation and sorting 
processes. On the other hand, clustering of lysosomes in the 
perinuclear area increased recruitment and phosphorylation 
of Rab10 by LRRK2. These findings suggest that LRRK2 
can be activated at various cellular membranes, including 
lysosomes, and that lysosomal positioning further regulates 
specific Rab substrates, Second study demonstrated that 
hyperphosphorylated Rabs by LRRK2 disrupted the trans-
port of autophagosomes along axons by disturbing the coor-
dinated regulation of cytoplasmic dynein and kinesin (Dou 
et al. 2023). In iPSC-derived human neurons, the introduc-
tion of the strongly hyperactive LRRK2-p.R1441H mutation 
causes significant impairments in autophagosome transport. 
Knockout of the protein phosphatase 1 H (PPM1H), which 
opposes LRRK2 activity, produces similar transport defects. 
However, overexpression of ADP-ribosylation factor 6 
(ARF6), a GTPase that regulates the activation of dynein 
and kinesin, mitigates the transport abnormalities observed 
in both LRRK2-p.R1441H mutant and PPM1H knockout 
neurons. These findings suggest that an imbalance between 
hyperphosphorylated Rabs and ARF6 disrupts the proper 
transport of autophagosomes, potentially contributing to the 
development of PD. Third study demonstrated that inhibi-
tion of endosomal maturation leads to rapid formation of 
GTPase-inactivating mutants LRRK2 + endosomes, where 
LRRK2 phosphorylates its substrate Rabs (Rinaldi et al. 
2023). These LRRK2 + endosomes are sustained through 
positive feedback, reinforcing the membrane localization 
of both LRRK2 and phosphorylated Rab substrates. Strik-
ingly, cells expressing GTPase-inactivating mutants exhibit 
a greater number of LRRK2 + endosomes compared to cells 
expressing kinase-activating mutants, resulting in higher 
overall levels of phosphorylated Rabs in the cells.

VPS35 and VPS13C are proteins involved in intracellular 
trafficking and endosomal function. Mutations in the VPS35 
gene were identified as the cause of an autosomal domi-
nant form of PD (Vilariño-Güell et al. 2011; Zimprich et al. 
2011) and mutations in the VPS13C gene were identified as 
the cause of autosomal recessive form of PD (Lesage et al. 
2016). Sen et al. found that VPS35 is involved in the matu-
ration of early endosomes to late autophagy vesicles, where 
degradation of mitochondrial DNA (mtDNA) takes place 
(Sen et al. 2022). The authors found that specific mtDNA 
damage triggers membrane remodeling and endosomal 
recruitment in close proximity to mitochondrial nucleoid 
sub-compartments. The targeting of mitochondrial nucle-
oids is regulated by the ATAD3-SAMM50 axis. SAMM50, 
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the acidic C-terminal residues of α-synuclein using nuclear 
magnetic resonance (NMR) spectroscopy and mutagenesis 
techniques. Furthermore, they demonstrated that the bind-
ing of α-synuclein fibrils to RAGE triggers neuroinflamma-
tion, which can be blocked by depleting RAGE genetically 
or using the inhibitor FPS-ZM1. Another group found that 
astrocytes derived from the ventral midbrain (VM) dem-
onstrated the ability to inhibit α-synuclein aggregation 
and transmission in various in vitro and in vivo models 
of α-synucleinopathy (Yang et al. 2022b). The therapeu-
tic effect was mediated through the regulation of neuronal 
α-synuclein proteostasis. VM astrocytes corrected intra-
neuronal oxidative and mitochondrial stresses, as well as 
extracellular inflammatory environments, which acceler-
ated pathologic misfolding of α-synuclein. The paracrine 
factors released from astrocytes promoted disassembly of 
extracellular α-synuclein aggregates and enhanced neuro-
nal autophagic clearance of α-synuclein. Transplantation of 
VM astrocytes into the midbrain of PD model mice reduced 
α-synuclein pathology and protected midbrain dopamine 
neurons from degeneration.

The above-mentioned reports represent the current topics 
on α-synuclein aggregation, but recently it is thought that 
smaller aggregates or oligomers may be more toxic than 
large aggregates. Morten et al. used an aggregate-activated 
fluorophore called Amytracker 630 to visualize α-synuclein 
aggregates (Morten et al. 2022). They found a linear rela-
tionship between the size of α-synuclein aggregates and 
cellular toxicity, with aggregates smaller than 450 ± 60 nm 
readily penetrating the plasma membrane. They also 
observed that cell-penetrating aggregates were surrounded 
by proteasomes, which formed foci to gradually process 
the aggregates. Another group showed that small aggre-
gates (less than 200 nm) of α-synuclein induced inflamma-
tion and permeabilization of single-liposome membranes, 
while larger aggregates were less toxic (Emin et al. 2022). 
Analysis of soluble aggregates extracted from post-mortem 
human brains revealed that the aggregates in PD brains were 
smaller (less than 100 nm) and more inflammatory com-
pared to aggregates in control brains. Using single-molecule 
Förster resonance energy transfer (FRET) biosensor, Choi 
et al. observed the conversion of α-synuclein from a mono-
meric state to two distinct oligomeric states in neurons, 
depending on its concentration and sequence (Choi et al. 
2022). Three-dimensional FRET-correlative light and elec-
tron microscopy (FRET-CLEM) revealed that intracellular 
seeding events preferentially occur on membrane surfaces, 
particularly on mitochondrial membranes. The presence of 
the mitochondrial lipid cardiolipin triggered rapid oligomer-
ization of A53T α-synuclein, and cardiolipin was seques-
tered within aggregating lipid-protein complexes. These 
mitochondrial aggregates impaired the activity of complex 

of distinct molecular conformations of α-synuclein in differ-
ent neurodegenerative diseases. Another study focused on 
understanding the role of the P1 region (residues 36–42) in 
the amyloid formation of α-synuclein (Ulamec et al. 2022). 
Through mutational studies, the authors found that specific 
mutations in the P1 region, namely Y39A and S42A, pro-
longed the lag-phase of α-synuclein amyloid formation in 
vitro and protected against amyloid-induced cytotoxicity in 
Caenorhabditis elegans. They also observed that the L38I 
mutation accelerated the formation of amyloid fibrils, while 
L38A had no effect. Interestingly, L38M prevented the for-
mation of amyloid fibrils in vitro and provided protection 
against proteotoxicity. They demonstrated that the P1 region 
synergizes with residues in the other regions of α-synuclein 
to initiate aggregation.

If α-synuclein aggregates are indeed toxic, the idea 
of intervening in aggregate formation to help treat PD is 
natural. Kam et al. utilized a mouse model of PD, spe-
cifically the α-synuclein preformed fibril (PFF) model, to 
assess the impact of irisin, an exercise-induced polypep-
tide, on α-synuclein-induced neurodegeneration (Kam et 
al. 2022). The results showed that intravenous delivery of 
irisin via viral vectors reduced the formation of pathological 
α-synuclein and prevented the loss of dopamine neurons. 
Irisin treatment also improved motor deficits observed in 
the mice. In experiments with primary cortical neurons, 
sustained irisin treatment attenuated α-synuclein-induced 
toxicity and reduced neuronal cell death. The researchers 
further demonstrated that irisin enhanced the endolysosomal 
degradation of pathological α-synuclein, thereby reducing 
its accumulation. In another study, researchers developed 
synthetic nanobody libraries in yeast to target pathogenic 
α-synuclein PFF (Butler et al. 2022). They identified a spe-
cific nanobody, PFFNB2, that can recognize α-synuclein 
PFF but not α-synuclein monomers. PFFNB2 was able to 
dissociate α-synuclein fibrils. They further demonstrated 
that using an adeno-associated virus (AAV) encoding EGFP 
fused to PFFNB2 (AAV-EGFP-PFFNB2), they could inhibit 
PFF-induced phosphorylation of α-synuclein at serine 129 
in mouse primary cortical neurons. In a transgenic mouse 
model expressing human wild type α-synuclein, intrastria-
tal injection of PFF led to the propagation of α-synuclein 
pathology to the cortex, but this propagation was prevented 
by AAV-EGFP-PFFNB2. These findings suggest that 
PFFNB2 holds promise for understanding the mechanisms 
and developing therapies for PD.

α-synuclein aggregates also seem to elicit significant 
responses in glia. Long et al. utilized structure-based 
interaction predictions and identified the receptor for 
advanced glycation end products (RAGE) as a receptor for 
α-synuclein fibrils on microglia (Long et al. 2022). They 
confirmed the binding between the V domain of RAGE and 
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particularly at T64 and T72, reduces α-synuclein’s binding 
to lipid membranes, affecting its overall attachment to brain 
vesicles. A phosphomimetic mutant of α-synuclein at T64 
and T72 exhibits decreased vesicle affinity, promotes vesicle 
clustering, inhibits α-synuclein oligomerization, and pre-
vents α-synuclein fibrillation and trans-synaptic spreading 
of aggregated α-synuclein in cultured hippocampal slices.

These reports suggest that attempts to reduce α-synuclein 
oligomer may be useful for treatment of PD. Nim et al. 
aimed to identify protein-protein interaction inhibitors that 
can reduce the levels of α-synuclein oligomers and their 
associated cytotoxicity (Nim et al. 2023). Through a high-
throughput peptide screen, the researchers discovered that 
a peptide inhibitor disrupting the interaction between the 
C-terminal region of α-synuclein and CHMP2B (a com-
ponent of the ESCRT-III complex) was the most effec-
tive. They demonstrated that α-synuclein interferes with 
endolysosomal activity through this interaction, inhibit-
ing its own degradation. Conversely, the peptide inhibi-
tor restores endolysosomal function, leading to decreased 
α-synuclein levels in various models, including human cells 
with disease-causing α-synuclein mutations. Additionally, 
the peptide inhibitor protected dopaminergic neurons from 
α-synuclein-induced degeneration in models of PD.

Cell-to-cell propagation of pathological proteins play a 
role in the progression of neurodegenerative diseases (Guo 
and Lee. 2014). Helwig et al. investigated the relationship 
between neuronal activity and the transfer of α-synuclein 
between neurons (Helwig et al. 2022). They found that 
hyperactivity in a mouse model enhanced the transfer of 
α-synuclein, while hypoactivity attenuated it. Hyperactivity 
was associated with increased oxidative and nitrative reac-
tions, accumulation of nitrated α-synuclein, and increased 
protein aggregation. They identified mitochondria as poten-
tial sources of reactive oxygen and nitrogen species within 
hyperactive neurons. Another study highlights the posi-
tive impact of treadmill exercise in reducing the spreading 
of α-synuclein in the brain and protecting dopaminergic 
neurons in a mouse model of PD (Dutta et al. 2022). The 
researchers found that the administration of α-synuclein 
PFF led to increased α-synuclein propagation and loss of 
dopaminergic neurons. However, regular treadmill exercise 
effectively reduced α-synuclein propagation and protected 
dopaminergic neurons in these mice. They discovered that 
treadmill exercise activates the peroxisome proliferator-
activated receptor α (PPARα) in the brain, which stimu-
lates the biogenesis of lysosomes through the activation of 
transcription factor EB (TFEB). In mice lacking PPARα, 
treadmill exercise was unable to stimulate TFEB or reduce 
α-synucleinopathy. Additionally, treatment with fenofibrate, 
a PPARα agonist, decreased α-synucleinopathy. Using simi-
lar PFF model, computational model successfully predicted 

I and increased the generation of reactive oxygen species 
(ROS), leading to accelerated oligomerization of A53T 
α-synuclein, permeabilization of mitochondrial membranes, 
and ultimately, cell death. Using human iPSCs to generate 
midbrain dopaminergic neurons, Virdi et al. aimed to iden-
tify the early events leading to PD pathology (Virdi et al. 
2022). Through single-cell RNA sequencing, proteomics, 
and functional characterization, they confirmed the molecu-
lar and functional identity of the generated neurons. They 
observed the formation of small β-sheet-rich oligomeric 
aggregates, preceding the maturation of dopaminergic neu-
rons, in cultures with SNCA mutations. Early impairments 
in intracellular calcium signaling, increased basal calcium 
levels, and mitochondrial calcium handling were also 
observed. The study suggests that the formation of intraneu-
ronal oligomers are early critical events in PD pathogenesis.

α-synuclein has been shown to alter its properties through 
a variety of modifications and interactions. Dopamine 
metabolite 3,4-dihydroxyphenylacetaldehyde (DOPAL) 
covalently modifies α-synuclein, leading to its accumula-
tion and impaired clearance in neurons (Masato et al. 2023). 
This accumulation of DOPAL-modified α-synuclein dis-
rupts neuronal resilience, compromises synaptic integrity, 
and overwhelms protein quality control pathways in neu-
rites. This progressive disruption of neuronal homeosta-
sis results in the loss of dopaminergic neurons and motor 
impairment in animal PD models. Jin et al. found through 
mass spectrometry analysis that tyrosine hydroxylase (TH) 
converts a specific amino acid (Tyr136) in α-synuclein into 
dihydroxyphenylalanine (DOPA; Y136DOPA) (Jin et al. 
2022). The Y136DOPA modification was observed in dopa-
minergic neurons of α-synuclein-overexpressing mice and 
human α-synucleinopathies. The presence of Y136DOPA 
led to the formation of α-synuclein oligomers, rather than 
larger fibrillar aggregates, and increased neurotoxicity.

Our research group also recently reported on α-synuclein 
phosphorylation and its effects. We observed increased T64 
phosphorylation in PD models and human PD brains (Mat-
sui et al. 2023). By introducing a phosphomimetic mutation 
T64D in α-synuclein, we found the formation of distinct 
oligomers resembling those seen in α-synuclein with the 
A53T mutation, which is associated with familial PD. This 
phosphomimetic mutation resulted in mitochondrial dys-
function, lysosomal disorder, cell death in vitro, and neu-
rodegeneration in vivo, suggesting that phosphorylation at 
T64 contributes to the pathogenesis of PD. Another group 
investigates the role of phosphorylation in regulating the 
membrane-binding, vesicle interactions, and aggregation 
of α-synuclein (Reimer 2022). The researchers demonstrate 
that Protein kinase R (PKR) can phosphorylate α-synuclein 
at specific Ser/Thr residues located in the membrane-bind-
ing region crucial for vesicle interactions. Phosphorylation, 
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were non-membrane enveloped and capable of seeding. The 
release of α-synuclein aggregates was dependent on neu-
ronal activity and cytosolic calcium levels. Our group also 
explored the mechanisms underlying α-synuclein transmis-
sion. Following establishment of a mouse model demon-
strating the extensive spread of α-synuclein pathology from 
the olfactory bulb by injection of α-synuclein PFF (Uemura 
et al. 2021), we showed that inhibition of the Ca2+-calmod-
ulin-calcineurin signaling blocked the neuronal uptake of 
α-synuclein preformed fibrils via macropinocytosis (Ueda et 
al. 2023). Thus Ca2+-calmodulin-calcineurin signaling can 
be a potential therapeutic target for PD. We further reported 
that perampanel, an AMPA receptor antagonist, inhibited 
α-synuclein pathology by modulating neuronal activity, 
offering an innovative approach for disease modification in 
PD (Ueda et al. 2021). Moreover, we created a marmoset 
model of Lewy body disease by injection of α-synuclein 
to the olfactory bulb. Extensive glucose hypometabolism 
in the occipital cortex in the marmoset model shown by 
FDG-PET suggests that this primate model recapitulates 
an important aspect of human PDD/DLB (Sawamura et 
al. 2022). Together, these studies provide a comprehensive 
perspective on α-synuclein transmission and its implica-
tions for understanding and treating PD, from fundamental 
mechanisms to therapeutic prospects.

There is substantial experimental and clinical evidence 
suggesting that the formation of oligomers and aggregates 
by α-synuclein can be detrimental in certain cases. More-
over, experimental evidence supports the likelihood of 
α-synuclein propagation, and clinical observations support-
ing this phenomenon cannot be dismissed. However, it is 
crucial to note that the definitive occurrence of these events 
in the patient’s body and brain is yet to be confirmed for 
both aspects.

Physiological functions of α-synuclein in PD 
pathogenesis

We have discussed many topics on the pathological condi-
tions that α-synuclein induces, but in fact the major physi-
ological functions of α-synuclein are still inconclusive. 
α-synuclein is localized to the axon terminals of neurons. 
While it is suggested to interact with membranes, when 
expressed in cultured cells, it generally exhibits a diffuse 
distribution. In mice, the loss of α-synuclein has minimal 
effects on behavior and neurodegeneration, but there are 
indications that it may be involved in processes such as 
vesicle release at neuronal synapses (Sulzer and Edwards 
2019).

A paper in Nature Neuroscience reveals that synucleins 
are necessary for the release of endocannabinoids (Albarran 

the propagation patterns of α-synuclein from various brain 
regions and even estimated their origins (Dadgar-Kiani et 
al. 2022). The PTMs discussed in the previous section may 
also affect the propagation of α-synuclein. A report in Nature 
Neuroscience reported that the phosphorylation of soluble, 
nonpathological α-synuclein at specific sites significantly 
affects the propagation of pathological α-synuclein (Zhang 
et al. 2023). The authors identified several new PTMs of 
soluble α-synuclein, including phosphorylation and acety-
lation, which influenced the transmission of pathological 
α-synuclein in a site- and conformation-specific manner. 
Furthermore, the phosphorylation of soluble α-synuclein 
could modulate the seeding properties of pathological 
α-synuclein.

The molecular and cell biological mechanisms by which 
α-synuclein leaves one cell and enters another have not yet 
been determined. Herman et al. administered extracellular 
vesicles from the CSF of PD patients or patients with other 
neurodegenerative disorders to healthy mice through the 
nasal route (Herman et al. 2023). After three months, the 
mice treated with extracellular vesicles from PD displayed 
symptoms resembling early stages of PD, including impaired 
sense of smell, motor deficits, and increased anxiety levels. 
Histochemical analysis of their midbrains revealed wide-
spread α-synuclein aggregations, degeneration of dopa-
minergic neurons and neuroinflammation. These findings 
indicate that intranasally administered extracellular vesicles 
derived from the CSF of PD can propagate α-synuclein 
aggregation in healthy mice, leading to the development of 
PD-like symptoms and pathological features. Another group 
utilized various microscopy techniques and subcellular frac-
tionation to show that α-synuclein PFFs are rapidly internal-
ized and targeted directly to lysosomes within 2 min (Bayati 
et al. 2022). The uptake of PFFs is disrupted by macropi-
nocytic inhibitors and does not follow the classical endo-
somal pathways. Immunogold-labeled PFFs are observed 
at the curved edge of membrane ruffles, in newly formed 
macropinosomes, multivesicular bodies, and lysosomes. 
While most fibrils remain in lysosomes, some are trans-
ferred to neighboring cells along with exosome markers, 
suggesting a unique mechanism of cell-to-cell propagation. 
Xie et al. aimed to investigate the mechanism of release for 
pathogenic aggregates of α-synuclein in synucleinopathies 
such as PD (Xie et al. 2022). They generated a new mouse 
model to isolate neuronal lysosomes and established a cul-
ture model where α-synuclein aggregates were produced 
within neurons. The study demonstrated that pathogenic 
α-synuclein species accumulate within neuronal lysosomes 
in mouse brains and primary neurons. Furthermore, the 
researchers found that neurons release these pathogenic 
α-synuclein aggregates through a process called SNARE-
dependent lysosomal exocytosis. The released aggregates 
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It is currently inconclusive which role of α-synuclein is 
associated with the pathophysiology of PD, whether there 
are other crucial functions, or if α-synuclein’s physiologi-
cal functions are unrelated to PD. Due to the extensive 
research on PD, studies on the functions of α-synuclein 
often focus on neurons. However, it is intriguing to note that 
α-synuclein is highly expressed not only in neurons but also 
in cells of the hematopoietic system and certain malignant 
tumors (Araki et al. 2018; Zanotti et al. 2023). At this stage, 
definitive conclusions cannot be drawn. Understanding the 
physiological function of α-synuclein will be necessary for 
a full understanding of PD. Further progress in elucidat-
ing both the pathophysiology and physiological function of 
α-synuclein is expected.

Conclusion

In conclusion, significant progress has been made in elu-
cidating the etiology of PD: the genetics and epigenetics 
of PD have been extensively studied, and several novel 
genetic variants associated with PD risk and pathogenesis 
have been identified. Molecular and cytopathological stud-
ies have revealed the role of protein aggregation, neurode-
generation and mitochondrial-lysosomal dysfunctions in 
the pathogenesis of PD. Despite these advances, however, 
much work remains to be done, including understanding of 
underlying mechanisms, and development of more effective 
therapies that can slow or halt disease progression. Never-
theless, since progress has been made over this 12-month 
period beyond the content of this review, we may expect 
some great discoveries in the near future. Remarkable 
advances in analytical technology support PD research, and 
we look forward to the breakthroughs that will result from 
these advances.
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et al. 2023). The researchers demonstrate that endocannabi-
noid-dependent synaptic plasticity is blocked when synucle-
ins are deleted, and this block can be reversed by introducing 
wild-type α-synuclein. The findings indicate that endocan-
nabinoids are released postsynaptically through a synu-
clein-dependent and SNARE-dependent mechanism. The 
deletion of synucleins specifically impairs endocannabinoid 
release, as observed through electrophysiological record-
ings and direct optical monitoring. The study suggests that 
synucleins, known for their role in regulating vesicle lifecy-
cle, facilitate endocannabinoid release through a membrane 
interaction mechanism. Another group found that multiple 
homozygous loss-of-function mutations in DAGLB were 
associated with early onset autosomal recessive PD by com-
bining WES and other analyses (Liu et al. 2022). DAGLB 
is the main enzyme responsible for producing endocan-
nabinoid 2-arachidonoyl-glycerol (2-AG) in dopaminergic 
neurons of the substantia nigra (SN) in humans and mice. 
In mice, the levels of 2-AG in the SN were strongly corre-
lated with motor performance during locomotor skill acqui-
sition. Knockdown of mouse Daglb in nigral dopaminergic 
neurons reduced 2-AG levels, impaired locomotor skill 
learning, and particularly affected across-session learning. 
Conversely, inhibiting the degradation of 2-AG increased 
its levels, enhanced dopaminergic neuron activity and dopa-
mine release in the SN, and rescued the deficits in locomotor 
skill learning. These findings demonstrate that deficiency in 
DAGLB contributes to the development of PD.

On the other hand, there are several reports suggesting 
that it is a completely different story from synaptic func-
tion. A study in Cell investigates the interaction between 
α-synuclein, and processing bodies (P-bodies), organelles 
involved in mRNA turnover (Hallacli et al. 2022). The 
researchers demonstrate that α-synuclein can bind to both 
cellular membranes and P-bodies, with the N terminus of 
α-synuclein playing a crucial role in this binding. Abnor-
mal accumulation of α-synuclein disrupts the interaction 
between α-synuclein and decapping proteins, leading to 
impaired mRNA decay kinetics in PD-relevant pathways. 
Modulating P-body components affects α-synuclein toxicity, 
and human genetic analysis supports the relevance of these 
interactions in PD. Monogue et al. found that α-synuclein is 
necessary for the expression of interferon-stimulated genes 
in neurons during viral infection (Monogue et al. 2022). 
In human α-synuclein knockout neurons treated with type 
1 interferon, the induction of interferon-stimulated genes 
was impaired. Additionally, α-synuclein accumulated in the 
nucleus of interferon-treated human neurons, and its expres-
sion was required for the phosphorylation of STAT2, a key 
player in interferon signaling. The researchers observed co-
localization of activated STAT2 with α-synuclein following 
type 1 interferon stimulation in neurons.

1 3

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Current trends in basic research on Parkinson’s disease: from mitochondria, lysosome to α-synuclein

Butler YR, Liu Y, Kumbhar R, Zhao P, Gadhave K, Wang N, Li Y, 
Mao X, Wang W (2022) α-Synuclein fibril-specific nanobody 
reduces prion-like α-synuclein spreading in mice. Nat Commun 
13(1):4060. https://doi.org/10.1038/s41467-022-31787-2

Cai S, Wu Y, Guillén-Samander A, Hancock-Cerutti W, Liu J, De 
Camilli P (2022) In situ architecture of the lipid transport pro-
tein VPS13C at ER-lysosome membrane contacts. Proc Natl 
Acad Sci U S A 119(29):e2203769119. https://doi.org/10.1073/
pnas.2203769119

Chang D, Nalls MA, Hallgrímsdóttir IB, Hunkapiller J, van der Brug 
M, Cai F, International Parkinson’s Disease Genomics Consor-
tium, 23andMe Research Team, Kerchner GA, Ayalon G, Bingol 
B, Sheng M, Hinds D, Behrens TW, Singleton AB, Bhangale TR, 
Graham RR (2017) A meta-analysis of genome-wide association 
studies identifies 17 new Parkinson’s disease risk loci. Nature 
Genetics 49:1511–1516. https://doi.org/10.1038/ng.3955

Chintalaphani SR, Pineda SS, Deveson IW, Kumar KR (2021) An 
update on the neurological short tandem repeat expansion dis-
orders and the emergence of long-read sequencing diagnos-
tics. Acta Neuropathol Commun 9:98. https://doi.org/10.1186/
s40478-021-01201-x

Choi ML, Chappard A, Singh BP, Maclachlan C, Rodrigues M, Fedo-
tova EI, Berezhnov AV, De S, Peddie CJ, Athauda D, Virdi GS, 
Zhang W, Evans JR, Wernick AI, Zanjani ZS, Angelova PR, 
Esteras N, Vinokurov AY, Morris K, Jeacock K, Tosatto L, Lit-
tle D, Gissen P, Clarke DJ, Kunath T, Collinson L, Klenerman 
D, Abramov AY, Horrocks MH, Gandhi S (2022) Pathological 
structural conversion of α-synuclein at the mitochondria induces 
neuronal toxicity. Nat Neurosci 25(9):1134–1148. https://doi.
org/10.1038/s41593-022-01140-3

Dadgar-Kiani E, Bieri G, Melki R, Gitler AD, Lee JH (2022) Mesoscale 
connections and gene expression empower whole-brain modeling 
of α-synuclein spread, aggregation, and decay dynamics. Cell 
Rep 41(6):111631. https://doi.org/10.1016/j.celrep.2022.111631

Diaz-Ortiz ME, Seo Y, Posavi M, Carceles Cordon M, Clark E, Jain 
N, Charan R, Gallagher MD, Unger TL, Amari N, Skrinak RT, 
Davila-Rivera R, Brody EM, Han N, Zack R, Van Deerlin VM, 
Tropea TF, Luk KC, Lee EB, Weintraub D, Chen-Plotkin AS 
(2022) GPNMB confers risk for Parkinson’s disease through 
interaction with α-synuclein. Science 377(6608):eabk0637. 
https://doi.org/10.1126/science.abk0637

Dou D, Smith EM, Evans CS, Boecker CA, Holzbaur ELF (2023) 
Regulatory imbalance between LRRK2 kinase, PPM1H phospha-
tase, and ARF6 GTPase disrupts the axonal transport of autopha-
gosomes. Cell Rep 42(5):112448. https://doi.org/10.1016/j.
celrep.2023.112448

Dutta D, Paidi RK, Raha S, Roy A, Chandra S, Pahan K (2022) Tread-
mill exercise reduces α-synuclein spreading via PPARα. Cell Rep 
40(2):111058. https://doi.org/10.1016/j.celrep.2022.111058

Emin D, Zhang YP, Lobanova E, Miller A, Li X, Xia Z, Dakin H, 
Sideris DI, Lam JYL, Ranasinghe RT, Kouli A, Zhao Y, De S, 
Knowles TPJ, Vendruscolo M, Ruggeri FS, Aigbirhio FI, Wil-
liams-Gray CH, Klenerman D (2022) Small soluble α-synuclein 
aggregates are the toxic species in Parkinson’s disease. Nat Com-
mun 13(1):5512. https://doi.org/10.1038/s41467-022-33252-6

Fujii T, Nagamori S, Wiriyasermkul P, Zheng S, Yago A, Shimizu T, 
Tabuchi Y, Okumura T, Fujii T, Takeshima H, Sakai H (2023) 
Parkinson’s disease-associated ATP13A2/PARK9 functions as a 
lysosomal H+,K+-ATPase. Nat Commun 14:2174. https://doi.
org/10.1038/s41467-023-37815-z

Funayama M, Nishioka K, Li Y, Hattori N (2023) Molecular genetics 
of Parkinson’s disease: contributions and global trends. J Hum 
Genet 68:125–130. https://doi.org/10.1038/s10038-022-01058-5

Guo JL, Lee VMY (2014) Cell-to-cell transmission of pathogenic 
proteins in neurodegenerative diseases. Nat Med 20(2):130–138. 
https://doi.org/10.1038/nm.3457

References

Albarran E, Sun Y, Liu Y, Raju K, Dong A, Li Y, Wang S, Südhof 
TC, Ding JB (2023) Postsynaptic synucleins mediate endocan-
nabinoid signaling. Nat Neurosci 26(6):997–1007. https://doi.
org/10.1038/s41593-023-01345-0

Ahlskog JE (2009) Parkin and PINK1 parkinsonism may represent 
nigral mitochondrial cytopathies distinct from Lewy body Par-
kinson’s disease. Parkinsonism Relat Disord 15(10):721–727. 
https://doi.org/10.1016/j.parkreldis.2009.09.010

Araki K, Sugawara K, Hayakawa EH, Ubukawa K, Kobayashi I, 
Wakui H, Takahashi N, Sawada K, Mochizuki H, Nunomura W 
(2018) The localization of α-synuclein in the process of differen-
tiation of human erythroid cells. Int J Hematol 108(2):130–138. 
https://doi.org/10.1007/s12185-018-2457-8

Baden P, Perez MJ, Raji H, Bertoli F, Kalb S, Illescas M, Spanos F, 
Giuliano C, Calogero AM, Oldrati M, Hebestreit H, Cappelletti 
G, Brockmann K, Gasser T, Schapira AHV, Ugalde C, Deleidi 
M (2023) Glucocerebrosidase is imported into mitochondria and 
preserves complex I integrity and energy metabolism. Nat Com-
mun 14(1):1930. https://doi.org/10.1038/s41467-023-37454-4

Bayati A, Banks E, Han C, Luo W, Reintsch WE, Zorca CE, Shlaifer 
I, Pellitero EDC, Vanderperre B, McBride HM, Fon EA, Dur-
can TM, McPherson PS (2022) Rapid macropinocytic transfer 
of α-synuclein to lysosomes. Cell Rep 40(3):111102. https://doi.
org/10.1016/j.celrep.2022.111102

Bellomo G, Paciotti S, Gatticchi L, Parnetti L (2020) The vicious cycle 
between α-synuclein aggregation and autophagic-lysosomal 
dysfunction. Mov Disord 35(1):34–44. https://doi.org/10.1002/
mds.27895

Blauwendraat C, Heilbron K, Vallerga CL, Bandres-Ciga S, von 
Coelln R, Pihlstrøm L, Simón-Sánchez J, Schulte C, Sharma M, 
Krohn L, Siitonen A, Iwaki H, Leonard H, Noyce AJ, Tan M, 
Gibbs JR, Hernandez DG, Scholz SW, Jankovic J, Shulman LM, 
Lesage S, Corvol JC, Brice A, van Hilten JJ, Marinus J, 23and-
MeRT, Eerola-Rautio J, Tienari P, Majamaa K, Toft M, Gros-
set DG, Gasser T, Heutink P, Shulman JM, Wood N, Hardy N, 
Morris HR, Hinds DA, Gratten J, Visscher PM, Gan-Or Z, Nalls 
MA, Singleton AB, International Parkinson’s Disease Genomics 
Consortium (IPDGC) (2019) Parkinson’s disease age at onset 
genome-wide association study: defining heritability, genetic 
loci, and α-synuclein mechanisms. Mov Disord 34:866–875. 
https://doi.org/10.1002/mds.27659

Bogetofte H, Ryan BJ, Jensen P, Schmidt SI, Vergoossen DLE, 
Barnkob MB, Kiani LN, Chughtai U, Heon-Roberts R, Cai-
azza MC, McGuinness W, Márquez-Gómez R, Vowles J, Bunn 
FS, Brandes J, Kilfeather P, Connor JP, Fernandes HJR, Caffrey 
TM, Meyer M, Cowley SA, Larsen MR, Wade-Martins R (2023) 
Post-translational proteomics platform identifies neurite out-
growth impairments in Parkinson’s disease GBA-N370S dopa-
mine neurons. Cell Rep 42(3):112180. https://doi.org/10.1016/j.
celrep.2023.112180

Bonifati V, Rizzu P, van Baren MJ, Schaap O, Breedveld GJ, Krieger 
E, Dekker MCJ, Squitieri F, Ibanez P, Joosse M, van Dongen JW, 
Vanacore N, van Swieten JC, Brice A, Meco G, van Duijn CM, 
Oostra BA, Heutink P (2003) Mutations in the DJ-1 gene associ-
ated with autosomal recessive early-onset parkinsonism. Science 
299(5604):256–259. https://doi.org/10.1126/science.1077209

Bustos BI, Billingsley K, Blauwendraat C, Gibbs JR, Gan-Or Z, 
Krainc D, Singleton AB, Lubbe SJ, International Parkinson’s 
Disease Genomics Consortium (IPDGC) (2023) Genome-wide 
contribution of common short-tandem repeats to Parkinson’s dis-
ease genetic risk. Brain 146(1):65–74. https://doi.org/10.1093/
brain/awac301

1 3

https://doi.org/10.1038/s41467-022-31787-2
https://doi.org/10.1073/pnas.2203769119
https://doi.org/10.1073/pnas.2203769119
https://doi.org/10.1038/ng.3955
https://doi.org/10.1186/s40478-021-01201-x
https://doi.org/10.1186/s40478-021-01201-x
https://doi.org/10.1038/s41593-022-01140-3
https://doi.org/10.1038/s41593-022-01140-3
https://doi.org/10.1016/j.celrep.2022.111631
https://doi.org/10.1126/science.abk0637
https://doi.org/10.1016/j.celrep.2023.112448
https://doi.org/10.1016/j.celrep.2023.112448
https://doi.org/10.1016/j.celrep.2022.111058
https://doi.org/10.1038/s41467-022-33252-6
https://doi.org/10.1038/s41467-023-37815-z
https://doi.org/10.1038/s41467-023-37815-z
https://doi.org/10.1038/s10038-022-01058-5
https://doi.org/10.1038/nm.3457
https://doi.org/10.1038/s41593-023-01345-0
https://doi.org/10.1038/s41593-023-01345-0
https://doi.org/10.1016/j.parkreldis.2009.09.010
https://doi.org/10.1007/s12185-018-2457-8
https://doi.org/10.1038/s41467-023-37454-4
https://doi.org/10.1016/j.celrep.2022.111102
https://doi.org/10.1016/j.celrep.2022.111102
https://doi.org/10.1002/mds.27895
https://doi.org/10.1002/mds.27895
https://doi.org/10.1002/mds.27659
https://doi.org/10.1016/j.celrep.2023.112180
https://doi.org/10.1016/j.celrep.2023.112180
https://doi.org/10.1126/science.1077209
https://doi.org/10.1093/brain/awac301
https://doi.org/10.1093/brain/awac301


H. Matsui, R. Takahashi

Erpapazoglou Z, Usenko T, Maurage CA, Sahbatou M, Liebau S, 
Ding J, Bilgic B, Emre M, Erginel-Unaltuna N, Guven G, Tison 
F, Tranchant C, Vidailhet M, Corvol JC, Krack P, Leutenegger 
AL, Nalls MA, Hernandez DG, Heutink P, Gibbs JR, Hardy J, 
Wood NW, Gasser T, Durr A, Deleuze JF, Tazir M, Destée A, 
Lohmann E, Kabashi E, Singleton A, Corti O, Brice A (2016) 
Loss of VPS13C function in autosomal-recessive parkinsonism 
causes mitochondrial dysfunction and increases PINK1/Parkin-
Dependent Mitophagy. Am J Hum Genet 98(3):500–513. https://
doi.org/10.1016/j.ajhg.2016.01.014. French Parkinson’s Dis-
ease Genetics Study (PDG); International Parkinson’s Disease 
Genomics Consortium (IPDGC)

Li L, Zhao Y, Pan H, Xiang Y, Wang Y, Xu Q, Yan X, Tan J, Li J, Tang 
B, Guo J (2022) Association of rare PPARGC1A variants with 
Parkinson’s disease risk. J Hum Genet 67:687–690. https://doi.
org/10.1038/s10038-022-01074-5

Liu Z, Yang N, Dong J, Tian W, Chang L, Ma J, Guo J, Tan J, Dong 
A, He K, Zhou J, Cinar R, Wu J, Salinas AG, Sun L, Kumar M, 
Sullivan BT, Oldham BB, Pitz V, Makarious MB, Ding J, Kung 
J, Xie C, Hawes SL, Wang L, Wang T, Chan P, Zhang Z, Le W, 
Chen S, Lovinger DM, Blauwendraat C, Singleton AB, Cui G, Li 
Y, Cai H, Tang B (2022) Deficiency in endocannabinoid synthase 
DAGLB contributes to early onset parkinsonism and murine 
nigral dopaminergic neuron dysfunction. Nat Commun 13:3490. 
https://doi.org/10.1038/s41467-022-31168-9

Long H, Zhang S, Zeng S, Tong Y, Liu J, Liu C, Li D (2022) Inter-
action of RAGE with α-synuclein fibrils mediates inflamma-
tory response of microglia. Cell Rep 40(12):111401. https://doi.
org/10.1016/j.celrep.2022.111401

Masato A, Plotegher N, Terrin F, Sandre M, Faustini G, Thor A, Adams 
S, Berti G, Cogo S, De Lazzari F, Fontana CM, Martinez PA, 
Strong R, Bandopadhyay R, Bisaglia M, Bellucci A, Greggio 
E, Dalla Valle L, Boassa D, Bubacco L (2023) DOPAL initiates 
αSynuclein-dependent impaired proteostasis and degeneration of 
neuronal projections in Parkinson’s disease. NPJ Parkinsons Dis 
9(1):42. https://doi.org/10.1038/s41531-023-00485-1

Matsui H, Ito J, Matsui N, Uechi T, Onodera O, Kakita A (2021) 
Cytosolic dsDNA of mitochondrial origin induces cytotoxicity 
and neurodegeneration in cellular and zebrafish models of Par-
kinson’s disease. Nat Commun 12:3101. https://doi.org/10.1038/
s41467-021-23452-x

Matsui H, Ito S, Matsui H, Ito J, Gabdulkhaev R, Hirose M, Yamanaka 
T, Koyama A, Kato T, Tanaka M, Uemura N, Matsui N, Hirokawa 
S, Yoshihama M, Shimozawa A, Kubo SI, Iwasaki K, Hasegawa 
M, Takahashi R, Hirai K, Kakita A, Onodera O (2023) Phos-
phorylation of α-synuclein at T64 results in distinct oligomers 
and exerts toxicity in models of Parkinson’s disease. Proc Natl 
Acad Sci U S A 120(23):e2214652120. https://doi.org/10.1073/
pnas.2214652120

Monogue B, Chen Y, Sparks H, Behbehani R, Chai A, Rajic AJ, 
Massey A, Kleinschmidt-Demasters BK, Vermeren M, Kunath T, 
Beckham JD (2022) Alpha-synuclein supports type 1 interferon 
signalling in neurons and brain tissue. Brain 145(10):3622–3636. 
https://doi.org/10.1093/brain/awac192

Morten MJ, Sirvio L, Rupawala H, Hayes EM, Franco A, Radulescu C, 
Ying L, Barnes SJ, Muga A, Ye Y (2022) Quantitative super-reso-
lution imaging of pathological aggregates reveals distinct toxicity 
profiles in different synucleinopathies. Proc Natl Acad Sci U S A 
119(41):e2205591119. https://doi.org/10.1073/pnas.2205591119

Narendra D, Tanaka A, Suen DF, Youle RJ (2008) Parkin is recruited 
selectively to impaired mitochondria and promotes their 
autophagy. J Cell Biol 183(5):795–803. https://doi.org/10.1083/
jcb.200809125

Nim S, O’Hara DM, Corbi-Verge C, Perez-Riba A, Fujisawa K, Kapa-
dia M, Chau H, Albanese F, Pawar G, De Snoo ML, Ngana SG, 
Kim J, El-Agnaf OMA, Rennella E, Kay LE, Kalia SK, Kalia 

Hancock-Cerutti W, Wu Z, Xu P, Yadavalli N, Leonzino M, Tharkesh-
war AK, Ferguson SM, Shadel GS, De Camilli P (2022) ER-
lysosome lipid transfer protein VPS13C/PARK23 prevents 
aberrant mtDNA-dependent STING signaling. J Cell Biol 
221(7):e202106046. https://doi.org/10.1083/jcb.202106046

Hallacli E, Kayatekin C, Nazeen S, Wang XH, Sheinkopf Z, Sathyaku-
mar S, Sarkar S, Jiang X, Dong X, Di Maio R, Wang W, Keeney 
MT, Felsky D, Sandoe J, Vahdatshoar A, Udeshi ND, Mani DR, 
Carr SA, Lindquist S, De Jager PL, Bartel DP, Myers CL, Greena-
myre JT, Feany MB, Sunyaev SR, Chung CY, Khurana V (2022) 
The Parkinson’s disease protein alpha-synuclein is a modulator 
of processing bodies and mRNA stability. Cell 185(12):2035–
2056e33. https://doi.org/10.1016/j.cell.2022.05.008

Helwig M, Ulusoy A, Rollar A, O’Sullivan SA, Lee SSL, Aboutalebi 
H, Pinto-Costa R, Jevans B, Klinkenberg M, Di Monte DA (2022) 
Neuronal hyperactivity-induced oxidant stress promotes in vivo 
α-synuclein brain spreading. Sci Adv 8(35):eabn0356. https://doi.
org/10.1126/sciadv.abn035

Herman S, Djaldetti R, Mollenhauer B, Offen D (2023) CSF-derived 
extracellular vesicles from patients with Parkinson’s disease 
induce symptoms and pathology. Brain 146(1):209–224. https://
doi.org/10.1093/brain/awac261

Hu M, Li P, Wang C, Feng X, Geng Q, Chen W, Marthi M, Zhang W, 
Gao C, Reid W, Swanson J, Du W, Hume RI, Xu H (2022) Parkin-
son’s disease-risk protein TMEM175 is a proton-activated proton 
channel in lysosomes. Cell 185(13):2292–2308e20. https://doi.
org/10.1016/j.cell.2022.05.021

Imberechts D, Kinnart I, Wauters F, Terbeek J, Manders L, Wierda K, 
Eggermont K, Furtado Madeiro R, Sue C, Verfaillie C, Vanden-
berghe W (2022) DJ-1 is an essential downstream mediator in 
PINK1/parkin-dependent mitophagy. Brain 145(12):4368–4384. 
https://doi.org/10.1093/brain/awac313

Jin M, Matsumoto S, Ayaki T, Yamakado H, Taguchi T, Togawa N, 
Konno A, Hirai H, Nakajima H, Komai S, Ishida R, Chiba S, 
Takahashi R, Takao T, Hirotsune S (2022) DOPAnization of tyro-
sine in α-synuclein by tyrosine hydroxylase leads to the formation 
of oligomers. Nat Commun 13(1):6880. https://doi.org/10.1038/
s41467-022-34555-4

Kalia LV, Lang AE (2015) Parkinson’s disease. Lancet 386(9996):896–
912. https://doi.org/10.1016/S0140-6736(14)61393-3

Kam TI, Park H, Chou SC, Van Vranken JG, Mittenbühler MJ, 
Kim H, Mu A, Choi YR, Biswas D, Wang J, Shin Y, Loder A, 
Karuppagounder SS, Wrann CD, Dawson VL, Spiegelman BM, 
Dawson TM (2022) Amelioration of pathologic α-synuclein-
induced Parkinson’s disease by irisin. Proc Natl Acad Sci U S A 
119(36):e2204835119. https://doi.org/10.1073/pnas.2204835119

Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, 
Minoshima S, Yokochi M, Mizuno Y, Shimizu N (1998) Muta-
tions in the parkin gene cause autosomal recessive juvenile par-
kinsonism. Nature 392:605–608. https://doi.org/10.1038/33416

Kluss JH, Beilina A, Williamson CD, Lewis PA, Cookson MR, Bonet-
Ponce L (2022) Lysosomal positioning regulates Rab10 phos-
phorylation at LRRK2 + lysosomes. Proc Natl Acad Sci U S A 
119(43):e2205492119. https://doi.org/10.1073/pnas.2205492119

Krohn L, Öztürk TN, Vanderperre B, Bencheikh BOA, Ruskey JA, 
Laurent SB, Spiegelman D, Postuma RB, Arnulf I, Hu MTM, 
Dauvilliers Y, Högl B, Stefani A, Monaca CC, Plazzi G, Antelmi 
E, Ferini-Strambi L, Heidbreder A, Rudakou U, Cochen De Cock 
V, Young P, Wolf P, Oliva P, Zhang XK, Greenbaum L, Liong C, 
Gagnon JF, Desautels A, Hassin-Baer S, Montplaisir JY, Dupré 
N, Rouleau GA, Fon EA, Trempe JF, Lamoureux G, Alcalay RN, 
Gan-Or Z (2020) Genetic, structural, and functional evidence 
link TMEM175 to Synucleinopathies. Ann Neurol 87:139–153. 
https://doi.org/10.1002/ana.25629

Lesage S, Drouet V, Majounie E, Deramecourt V, Jacoupy M, Nico-
las A, Cormier-Dequaire F, Hassoun SM, Pujol C, Ciura S, 

1 3

https://doi.org/10.1016/j.ajhg.2016.01.014
https://doi.org/10.1016/j.ajhg.2016.01.014
https://doi.org/10.1038/s10038-022-01074-5
https://doi.org/10.1038/s10038-022-01074-5
https://doi.org/10.1038/s41467-022-31168-9
https://doi.org/10.1016/j.celrep.2022.111401
https://doi.org/10.1016/j.celrep.2022.111401
https://doi.org/10.1038/s41531-023-00485-1
https://doi.org/10.1038/s41467-021-23452-x
https://doi.org/10.1038/s41467-021-23452-x
https://doi.org/10.1073/pnas.2214652120
https://doi.org/10.1073/pnas.2214652120
https://doi.org/10.1093/brain/awac192
https://doi.org/10.1073/pnas.2205591119
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1083/jcb.202106046
https://doi.org/10.1016/j.cell.2022.05.008
https://doi.org/10.1126/sciadv.abn035
https://doi.org/10.1126/sciadv.abn035
https://doi.org/10.1093/brain/awac261
https://doi.org/10.1093/brain/awac261
https://doi.org/10.1016/j.cell.2022.05.021
https://doi.org/10.1016/j.cell.2022.05.021
https://doi.org/10.1093/brain/awac313
https://doi.org/10.1038/s41467-022-34555-4
https://doi.org/10.1038/s41467-022-34555-4
https://doi.org/10.1016/S0140-6736(14)61393-3
https://doi.org/10.1073/pnas.2204835119
https://doi.org/10.1038/33416
https://doi.org/10.1073/pnas.2205492119
https://doi.org/10.1002/ana.25629


Current trends in basic research on Parkinson’s disease: from mitochondria, lysosome to α-synuclein

galactosylceramidase enzymatic activity and risk of Parkinson’s 
disease. Brain 146(5):1859–1872. https://doi.org/10.1093/brain/
awac413

Sidransky E, Nalls MA, Aasly JO, Aharon-Peretz J, Annesi G, Barbosa 
ER, Bar-Shira A, Berg D, Bras J, Brice A, Chen CM, Clark LN, 
Condroyer C, De Marco EV, Dürr A, Eblan MJ, Fahn S, Farrer 
MJ, Fung HC, Gan-Or Z, Gasser T, Gershoni-Baruch R, Giladi N, 
Griffith A, Gurevich T, Januario C, Kropp P, Lang AE, Lee-Chen 
GJ, Lesage S, Marder K, Mata IF, Mirelman A, Mitsui J, Mizuta 
I, Nicoletti G, Oliveira C, Ottman R, Orr-Urtreger A, Pereira LV, 
Quattrone A, Rogaeva E, Rolfs A, Rosenbaum H, Rozenberg R, 
Samii A, Samaddar T, Schulte C, Sharma M, Singleton A, Spitz 
M, Tan EK, Tayebi N, Toda T, Troiano AR, Tsuji S, Wittstock M, 
Wolfsberg TG, Wu YR, Zabetian CP, Zhao Y, Ziegler SG (2009) 
Multicenter analysis of glucocerebrosidase mutations in Parkin-
son’s disease. N Engl J Med 361(17):1651–1661. https://doi.
org/10.1056/nejmoa0901281

Simón-Sánchez J, Schulte C, Bras JM, Sharma M, Gibbs JR, Berg D, 
Paisan-Ruiz C, Lichtner P, Scholz SW, Hernandez DG, Krüger R, 
Federoff M, Klein C, Goate A, Perlmutter J, Bonin M, Nalls MA, 
Illig T, Gieger C, Houlden H, Steffens M, Okun MS, Racette BA, 
Cookson MR, Foote KD, Fernandez HH, Traynor BJ, Schreiber 
S, Arepalli S, Zonozi R, Gwinn K, van der Brug M, Lopez G, 
Chanock SJ, Schatzkin A, Park Y, Hollenbeck A, Gao J, Huang 
X, Wood NW, Lorenz D, Deuschl G, Chen H, Riess O, Hardy JA, 
Singleton AB, Gasser T (2009) Genome-wide association study 
reveals genetic risk underlying Parkinson’s disease. Nat Genet 
41(12):1308–1312. https://doi.org/10.1038/ng.487

Sliter DA, Martinez J, Hao L, Chen X, Sun N, Fischer TD, Burman JL, 
Li Y, Zhang Z, Narendra DP, Cai H, Borsche M, Klein C, Youle 
RJ (2018) Parkin and PINK1 mitigate STING-induced inflam-
mation. Nature 561(7722):258–262. https://doi.org/10.1038/
s41586-018-0448-9

Smolders S, Broeckhoven CV (2020) Genetic perspective on the syn-
ergistic connection between vesicular transport, lysosomal and 
mitochondrial pathways associated with Parkinson’s disease 
pathogenesis. Acta Neuropathol Commun 8(1):63. https://doi.
org/10.1186/s40478-020-00935-4

Soutar MPM, Melandri D, O’Callaghan B, Annuario E, Monaghan 
AE, Welsh NJ, D’Sa K, Guelfi S, Zhang D, Pittman A (2022) 
Regulation of mitophagy by the NSL complex underlies genetic 
risk for Parkinson’s disease at 16q11.2 and MAPT H1 loci. Brain 
145(12):4349–4367. https://doi.org/10.1093/brain/awac325

Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, 
Goedert M (1997) Alpha-synuclein in Lewy bodies. Nature 
388(6645):839–840. https://doi.org/10.1038/42166

Stepien KM, Roncaroli F, Turton N, Hendriksz CJ, Roberts M, Hea-
ton RA, Hargreaves I (2020) Mechanisms of mitochondrial dys-
function in Lysosomal Storage Disorders: a review. J Clin Med 
9(8):2596. https://doi.org/10.3390/jcm9082596

Sulzer D, Edwards RH (2019) The physiological role of α-synuclein 
and its relationship to Parkinson’s Disease. J Neurochem 
150(5):475–486. https://doi.org/10.1111/jnc.14810

Ueda J, Uemura N, Sawamura M, Taguchi T, Ikuno M, Kaji S, Taruno 
Y, Matsuzawa S, Yamakado H, Takahashi R (2021) Peram-
panel inhibits α-Synuclein transmission in Parkinson’s Disease 
models. Mov Disord 36(7):1554–1564. https://doi.org/10.1002/
mds.28558

Ueda J, Uemura N, Ishimoto T, Taguchi T, Sawamura M, Nakanishi E, 
Ikuno M, Matsuzawa S, Yamakado H, Takahashi R (2023) Ca2+ 
-Calmodulin-calcineurin signaling modulates α-Synuclein trans-
mission. Mov Disord 38(6):1056–1067. https://doi.org/10.1002/
mds.29401

Uemura N, Koike M, Ansai S, Kinoshita M, Ishikawa-Fujiwara T, Mat-
sui H, Naruse K, Sakamoto N, Uchiyama Y, Todo T, Takeda S, 
Yamakado H, Takahashi R (2015) Viable neuronopathic gaucher 

LV, Kim PM (2023) Disrupting the α-synuclein-ESCRT interac-
tion with a peptide inhibitor mitigates neurodegeneration in pre-
clinical models of Parkinson’s disease. Nat Commun 14(1):2150. 
https://doi.org/10.1038/s41467-023-37464-2

Nyuzuki H, Ito S, Nagasaki K, Nitta Y, Matsui N, Saitoh A, Matsui 
H (2020) Degeneration of dopaminergic neurons and impaired 
intracellular trafficking in Atp13a2 deficient zebrafish. IBRO Rep 
9:1–8. https://doi.org/10.1016/j.ibror.2020.05.002

Paisan-Ruiz C, Jain S, Evans EW, Gilks WP, Simon J, van der Brug 
M, Lopez de Munain A, Aparicio S, Gil AM, Khan N, John-
son J, Martinez JR, Nicholl D, Carrera IM, Pena AS, de Silva 
R, Lees A, Marti-Masso JF, Perez-Tur J, Wood NW, Singleton 
AB (2004) Cloning of the gene containing mutations that cause 
PARK8-linked Parkinson’s disease. Neuron 44:595–600. https://
doi.org/10.1016/j.neuron.2004.10.023

Piccinin E, Sardanelli AM, Seibel P, Moschetta A, Cocco T, Villani G 
(2021) PGC-1s in the spotlight with Parkinson’s Disease. Int J 
Mol Sci 22(7):3487. https://doi.org/10.3390/ijms22073487

Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra 
A, Pike B, Root H, Rubenstein J, Boyer R, Stenroos ES, Chan-
drasekharappa S, Athanassiadou A, Papapetropoulos T, Johnson 
WG, Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe LI, Nuss-
baum RL (1997) Mutation in the alpha-synuclein gene identified 
in families with Parkinson’s disease. Science 276:2045–2047. 
https://doi.org/10.1126/science.276.5321.204

Ramirez A, Heimbach A, Gründemann J, Stiller B, Hampshire D, Cid 
LP, Goebel I, Mubaidin AF, Wriekat AL, Roeper J, Al-Din A, 
Hillmer AM, Karsak M, Liss B, Woods CG, Behrens MI, Kubisch 
C (2006) Hereditary parkinsonism with dementia is caused by 
mutations in ATP13A2, encoding a lysosomal type 5 P-type 
ATPase. Nat Genet 38(10):1184–1191. https://doi.org/10.1038/
ng1884

Reimer L, Gram H, Jensen NM, Betzer C, Yang L, Jin L, Shi M, 
Boudeffa D, Fusco G, De Simone A, Kirik D, Lashuel HA, Zhang 
J, Jensen PH (2022) Protein kinase R dependent phosphorylation 
of α-synuclein regulates its membrane binding and aggregation. 
PNAS Nexus 1(5):pgac259. https://doi.org/10.1093/pnasnexus/
pgac259

Rinaldi C, Waters CS, Li Z, Kumbier K, Rao L, Nichols RJ, Jacobson 
MP, Wu LF, Altschuler SJ (2023) Dissecting the effects of GTPase 
and kinase domain mutations on LRRK2 endosomal localization 
and activity. Cell Rep 42(5):112447. https://doi.org/10.1016/j.
celrep.2023.112447

Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, Kawa-
guchi T, Tsunoda T, Watanabe M, Takeda A, Tomiyama H, 
Nakashima K, Hasegawa K, Obata F, Yoshikawa T, Kawakami H, 
Sakoda S, Yamamoto M, Hattori N, Murata M, Nakamura Y, Toda 
T (2009) Genome-wide association study identifies common vari-
ants at four loci as genetic risk factors for Parkinson’s disease. 
Nat Genet 41(12):1303–1307. https://doi.org/10.1038/ng.485

Sawamura M, Onoe H, Tsukada H, Isa K, Yamakado H, Okuda S, 
Ikuno M, Hatanaka Y, Murayama S, Uemura N, Isa T, Takahashi 
R (2022) Lewy Body Disease Primate Model with α-Synuclein 
propagation from the olfactory bulb. Mov Disord 37(10):2033–
2044. https://doi.org/10.1002/mds.29161

Sen A, Kallabis S, Gaedke F, Jüngst C, Boix J, Nüchel J, Maliphol K, 
Hofmann J, Schauss AC, Krüger M, Wiesner RJ, Pla-Martín D 
(2022) Mitochondrial membrane proteins and VPS35 orchestrate 
selective removal of mtDNA. Nat Commun 13:6704. https://doi.
org/10.1038/s41467-022-34205-9

Senkevich K, Zorca CE, Dworkind A, Rudakou U, Somerville E, Yu 
E, Ermolaev A, Nikanorova D, Ahmad J, Ruskey JA, Asayesh 
F, Spiegelman D, Fahn S, Waters C, Monchi O, Dauvilliers Y, 
Dupré N, Greenbaum L, Hassin-Baer S, Grenn FP, Chiang MSR, 
Sardi SP, Vanderperre B, Blauwendraat C, Trempe JF, Fon EA, 
Durcan TM, Alcalay RN, Gan-Or Z (2023) GALC variants affect 

1 3

https://doi.org/10.1093/brain/awac413
https://doi.org/10.1093/brain/awac413
https://doi.org/10.1056/nejmoa0901281
https://doi.org/10.1056/nejmoa0901281
https://doi.org/10.1038/ng.487
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1038/s41586-018-0448-9
https://doi.org/10.1186/s40478-020-00935-4
https://doi.org/10.1186/s40478-020-00935-4
https://doi.org/10.1093/brain/awac325
https://doi.org/10.1038/42166
https://doi.org/10.3390/jcm9082596
https://doi.org/10.1111/jnc.14810
https://doi.org/10.1002/mds.28558
https://doi.org/10.1002/mds.28558
https://doi.org/10.1002/mds.29401
https://doi.org/10.1002/mds.29401
https://doi.org/10.1038/s41467-023-37464-2
https://doi.org/10.1016/j.ibror.2020.05.002
https://doi.org/10.1016/j.neuron.2004.10.023
https://doi.org/10.1016/j.neuron.2004.10.023
https://doi.org/10.3390/ijms22073487
https://doi.org/10.1126/science.276.5321.204
https://doi.org/10.1038/ng1884
https://doi.org/10.1038/ng1884
https://doi.org/10.1093/pnasnexus/pgac259
https://doi.org/10.1093/pnasnexus/pgac259
https://doi.org/10.1016/j.celrep.2023.112447
https://doi.org/10.1016/j.celrep.2023.112447
https://doi.org/10.1038/ng.485
https://doi.org/10.1002/mds.29161
https://doi.org/10.1038/s41467-022-34205-9
https://doi.org/10.1038/s41467-022-34205-9


H. Matsui, R. Takahashi

TT, Hasegawa K, Vidal R, Murayama S, Revesz T, Ghetti B, 
Hasegawa M, Lashley T, Scheres SHW, Goedert M (2022a) 
Structures of α-synuclein filaments from human brains with Lewy 
pathology. Nature 610(7933):791–795. https://doi.org/10.1038/
s41586-022-05319-3

Yang Y, Song JJ, Choi YR, Kim SH, Seok MJ, Wulansari N, Dar-
sono WHW, Kwon OC, Chang MY, Park SM, Lee SH (2022b) 
Therapeutic functions of astrocytes to treat α-synuclein 
pathology in Parkinson’s disease. Proc Natl Acad Sci U S A 
119(29):e2110746119. https://doi.org/10.1073/pnas.2110746119

Zampese E, Wokosin DL, Gonzalez-Rodriguez P, Guzman JN, Tkatch 
T, Kondapalli J, Surmeier WC, D’Alessandro KB, De Stefani D, 
Rizzuto R, Iino M, Molkentin JD, Chandel NS, Schumacker PT, 
Surmeier DJ (2022) Ca2 + channels couple spiking to mitochon-
drial metabolism in substantia nigra dopaminergic neurons. Sci 
Adv 8(39):eabp8701. https://doi.org/10.1126/sciadv.abp870

Zanotti LC, Malizia F, Cesatti Laluce N, Avila A, Mamberto M, 
Anselmino LE, Menacho-Márquez M (2023) Synuclein pro-
teins in Cancer Development and Progression. Biomolecules 
13(6):980. https://doi.org/10.3390/biom13060980

Zhang S, Zhu R, Pan B, Xu H, Olufemi MF, Gathagan RJ, Li Y, 
Zhang L, Zhang J, Xiang W, Kagan EM, Cao X, Yuan C, Kim 
SJ, Williams CK, Magaki S, Vinters HV, Lashuel HA, Garcia 
BA, Petersson EJ, Trojanowski JQ, Lee VMY, Peng C (2023) 
Post-translational modifications of soluble α-synuclein regu-
late the amplification of pathological α-synuclein. Nat Neurosci 
26(2):213–225. https://doi.org/10.1038/s41593-022-01239-7

Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, Lincoln S, 
Kachergus J, Hulihan M, Uitti RJ, Calne DB, Stoessl AJ, Pfei-
ffer RF, Patenge N, Carbajal IC, Vieregge P, Asmus F, Muller-
Myhsok B, Dickson DW, Meitinger T, Strom TM, Wszolek ZK, 
Gasser T (2004) Mutations in LRRK2 cause autosomal-dominant 
parkinsonism with pleomorphic pathology. Neuron 44:601–607. 
https://doi.org/10.1016/j.neuron.2004.11.005

Zimprich A, Benet-Pagès A, Struhal W, Graf E, Eck SH, Offman MN, 
Haubenberger D, Spielberger S, Schulte EC, Lichtner P, Rossle 
SC, Klopp N, Wolf E, Seppi K, Pirker W, Presslauer S, Mol-
lenhauer B, Katzenschlager R, Foki T, Hotzy C, Reinthaler E, 
Harutyunyan A, Kralovics R, Peters A, Zimprich F, Brücke T, 
Poewe W, Auff E, Trenkwalder C, Ransmayr G, Winkelmann J, 
Meitinger T, Strom TM (2011) A mutation in VPS35, encoding a 
subunit of the retromer complex, causes late-onset Parkinson dis-
ease. Am J Hum Genet 89(1):168–175. https://doi.org/10.1016/j.
ajhg.2011.06.008

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

disease model in Medaka (Oryzias latipes) displays axonal 
accumulation of alpha-synuclein. PLoS Genet 11(4):e1005065. 
https://doi.org/10.1371/journal.pgen.1005065

Uemura N, Ueda J, Yoshihara T, Ikuno M, Uemura MT, Yamakado 
H, Asano M, Trojanowski JQ, Takahashi R (2021) α-Synuclein 
spread from olfactory bulb causes hyposmia, anxiety, and mem-
ory loss in BAC-SNCA mice. Mov Disord 36(9):2036–2047. 
https://doi.org/10.1002/mds.28512

Ulamec SM, Maya-Martinez R, Byrd EJ, Dewison KM, Xu Y, Wil-
lis LF, Sobott F, Heath GR, van Oosten Hawle P, Buchman 
VL, Radford SE, Brockwell DJ (2022) Single residue modu-
lators of amyloid formation in the N-terminal P1-region of 
α-synuclein. Nat Commun 13(1):4986. https://doi.org/10.1038/
s41467-022-32687-1

Valente EM, Abou-Sleiman PM, Caputo V, Muqit MMK, Harvey 
K, Gispert S, Ali Z, Del Turco D, Bentivoglio AR, Healy DG, 
Albanese A, Nussbaum R, González-Maldonado R, Deller T, 
Salvi S, Cortelli P, Gilks WP, Latchman DS, Harvey RJ, Dal-
lapiccola B, Auburger G, Wood NW (2004) Hereditary early-
onset Parkinson’s disease caused by mutations in PINK1. Science 
304(5674):1158–1160. https://doi.org/10.1126/science.1096284

Vilariño-Güell C, Wider C, Ross OA, Dachsel JC, Kachergus JM, 
Lincoln SJ, Soto-Ortolaza AI, Cobb SA, Wilhoite GJ, Bacon JA, 
Behrouz B, Melrose HL, Hentati E, Puschmann A, Evans DM, 
Conibear E, Wasserman WY, Aasly JO, Burkhard PR, Djaldetti 
R, Ghika J, Hentati F, Krygowska-Wajs A, Lynch T, Melamed 
E, Rajput A, Rajput AH, Solida A, Wu RM, Uitti RJ, Wszolek 
ZK, Vingerhoets F, Farrer MJ (2011) VPS35 mutations in Par-
kinson disease. Am J Hum Genet 89(1):162–167. https://doi.
org/10.1016/j.ajhg.2011.06.001

Virdi GS, Choi ML, Evans JR, Yao Z, Athauda D, Strohbuecker S, 
Nirujogi RS, Wernick AI, Pelegrina-Hidalgo N, Leighton C, 
Saleeb RS, Kopach O, Alrashidi H, Melandri D, Perez-Lloret 
J, Angelova PR, Sylantyev S, Eaton S, Heales S, Rusakov DA, 
Alessi DR, Kunath T, Horrocks MH, Abramov AY, Patani R, 
Gandhi S (2022) Protein aggregation and calcium dysregula-
tion are hallmarks of familial Parkinson’s disease in midbrain 
dopaminergic neurons. NPJ Parkinsons Dis 8(1):162. https://doi.
org/10.1038/s41531-022-00423-7

Weterman MA, Ajubi N, van Dinter IM, Degen WG, van Muijen GN, 
Ruitter DJ, Bloemers HP (1995) Nmb, a novel gene, is expressed 
in low-metastatic human melanoma cell lines and xenografts. Int 
J Cancer 60(1):73–81. https://doi.org/10.1002/ijc.2910600111

Xie YX, Naseri NN, Fels J, Kharel P, Na Y, Lane D, Burré J, Sharma 
M (2022) Lysosomal exocytosis releases pathogenic α-synuclein 
species from neurons in synucleinopathy models. Nat Commun 
13(1):4918. https://doi.org/10.1038/s41467-022-32625-1

Yang Y, Shi Y, Schweighauser M, Zhang X, Kotecha A, Murzin 
AG, Garringer HJ, Cullinane PW, Saito Y, Foroud T, Warner 

1 3

https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1038/s41586-022-05319-3
https://doi.org/10.1073/pnas.2110746119
https://doi.org/10.1126/sciadv.abp870
https://doi.org/10.3390/biom13060980
https://doi.org/10.1038/s41593-022-01239-7
https://doi.org/10.1016/j.neuron.2004.11.005
https://doi.org/10.1016/j.ajhg.2011.06.008
https://doi.org/10.1016/j.ajhg.2011.06.008
https://doi.org/10.1371/journal.pgen.1005065
https://doi.org/10.1002/mds.28512
https://doi.org/10.1038/s41467-022-32687-1
https://doi.org/10.1038/s41467-022-32687-1
https://doi.org/10.1126/science.1096284
https://doi.org/10.1016/j.ajhg.2011.06.001
https://doi.org/10.1016/j.ajhg.2011.06.001
https://doi.org/10.1038/s41531-022-00423-7
https://doi.org/10.1038/s41531-022-00423-7
https://doi.org/10.1002/ijc.2910600111
https://doi.org/10.1038/s41467-022-32625-1

	Current trends in basic research on Parkinson’s disease: from mitochondria, lysosome to α-synuclein
	Abstract
	Introduction
	Mitochondrial factors in PD pathogenesis
	Lysosomal factors in PD pathogenesis
	Vesicular transport factors in PD pathogenesis
	α-synuclein aggregation, propagation and toxicity in PD pathogenesis
	Physiological functions of α-synuclein in PD pathogenesis
	Conclusion
	References


