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Abstract
With increasing life expectancy, a growing number of individuals are being affected by Parkinson's Disease (PD), a Neuro-
degenerative Disease (ND). Approximately, 5–10% of PD is explained by genetic causes linked to known PD genes. With 
improvements in genetic testing and high-throughput technologies, more PD-associated susceptibility genes have been 
reported in recent years. However, a comprehensive review of the pathogenic mechanisms and physiological roles of these 
genes is still lacking. This article reviews novel genes with putative or confirmed pathogenic mutations in PD reported 
since 2019, summarizes the physiological functions and potential associations with PD. Newly reported PD-related genes 
include ANK2, DNAH1, STAB1, NOTCH2NLC, UQCRC1, ATP10B, TFG, CHMP1A, GIPC1, KIF21B, KIF24, SLC25A39, 
SPTBN1 and TOMM22. However, the evidence for pathogenic effects of many of these genes is inconclusive. A variety of 
novel PD-associated genes have been identified through clinical cases of PD patients and analysis of Genome-Wide Asso-
ciation Studies (GWAS). However, more evidence is needed in confirm the strong association of novel genes with disease.
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Abbreviations
PD	� Parkinson's disease
AD	� Alzheimer’s disease
α-syn	� Alpha-synuclein
GWAS	� Genome-wide association studies
LRRK2	� Leucine-rich repeat kinase 2
AAO	� Age at onset
MMAF	� Multiple morphological abnormalities of the 

flagella
UTR​	� Untranslated regions
NIID	� Neuronal intranuclear inclusion disease
CNS	� Central nervous system
WES	� Whole exome sequencing
ALS	� Amyotrophic lateral sclerosis
LOPD	� Late-onset PD
EOPD	� Early-onset PD
ND	� Neurodegenerative diseases
ERS	� Endoplasmic reticulum stress

Introduction

PD is the second most prominent ND after Alzheimer’s Dis-
ease (AD), involving 2–3% of the population aged above 
65 years, which is mainly triggered by depletion of dopa-
minergic neurons located in the substantia nigra region of 
the basal ganglia and by the deposition of abnormal fibrillar 
alpha-synuclein (α-syn) in Lewy neurons [1]. The develop-
ment of PD is associated with age, environmental changes, 
and genetic susceptibility.

Since the description of PD in 1817 by James Parkinson, 
scientists have been trying to decipher the pathogenesis of 
PD [2]. It is well known that the most hallmarks neuropatho-
logical features of PD are neuronal loss in the substantia 
nigra, striataum dopaminergic deficiency, and accumulation 
of α-syn in intraneuronal inclusion bodies [3].

More recent studies, however, show that oxidative stress, 
mitochondrial dysfunction, cellular calcium imbalance, neu-
roinflammation, ferroptosis, Gut–brain axis, and other neu-
rotransmitter system defects play a role in the pathogenesis 
of PD [4, 5]. Studies have shown that genetic factors can 
explain 5–10% of PD [6]. Nearly, 25 years have passed since 
the discovery of the first Parkinson's-related genetic gene, 
SNCA, mutations in which are associated with autosomal 
dominant PD [7]. The most frequent autosomal dominant 
monogenic PD is caused by mutations in the gene encoding 
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Leucine-Rich Repeat Kinase 2 (LRRK2) [8]. Advances 
in genetic research methods have led to insights into how 
genetic background contribute to the development of PD, the 
use of state-of-the-art new methods in clinical practice has 
identified more than 100 genes or motifs associated with PD 
[9], and helps to predict disease risk and to predict specific 
clinical outcomes [10]. Figure 1 summarizes the timeline 
of milestone discoveries associated with major PD genes 
between 1997 and 2018 (Fig. 1).

However, more PD causative genes are being uncovered, 
which can facilitate investigation of pathogenic mechanism, 
and further promote the development of future diagnostic 
and therapeutic approaches. This study reviews relevant lit-
erature published in NCBI PubMed, Web of Science and 
Google Scholar from 2019 until 2022. The relevant literature 
was extracted from the databases with the following key-
word combinations: "Parkinson's disease" OR "Novel muta-
tion" OR "Genome-wide association studies" AND "Clinical 
cases" as well as free-text words. Newly reported PD-related 
genes include ANK2, DNAH1, STAB1, NOTCH2NLC, 
UQCRC1, MBNL2, GBF1, ATP10B, TFG, CHMP1A, 
GIPC1, IMMT, KIF21B, KIF24, MAN2C1, SLC25A39, 
SPTBN1, TOMM22 and ZSCAN21. However, the evidence 
for pathogenic effects of many of these genes is inconclu-
sive. As additional genes are discovered to be linked to PD, 
studies of these genetics have revealed the complexity of 
PD and provided insights into its pathogenesis and etiology.

Novel genes for PD

Since 2019, more than ten gene mutations have been 
recorded as novel causes of PD. The following sections serve 
as a review of the available reports on the clinical picture 
and genetic information. All these discoveries are recent, 
and it is today not proven that mutations in these genes cause 
PD. The presence of rare variants within these loci that may 
account for the increased susceptibility requires additional 
investigation. Table 1 summarizes the PD-associated genes 
identified since 2019 that commonly contribute to Early-
Onset PD (EOPD) or Late-Onset PD (LOPD). Figure 2 sum-
marizes the expression localization of these genes within the 
organelles (Fig. 2). 

ANK2 (Ankyrin 2)

ANK2 is a gene encoding a member of the analytic family of 
proteins, which binds membrane proteins to the actin/myosin 
system in the cytoskeleton [11]. In 2019, Elisabeth Luisa 
Germer et al. [12] reported ANK2 mutations in 109 subjects 
exomes in Germany with exome sequencing. Three patients 
carried the ANK2 p.V3634D variant and two patients car-
ried the ANK2 p.R3906W variant with an earliest age of 
onset (AAO) of 28 years. The other male patient was a 
compound heterozygote for the PRKN pathogenic variant 
(deletion 3–4 and exon 7–12 duplication) and the ANK2 

Fig. 1   Timeline of milestone discoveries related to the main genes of PD (1997–2018)
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p.V3634D variant. In 2017, a meta-analysis of GWAS with 
PD patients and controls individuals identified highly signifi-
cant variants rs78738012 next to the ANK2 gene, providing 
independent evidence that ANK2 alterations contribute to 
the pathogenesis of PD [13].

ANK2 is associated with the development of several 
neurodevelopmental disorders, such as epilepsy, intellec-
tual disability and autism, focal and generalized tonic–clonic 
seizures [14]. Studies have shown that ANK2 interacts 
with PINK1/Parkin-target proteins such as MIRO1 or 
ATP1A2, and ANK2-derived peptides are potent inhibitors 
of autophagy, which are both required to stabilize APC2 at 
microtubule branch points and to control the axonal transport 
of mitochondria to such points within neuronal dendrites 
[15]. Furthermore, in an ubiquitination analysis performed 
by researchers in the PARK2-mouse model, ANK2-con-
trolled ATP1A2 was reported to be a novel neuron-specific 
Parkin substrates [16]. More detailed studies are needed to 
confirm the relationship between ANK2 and PD.

DNAH1 (Dynein Axonemal Heavy Chain 1)

DNAH1 encodes an inner dynein arm heavy chain, naturally 
occurring mutations are linked to primary ciliary dyskinesia 
and multiple morphological anomalies of the flagella that 
result in male infertility [17]. A woman from Poland carry-
ing the DNAH1 p.A3639T mutation was diagnosed with PD 
at age 32 in 2019. Two patients with a LRRK2 p.R1441C 
mutation also carry a DNAH1 p.S1089G variant [12]. Cur-
rently, only the aforementioned cases have been identified 
with DNAH1 mutations within PD patients, more clinical 
data are needed to support the association between PD and 
DNAH1 mutation. Previous studies have shown that dys-
function of the DNAH1 gene can lead to ND. GWAS have 

shown that variants of DNAH1 are reported in patients with 
multiple sclerosis [18], which is an autoimmune-mediated 
ND of the Central Nervous System (CNS) characterized by 
inflammatory demyelination with axonal transection [19]. 
As of 2020, more than 30 cases of PD patients with MS have 
been reported and a few cases of demyelination-related sec-
ondary PD have been described. Multiple sclerosis is closely 
associated with PD [20]. Although mutations in DNAH1 
have been reported in clinical cases leading to the devel-
opment of PD, further studies are needed to determine the 
association.

STAB1 (Stalin 1)

Two sisters with the STAB1 p.S1089G variant in Elisabeth 
Luisa Germer's [12] discovery cohorts harbor a homozy-
gous PINK1 p.Q456X variant. The patients' have an AAO 
of 51 and 80 years, respectively. STAB1 encodes a larger, 
transmembrane receptor protein that may function in angio-
genesis, lymphocyte homing, cell adhesion, or receptor 
scavenging [21]. STAB1 has two functions in lymphocyte 
homing and endocytosis of ligands such as low-density lipo-
protein, that would be consistent with a role for microglia 
in PD [22]. Additionally, Satb1-dependent Cntn5 expres-
sion in ON–OFF direction-selective ganglion cells leads to 
branch-specific homophilic interactions with interneurons 
[23]. However, there is still lack of evidence regarding the 
correlation between PD and STAB1 and further studies are 
needed.

NOTCH2NLC (Notch 2 N‑Terminal Like C)

In 2019, the NOTCH2NLC gene 5’ untranslated regions 
(UTR) GGC repeat expansion mutations were identified as 

Fig. 2   Novel genes associ-
ated with PD were identified 
since 2019
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a genetic contributor of Neuronal Intranuclear Inclusion Dis-
ease (NIID) in a five-generation Chinese Han NIID family. 
Researchers reported three PD-affected families had GGC 
expansion in NOTCH2NLC [24]. NIID is a slowly progres-
sive, ND which part of the clinical phenotypes include PD 
[25]. More reported cases with NOTCH2NLC GGC repeat 
expansion in PD patient has been discovered [26, 27].

NOTCH2NLC is located in chromosome 1q21.2 and 
positive regulation of the Notch signaling pathway [28], 
an important regulatory pathway that affects normal cell 
morphology and development. The principal clinical mani-
festations in NOTCH2NLC GGC repeat expansion include 
muscle weakness, cognitive impairment, PD, leukoencepha-
lopathy, and so forth [29]. Some hypotheses have been sug-
gested to involve in the pathogenesis of CGG expansion in 
NOTCH2NLC. For example, mistranslation by non-AUG 
upstream of extended GGC repeats may generate patho-
logical proteins that can lead to disease [30]. Second, this 
repetition may produce RNA gain-of-function toxicity [31]. 
Third, the presence of GGC repeats may lead to aberrant 
methylation [24]. Researchers conducted a preliminary dem-
onstration of the association study between NOTCH2NLC 
and PD, extensive experiments in cells and animal models 
are needed for further study.

UQCRC1 (Ubiquinol‑Cytochrome C Reductase Core 
Protein 1)

In 2019, a novel missense mutation UQCRC1 p.Y314S 
was reported in the eastern Asia family with autosomal-
dominant inheritance EOPD via whole-exome sequencing 
analysis [32]. All affected UQCRC1 heterozygotic carriers 
presented with asymmetrical onset tremor-predominant lev-
odopa-responsive PD. The mean AAO of 54.2 ± 8.7 years. 
Another two novel variants, UQCRC1 p.I311L and an allele 
with concomitant splicing mutation c.70-1G > A and a frame 
shift insertion p.Ala25Gfs*27 in two families were detected 
among 699 autosomal dominant-inherited PD families from 
several East Asian populations [33]. However, there appear 
to be geographical differences in disease risk between 
UQCRC1 mutations and PD, with no UQCRC1 mutations 
detected in Caucasian PD patients in Europe [ 34, 35].

UQCRC1 is a subunit of mitochondrial ubiquinol-
cytochrome c reductase and the function mainly is involved 
in oxidative phosphorylation and acts mitochondrial elec-
tron transport [36]. It is a biomarker of AD. Some hypoth-
eses have been proposed to involve in the pathogenesis of 
UQCRC1 and PD. Researchers constructed SH-SY5Y cell 
lines with the UQCRC1 p.Y314S mutant, found that the 
mutant cell lines exhibited neuronal shortening and dis-
rupted mitochondrial respiratory chain complex III activ-
ity in neurons [32]. Drosophila and mice with the Y314S 
variant both showed degeneration of dopaminergic neurons 

and locomotor defects. Other evidence of axonal type sen-
sorimotor polyneuropathy in patients with UQCRC1 muta-
tions, mutant knock-in Drosophila, and rodent models [33]. 
Induced pluripotent stem cells have been generated from 
peripheral blood mononuclear cells of a male patient with 
a heterozygous UQCRC1 p.Y314S mutation, and this cell 
model provides a platform for further studies of UQCRC1-
related PD [37]. Additional UQCRC1 sequencing of PD 
patients from different geographic regions is recommended, 
as well as the construction of more UQCRC1-related animal 
models for the study.

ATP10B (ATPase Phospholipid Transporting 10B)

ATP10B, a component of the lysosome membrane, resides 
within the endoplasmic reticulum. It maintains the integrity 
and function of the lysosome membrane in cortical neurons. 
Bilateral missense and stop-gain variants of ATP10B associ-
ated with PD and dementia with Lewy bodies were reported 
in 2020 [38]. Firstly, compound heterozygous mutations 
in the ATP10B gene were reported in three patients with 
EOPD. Secondly, in a Belgian PD cohort reported four 
additional patients carrying compound heterozygous muta-
tions, which confirming that compound heterozygous muta-
tions in this gene are closely associated with PD. 5 of the 
seven mutation carriers were male. A patient with EOPD 
carried three ATP10B mutations simultaneously, p.G671R, 
p.N865K and p.V748L. 68-Year-old male patient carried 
both p.T161N and p.G648R mutations. The results of the 
cell function assay showed that impaired ATPase activity, 
GluCer and PC translocation activity and lysosomal func-
tion were observed in nine of the ten variants tested, leading 
to increased cell death, consistent with the loss of ATP10B 
function [38].

However, the pathogenicity of ATP10B for PD is con-
troversial. Raquel Real et al. [39] using a publicly available 
case–control cohort, found no ATP10B variants that could 
be tested that were identified as functionally deleterious 
in vitro to be enriched in PD patients. Subsequent genotypic 
analyses of Chinese and Japanese PD patients showed no 
evidence that common or low-frequency genetic variants in 
ATP10B were associated with PD risk in the Chinese [40] 
and Japanese [41] populations. More clinicopathological 
reports are needed to support this.

TFG (Trafficking from ER to Golgi Regulator)

In 2022, a variant of the TFG gene c.1148 p.R383H was 
reported to be present in a Korean family and can cause 
PD or amyotrophic lateral sclerosis (ALS), the first time 
TFG was reported to be associated with PD. But the clinical 
phenotype of those carrying the mutated gene varied, and 
clinical trials have shown that of five family members, one 
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had a PD, three had subclinical PD, and one (the proband) 
had ALS. In HeLa cells expressing R383H-TFG, abnormal 
aggregation of TDP43 were found and impairs cell viability 
[42].

TFG plays a role in the normal dynamic function of the 
endoplasmic reticulum and it was originally identified as a 
fusion partner leading to the formation of oncogenic prod-
ucts associated with multiple cancers. The discovery in 2012 
that TFG mutations can cause the autosomal dominant motor 
and sensory neuropathies; in 2013, a homozygous mutation 
of TFG was reported in a family with early-onset spastic par-
aplegia, optic atrophy, and neuropathy; another novel muta-
tion in TFG was discovered in 2014 as a cause of dominant 
axonal Charcot-Marie-Tooth disease type 2, there is increas-
ing evidence that this gene is associated with neurological 
diseases [43]. These findings suggest that mutations of TFG 
cause ER dysfunction and neurodegeneration in ND, which 
is tightly associated with ER function. The development of 
PD is closely linked to endoplasmic reticulum stress (ERS). 
It was shown that TFG, a regulatory protein of endoplasmic 
reticulum to Golgi transport, is ubiquitinated in a NAB2-
dependent manner in a cellular model of SNCA toxicity 
[44]. Future studies need to explore more comprehensive 
pathogenic mechanisms to better understand the function of 
TFG in PD. Finally, understanding the role of TFG proteins 
in PD may help discover therapeutic approaches to counter-
act ER dysfunction.

CHMP1A (Charged Multivesicular Body Protein 1A)

In 2021, by whole-exome data analysis, researchers reported 
disruptive variants of PD candidate genes in the Italian PD 
family, including a variant of the CHMP1A gene [45]. 
CHMP1A encodes a member of the CHMP protein fam-
ily, which is associated with the sorting of proteins into the 
interior of lysosomes by multivesicular bodies. In 2019, 
researchers used linkage disequilibrium score regression to 
estimate the heritability of PD explained by genes involved 
in the endocytic membrane trafficking pathway, showing 
that the endocytic membrane transport pathway, as well 
as CHMP1A, contribute to PD etiology [46]. CHMP1A is 
closely related to neurological disorders and regulates the 
proliferation of neuronal progenitor cells. Loss-of-function 
mutations in human CHMP1A cause reduced cerebellar 
size (pontocerebellar hypoplasia) and reduced cerebral cor-
tical size (microcephaly) [47]. In vivo experiments in mice 
show that deleting CHMP1A causes abnormalities in the 
brain's choroid plexus and Purkinje cell layers, as well as 
reduced proliferation of cerebellar granule cell precursors 
[48]. Moreover, knocking down Chmp1a in human iPSC-
derived organoids leads to loss of progenitor cells and pre-
mature neuronal differentiation [49]. These findings offer a 
molecular explanation for how CHMP1A deletion in humans 

results in microcephaly. Interestingly, as a complex of the 
ESCRT-III complex, CHMP1A interacts with VPS4A in the 
cytoplasm to assist in the transport of ubiquitinated cargo 
proteins to lysosomes for degradation [50], both involved 
in the necroptosis and endocytosis pathways. Mutations in 
CHAMP2B have been linked to frontotemporal dementia 
and AD. Studies have shown that CHAMP2B mutation is 
associated with dendritic shrinkage, accumulation of ubiq-
uitinated proteins and autophagosomes, and ultimately 
neuronal cell death [51]. Both CHAMP2B and CHMP1A 
are part of the ESCRT-III family of proteins, it is possible 
that the pathogenic mechanism of CHMP1A leading to PD 
is similar to CHAMP2B leading to NDs that needs to be 
addressed by future experiments.

GIPC1 (GIPC PDZ Domain Containing Family 
Member 1)

Short tandem repeat expansion disorders are a major 
cause of human neurological disease. More than 40 NDs 
are associated with short tandem repeat expansion disor-
ders [52]. The repeat amplification of GIPC1 (c.875dupA) 
was first suggested to be associated with PD [45]. In 2022, 
whole-genome long read-length sequencing of 85 Chinese 
PD patients identified a total of 18 PD patients with GGC 
repeat expansion in GIPC1, with GGC repeat sizes ranging 
from 70 to 401. Although 8 individuals from a healthy Chi-
nese population of 1631 were also reported to carry GIPC1 
GGC repeat expansion [53]. Patients with PD usually have 
behavioral abnormalities. CGG Repeat Expansion of GIPC1 
was also recently reported in patients with movement dis-
orders [54]. GIPC1 is a scaffolding protein that regulates 
cell surface receptor expression and trafficking [55]. It has 
been proven that GIPC1 interacts with dopamine D2 and D3 
receptors [56]. These receptors are the primary targets of 
antipsychotics and anti-PD drugs. GIPC1 mutation results 
in a reduction of DA neurons leading to locomotion defects 
in Drosophila [57]. In vitro and in vivo studies have shown 
that GIPC1 interacts with LRRK2 in dopamine cells and the 
ventral mesencephalon of mice [58]. CGG repeat expansions 
in GIPC1 has also been reported to cause oculopharyngeal 
myopathy, an ocular muscle disorder with dysphagia [59]. 
Given that patients with PD also have a clinical phenotype 
of involuntary ocular muscle spastic movements, future 
research into the mechanisms of PD and GIPC1 needs to be 
heavily investigated.

KIF21B (Kinesin Family Member 21B), KIF24 (Kinesin 
Family Member 24)

The researchers reported two members of the kinesin fam-
ily both mutated in LOPD [45], KIF21B (p.A1079T and 
p.R211C) and KIF24 (p.I324T) mutation. Both KIF21B 
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and KIF24 genes encode a member of the kinesin superfam-
ily. Kinesins are ATP-dependent microtubule-based motor 
proteins that are involved in the intracellular transport of 
membranous organelles. Several kinesins are reported in a 
variety of ND, such as AD, ALS. KIF21B and KIF24 play an 
important part in neuronal function, plasticity, morphogen-
esis, and survival by transporting substance such as synaptic 
vesicle precursors and neurotransmitters [60]. The KIF21B 
gene also has been linked to ND. High KIF21B expression is 
associated with severe MS and AD pathology, and KIF21B 
risk SNPs can lead to ND. KIF21B expression was reported 
in neurons and astrocytes [61]. Interestingly, deletion of 
the LRRK2 gene, a strongly associated gene of PD, leads 
to altered expression of KIF21B [62]. In 2022, researchers 
reported a 9-year-old male with a p.S505R mutation in the 
KIF21B gene who had delayed speech, hyperactivity, poor 
social interaction, and autistic features. In vivo functional 
analysis of the mice embryonic cortex using in utero elec-
troporation revealed that expression of the p.S505R KIF21B 
protein in the cerebral cortex impaired radial migration of 
projection neurons [63], providing further evidence that del-
eterious mutations in KIF21B are a cause of neurodevelop-
mental disorders.

KIF24 is a microtubule-dependent motor protein that acts 
as a negative regulator of cytogenesis, leading to restricted 
nucleation of cilia at centrioles. SNPs located in the KIF24 
gene have been associated with Frontotemporal Lobar 
Degeneration [64]. Musculoskeletal disorders in PD is a 
complex clinically and pathophysiologically distinct prob-
lems. Recent studies have shown that missense variants of 
KIF24 are responsible for a wide range of skeletal ciliopa-
thies, from fetal skeletal ciliopathies to acromegaly, and thus 
KIF24 may have a key role for KIF24 in musculoskeletal dis-
orders in PD [65]. Currently, there are 45 known members 
of the KIF family, 38 of which are neuronally enriched, such 
as point mutations in the KIF5A gene has been associated 
with several axonopathies [66]. Understanding the function 
of kIF21B and KIF24 in neurons and skeletals may provide 
new insights into possible mechanisms for the treatment of 
PD.

SLC25A39 (Solute Carrier Family 25 Member 39)

The SLC25A39 p.T253N mutation has also been reported in 
LOPD. Immunohistochemistry experiments showed that the 
expression of SLC25A39 colocalized with most of the TH+ 
neurons in mouse mesodiencephalic dopaminergic neurons 
[45]. The SLC25A39 gene encodes a member of the SLC25 
transporter protein or mitochondrial carrier protein family. 
The SLC25 mitochondrial transporter family plays a pivotal 
role in shaping intra-mitochondrial metabolite pools.

Mutations in members of the SLC25 family have been 
reported to cause severe lesions in the brains of patients. 

SLC25A39 and SLC25A40, located in epilepsy sus-
ceptibility loci, may cause an imbalance in metal ion 
homeostasis and mitochondrial dysfunction, leading to 
impaired synaptic transmission and neuronal survival 
[67]. A zebrafish model study demonstrating the role of 
SLC25A39 in anemia and hemoglobin synthesis, which 
involves intra-mitochondrial ferritin transport proteins, 
and glycine, a component of hemoglobin, which is thought 
to be transported by the solute carrier family protein 
SLC25A38 [68]. Though, there is no direct evidence of 
an interrelationship between SLC25A39 and PD, but mito-
chondrial function, iron ion homeostasis and reactive oxy-
gen species production in the SLC25 family are important 
in the development of PD disease [69].

SPTBN1 (Spectrin Beta, Non‑erythrocytic 1)

The SPTBN1 p.T2328N mutation has been documented in 
LOPD [45]. The SPTBN1 gene encodes spectrin protein, 
an actin cross-linking and molecular scaffolding protein, 
and plays a role in determining cell shape, arrangement 
of transmembrane proteins. In addition, SPTBN1 encodes 
beta-spectrin, an α-syn-binding protein and a component 
of Lewy bodies [70]. Pathological deposition of α-syn is a 
pathogenic factor in PD. In 2012, SPTBN1 was reported to 
interact specifically with α-syn in vitro and neuronal cells. 
Overexpression of SPTBN1 induced excessive neurite for-
mation in dopaminergic neuronal cell bodies [71]. Exciting 
studies have shown that Spectrin is associated with spe-
cific neuronal structural domains and genetic links to cer-
tain inherited neurological disorders, and that mutations 
in the SPTAN1 gene are associated with early infantile 
epileptic encephalopathy, thus spectrin breakdown prod-
ucts could be potential biomarkers for ND [72]. The 2021 
study confirmed the aforementioned facts about the close 
association of SPTBN1 with neurodevelopment. A rare 
autosomal dominant variant of SPTBN1 was reported in 
29 individuals with neurological syndromes such as devel-
opmental, language, and motor delays, mental retardation, 
autism, and epilepsy. The researchers demonstrated that 
the SPTBN1 variant impaired protein stability, interfered 
with binding to key protein partners and changed cytoskel-
etal organization and dynamics [73]. The strong associa-
tion of SPTBN1 with both neurodevelopment and α-syn 
indicates that this gene is strongly associated with PD. 
SPTAN1 p.R1098Q heterozygous mice exhibit progres-
sive ataxia, as well as age-related deterioration in motor 
performance and muscle strength. Seizures in mice can 
be induced by stress, as well as their poor performance in 
memory tests for novel object recognition [74]. These neu-
ropathologically relevant phenotypes are partially similar 
to the symptoms observed in PD patients.
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TOMM22 (Translocase of Outer Mitochondrial 
Membrane 22)

The TOMM22 p.P13L mutant has been reported to be asso-
ciated with PD [45] and TOMM22 is expressed in most TH+ 
neuronal cells, thus supporting the possibility that it may be 
cell-autonomous involvement in providing potential func-
tional features for mdDA neurons [45]. TOMM22, the cen-
tral component of the mitochondrial outer membrane trans-
locase receptor complex, recognizes and translocates the 
synthesized mitochondrial precursor protein, which encodes 
a protein that forms a complex with TOMM20, TOMM40 
and several other proteins to import cytosolic preproteins 
into the mitochondria [75]. Mitochondrial dysfunction lead-
ing to mitochondrial autophagy is also an essential physio-
logical process that exacerbates PD pathogenesis, which may 
related to TOMM family interactions in PD pathogenesis. 
Studies have reported high-affinity binding of TOMM20 to 
oligomeric, dopamine-modified, and phosphomimetic α-syn 
species within the PD brain. This strong binding prevented 
the interaction of TOMM20 with its coreceptor, TOMM22, 
and impaired mitochondrial protein import, thus leading to 
deficient mitochondrial respiration, enhanced production of 
reactive oxygen species, and loss of mitochondrial mem-
brane potential [76]. An exciting study shows that phos-
phorylated TOMM22 regulates mitochondrial phagocyto-
sis, a specific type of autophagy [77]. Additional evidence 
is needed to demonstrate a direct link, but mitochondrial 
autophagy caused by TOMM22 may be an important cause 
of PD occurrence.

Conclusion and perspectives

An in-depth exploration of the etiological mechanisms 
of PD has always been pursued by researchers. Approxi-
mately 5–10% of PD is caused by genetic factors. The 
reported associated genes are not sufficient to explain 
the pathogenesis of all PD. Excitingly, many novel sus-
ceptibility genes associated with PD have recently been 
recorded through the mining of clinical data and GWAS 
data. This paper reviews genes identified since 2019 with 
putative or confirmed pathogenic mutations in PD ANK2, 
DNAH1, STAB1, NOTCH2NLC, UQCRC1, ATP10B, TFG, 
CHMP1A, GIPC1, KIF21B, KIF24, SLC25A39, SPTBN1 
and TOMM22, and summarised the physiological roles of 
related genes and potential interrelationships with PD. Com-
mon risk factors between NDs, such as different pathogenic 
mutations in ANK2, DNAH1 or NOTCH2NLC genes can 
lead to multiple NDs, and this different pathogenicity of 
the same genes is worth exploring in the future. Although 
these results need more experimental data to support, they 

will help us to explore different pathogenic mechanisms and 
therapeutic approaches.
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