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Abstract
Parkinson’s disease (PD) is a complex and heterogeneous
neurological condition characterised mainly by
bradykinesia, resting tremor, rigidity and postural
instability, symptoms that together comprise the
parkinsonian syndrome. Non-motor symptoms preceding
and following clinical onset are also helpful diagnostic
markers revealing a widespread and progressive
pathology. Many other neurological conditions also
include parkinsonism as primary or secondary symptom,
confounding their diagnosis and treatment. Although
overall disease course and end-stage pathological
examination single out these conditions, the significant
overlaps suggest that they are part of a continuous
disease spectrum. Recent genetic discoveries support
this idea because mutations in a few genes (α-synuclein,
LRRK2, tau) can cause partially overlapping pathologies.
Additionally, mutations in causative genes and
environmental toxins identify protein homeostasis and
the mitochondria as key mediators of degeneration of
dopaminergic circuits in the basal ganglia. The evolving
mechanistic insight into the pathophysiology of PD and
related conditions will contribute to the development
of targeted and effective symptomatic treatments into
disease-modifying therapies that will reduce the burden
of these dreadful conditions.

Introduction
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Parkinson’s disease (PD) is the most prevalent
movement disorder and the second most common
neurodegenerative condition after Alzheimer’s
disease (AD).1 PD is a complex disorder with early
non-motor symptoms, core motor symptoms, and
late cognitive and psychiatric complications.2 The
core motor symptoms of PD—bradykinesia (slow
movements), muscular rigidity, resting tremor, and
abnormal posture and gait—were recognised in the
original description of the disease 200 years ago by
J Parkinson,3 which JM Charcot later used to define
the disease.4 The combined classical motor disturbances of PD are referred to as parkinsonism or
parkinsonian syndrome. Although PD is the major
cause of parkinsonism, these features are shared
by many conditions, including AD and others with
strong overlap with PD at the time of diagnosis.
In addition, PD is heterogeneous and can progress
mainly as a movement disorder or develop cognitive
and psychiatric symptoms that overlap with several
dementias.2 The main pathology of PD are protein
aggregates enriched in α-synuclein (α-syn) called
Lewy bodies (LB) that accumulate prominently
in dopaminergic (DA) neurons in the substantia
nigra pars compacta (SNc) and in other brain
regions that correlate with late symptoms.5 6 This
α-syn pathology is also shared by other PD-related
conditions (synucleinopathies) with overlapping

but distinct features (figure 1). Understanding the
pathophysiology and genetics of PD and related
disorders is a critical step to gain insight into the
mechanism of DA neuron degeneration and design
definitive disease-modifying therapies that will
eliminate the burden of these common and dreadful
conditions.

Clinical features

Although the overall incidence of PD is around 15
per 100 000 person-years, age is the most important
risk factor, with peak incidence around 80 years
old.1 PD grows exponentially with age, reaching
an incidence of 1% at age 65 and 5% by age 85.1
Continuous medical advances and the increase in
life expectancy worldwide project the doubling of
cases of PD by 2030, which will cause a serious
public health burden. In addition to age, gender and
race also contribute to the risk of PD, with men,
Hispanics and non-Hispanic whites showing the
highest incidence.7
PD is the most common condition presenting
with the core motor symptoms of parkinsonism.
These symptoms are caused by the loss of dopamine-producing neurons in the SNc that project to
the putamen.5 6 The basal ganglia contains several
nuclei with a critical role in the control of voluntary movements. Dopamine-dependent disinhibition
through the direct and indirect pathways activates
thalamic nuclei that stimulate the motor cortex to
initiate voluntary movements. The loss of dopamine
in the SNc impairs disinhibition, preventing the stimulation of the motor cortex. The early prominent
degeneration of SNc and functioning basal ganglia
explains the response of patients with PD to dopamine replacement therapy in the form of L-dopa.2 8
Patients with PD also respond to direct stimulation
of different basal ganglia nuclei via deep brain stimulation (DBS).9 The robust symptomatic improvement
of parkinsonism to these two treatments corroborates
current anatomical and physiological understanding
of PD pathology. However, these therapies do not
halt or slow down the underlying pathology, which
progressively destroys the SNc, the basal ganglia and
later spreads to other brain regions.5 6 10
In addition to the well-known motor dysfunction, PD is characterised by non-motor symptoms
affecting the brain and the peripheral nervous
system.11 Constipation, sleep perturbations and
hyposmia (loss of smell sense) typically precede
the onset of the main motor symptoms by almost
two decades.11 These symptoms do not respond
to L-dopa or DBS, uncovering the pathology of
multiple independent foci. Progression of the
non-motor symptoms can lead to incontinence,
psychosis and dementia,12 13 painting a complex
picture of the late-stage pathophysiology of PD
with significant overlap with other conditions.
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Figure 1 Symptom overlap among PD and related parkinsonian disorders. Parkinsonian disorders are represented as circles (not at scale) and the
symptomatic overlap is shown. Synucleinopathies are shown in red tones, tauopathies are shown in green and Aβ pathology is shown in purple. The
symptoms are shown in blue. All these conditions share the parkinsonism, and under each disease the additional symptoms (+) are shown. LBD is a
unique condition that can present with LB or Aβ pathology and has prominent PD-like symptoms+dementia and psychiatric disturbances; thus, LBD can
be considered a mixed PD/AD pathology and is placed in the overlapping area. Aβ, amyloid-β; AD, Alzheimer’s disease; ALS/PDC-G, amyotrophic lateral
sclerosis/parkinsonism with dementia complex of Guam; AR-JP, autosomal recessive juvenile PD; CBD, corticobasal degeneration; FTD, frontotemporal
dementia; LB, Lewy body; LBD, Lewy body dementia; MSA, multiple systems atrophy; PD, Parkinson’s disease; PEP, postencephalitic parkinsonism;
PSP, progressive supranuclear palsy.

Pathology

The loss of DA neurons in the SNc is accompanied by LB
pathology,14 which consists of protein aggregates enriched in
α-syn. In terminal stages, this LB pathology is found throughout
the brain, nerve cord and peripheral neurons.5 Interestingly, LB
pathology has been proposed to propagate through the brain
in a stereotypic pattern that correlates with the progression of
symptoms.15 This propagation is likely mediated by cell-to-cell
transmission of aberrant protein conformations similar to the
templated conversion of the prion protein. The mechanism of
this prion-like transmission16–19 is proposed to be conserved in
other amyloid proteins responsible for many neurological conditions, including the amyloid-β (Aβ) peptide and tau linked to
AD.
α-Syn is a 140-amino acid-long intrinsically disordered protein
highly expressed in brain neurons, mainly in the nucleus and in
presynaptic terminals.20 21 α-Syn can misfold and aggregate into
soluble oligomers and protofibers that can progress to insoluble
fibres visualised as LB.22 23 The soluble α-syn assemblies have
been shown to be more toxic than the fibres in experimental
settings, suggesting that the LB acts as sinks for aberrant proteins
and thus have a protective role.24–26 Although α-syn seems to
play a central role in the pathogenesis of PD and other related
synucleinopathies, it is not the only agent causing parkinsonism.

Environment versus genetics

It is clear that PD has a strong environmental component.
Multiple studies have confirmed the higher risk of developing
74

PD in populations exposed to heavy metals (well-water drinking)
and pesticides.27 Rotenone and paraquat are two pesticides that
disrupt the respiratory chain in the mitochondria and cause oxidative stress.28 29 This connection was strengthened when in 1983
the use of heroin contaminated with methyl-phenyl-tetrahydropyridine (MPTP) led to parkinsonism in young adults.30 MPTP is
metabolised into 1-methyl-4-phenylpyridinium (MPP+), which
induces similar mitochondria toxicity as rotenone and paraquat, supporting the contribution of environmental toxins to
PD. An interesting report linked parkinsonism in the island of
Guam to the consumption of seeds from the native cycad fruit,31
although this association seems to be weaker now, perhaps due
to increased awareness. Additionally, head injury and some
antipsychotics enhance the risk for PD,2 exposing the delicate
balance that neuroinflammation and neurotransmission play in
brain disease.
The strong influence of environmental factors in PD, the
age dependence and the variable disease presentation, along with
the incomplete penetrance and variable expressivity of several
PD genes, has traditionally lowered the estimation of its heritability (1%–5%). Recent epidemiological studies have reported up
to 10%–30% heritability and new PD genes have been identified,
supporting the strong influence of genetics in PD.32 33 In fact,
the formal distinction between familial and sporadic PD needs
to be revisited since several PD-causing mutations are present in
cases lacking family history. This can be explained by incomplete
penetrance of some mutations, early death of relatives before
exhibiting symptoms or inaccurate medical records. Here, we
Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047
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describe the monogenic forms of PD and related parkinsonian
disorders. Understanding the mechanisms linking these causative
and susceptibility genes can improve diagnosis and better predict
the prognosis of these disorders. We further discuss a model of a
continuous disease spectrum that explains the overlap of symptoms, genetics and/or pathology.

Autosomal dominant PD

Following the discovery of α-syn presence in LB,23 the A53T
missense mutation in α-syn (encoded by SNCA) was identified
in 1997 in a family showing autosomal dominant inheritance of
PD.34 Later studies identified other missense mutations in α-syn
(A30P, E46K, H50Q, A53E) that confirm the causative role of
α-syn in PD.35 These mutations have high penetrance and are
associated with early-onset PD in the 40s or 50s with typical
motor symptoms and good response to L-dopa. These patients
show rapid disease progression, early dementia and widespread
distribution of LB pathology. A recent report described a fourth
missense mutation in α-syn—G51D—associated with parkinsonism-pyramidal syndrome in a French family.36 Furthermore, some
families can also carry low penetrant duplications or triplication
of wild-type SNCA with typical PD motor and non-motor symptoms. Recent unbiased genome-wide association studies (GWAS)
in European and Japanese populations37 38 suggest the presence
of non-coding variants in the SNCA locus (mainly in the 3’ end)
proposed to regulate gene expression. So far, the evidence points
to a gain-of-function (GOF) mechanism for α-syn triggering PD.
This model is consistent with other brain proteinopathies that
share pathogenic mechanisms linked to oligomer neurotoxicity
and cell-to-cell transmission.
Despite the central role of α-syn in PD, mutations in leucinerich repeat kinase 2 (LRRK2) are the major cause of familial
PD.39 40 Subsequent work has identified around 50 mutations
in LRRK2 associated with both familial and sporadic forms
of PD,41 with frequencies that can reach up to 40% in some
populations. These mutations confer increased risk of PD, with
modest effects in some cases due to low penetrance. Highly
penetrant mutations (eg, G2019S) are pathogenic in laboratory
models, linking LRRK2 dysfunction to PD. Patients carrying
LRRK2 mutations present with typical late-onset PD symptoms,
including non-motor symptoms, LB pathology and degeneration
of DA neurons in the SNc; however, asymptomatic 80-year-old
carriers of the G2019S mutation have been described.41
LRRK2 is a complex gene comprised of 51 exons encoding a
broadly expressed 2200-amino acid-long protein with kinase
activity.39 40 42 The most common mutations in LRRK2 seem to
affect the kinase activity and G2019S increases autophosphorylation, suggesting GOF pathogenic mechanisms.43
Glucocerebrosidase (GBA) encodes a lysosomal protein
that degrades glucocerebroside. Mutations in GBA lead to the
autosomal recessive Gaucher’s disease, a lysosomal storage
disorder.44 45 Interestingly, some patients with Gaucher’s disease
seem to develop parkinsonian symptoms, and heterozygous relatives have 6-fold to 10-fold increased risk of developing PD.46
Only about 25% of carriers of GBA mutations have a family
history of PD, with the rest contributing to ‘sporadic’ PD. These
patients show clinical symptoms and pathology typically found
in idiopathic PD, except for a younger age of onset.
In addition, three more recent genes have been identified
with a minor contribution to genetic PD. Mutations in vacuolar
sorting protein 35 (VPS35) are associated with late-onset PD,47 48
and importantly VPS35 mutations are also found in ‘sporadic’ PD
cases.33 Only two mutations have been characterised in patients,
Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

with D620N representing a hot spot. The VPS35 protein seems
to shuttle cargo between mitochondria and lysosomes, and
VPS35 mutants cause mitochondria fragmentation.49 Mutations
in DNAJC13 have only been identified in a mixed Saskatchewan (Canada) population and are present in both familial and
sporadic cases.47 50 DNAJC13 encodes a molecular chaperone of
the Hsp40 family that participates in receptor-mediated endocytosis and localises to the lysosome. Mutations in CHCHD2
were identified in Japan.51 Three variants have been identified
in patients, suggesting a causative link, although little is known
about this gene. Together, the old and new PD genes provide a
more complete understanding of the genetic landscape of PD
and confirm the contribution of low penetrant mutations to the
underestimation of the genetic burden in PD.

Autosomal recessive juvenile PD

Some familial forms of PD with autosomal recessive inheritance present very early onset (‘juvenile’) and show both typical
and atypical PD symptoms. In 1998, mutations in parkin were
identified in Japanese families,52 and now represent the major
cause of young-onset parkinsonism.53 These patients present
with typical motor symptoms and good response to L-dopa,
but also slow-course, prominent dystonia, DA neuron loss in
the SNc with sporadic LB and absence of non-motor symptoms
(figure 1). These differences suggest a more restricted pathology
to the SNc and basal ganglia with minor contribution of α-syn
pathology.54 55 Parkin encodes a widely expressed E3 ubiquitin
ligase, a key regulator of protein degradation by the proteasome,
suggesting a mechanistic connection with GBA. The FBXO7
(PARK15) gene encodes another E3 ubiquitin ligase implicated
in autosomal recessive juvenile PD. Mutations in FBXO7 are less
common than those in parkin, disease progresses more rapidly,
and symptoms include dementia, dystonia and motor neuron
degeneration.56
Mutations in PTEN-induced kinase 1 (PINK1) and DaisukeJunko-1 (DJ-1) cause diseases similar to that of parkin mutations, with typical motor symptoms that appear very early, slow
progression and lack of non-motor symptoms.57 58 However,
their pathology is unknown since no autopsies have been
conducted, so far. PINK1 is a serine-threonine kinase that localises to the mitochondria. DJ-1 is a 183-amino acid protein
of unknown function localised in the mitochondria following
oxidative stress.59 Parkin, FBXO7, PINK1 and DJ-1 may exert
neuroprotective functions under physiological conditions, and
their loss seems to trigger specific degeneration of vulnerable
DA neurons. These genetic discoveries support key roles of
disrupted protein and mitochondria homeostasis in triggering
the degeneration of DA neurons (see below).

Other synucleinopathies

LBs are also prominent in at least two other parkinsonian disorders. Lewy body dementia (LBD) or dementia with LBs presents
with typical parkinsonism, non-motor symptoms, early dementia
and psychiatric disturbances, including visual hallucinations,
aggression and depression.60 In many regards, LBD appears as
PD with early dementia. LBD can present with prominent LB or
Aβ pathology, making this a PD/AD mixed pathology (figure 1).
As expected, the LB pathology appears in brain areas associated with motor and cognitive symptoms. Most LBD cases are
sporadic, but rare autosomal dominant forms of LBD are associated with mutations in SNCA and LRRK2,60 the most prominent
PD-causative mutations. GBA and ApoE4, risk factors for PD
and AD, respectively, also increase the risk of LBD.60 Overall,
75
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Figure 2 Visualisation of PD-related spectrum in a continuous arch. PD-related pathologies are arranged in an arch (orange) that shows subtle transitions
in clinical symptoms. MSA is placed at one end of the spectrum because it is a unique systemic synucleinopathy with glial pathology. AD occupies the other
end of the spectrum next to other dementias because parkinsonism is less common. The dominant protein pathology (α-syn or tau) is shown in the middle
arch. In the centre (grey), the impact of age is shown, which is a strong determinant in all diseases, except for AR-JP. See figure 1 for abbreviations. α-syn,
α-synuclein; MPTP, methyl-phenyl-tetrahydropyridine; Prot., protein.
the pathological and genetic similarities between PD and LBD
suggest that these clinical entities belong to a disease continuum
that features several other conditions (figure 2).
Multiple systems atrophy (MSA) is a synucleinopathy with
parkinsonism and additional clinical features very distinct
from PD (figure 1). MSA is a sporadic, multisystem, rapidly
progressive condition characterised by prominent failure of
the autonomic nervous system or dysautonomia (incontinence,
orthostatic intolerance), and cerebellar dysfunction (ataxia).10
Patients with MSA show neuronal loss in the striatonigral and
olivopontocerebellar structures that explain the parkinsonism
and ataxia. But the main pathological hallmark of MSA is the
presence of LB pathology in oligodendrocytes, leading to demyelination of many neuronal tracts. Patients with MSA do not
respond to dopamine replacement therapy, indicating a distinct
underlying pathology that spares the DA neurons in the SNc.
MSA fits in one end of the PD-dementia spectrum due to several
unique aspects (figure 2).

Parkinsonism with tau pathology

Parkinsonism can also be present in conditions characterised by
prominent tau pathology (figure 1). Tau pathology appears in
the form of the neurofibrillary tangles (NFT) that contain insoluble and hyperphosphorylated forms of the microtubule binding
protein tau.61 The tauopathies with parkinsonism can be divided
into three subclasses: conditions similar to PD at onset, dementias with secondary parkinsonism and environmental exposures.
Corticobasal degeneration (CBD or corticobasal ganglionic
degeneration) and progressive supranuclear palsy (PSP) are two
tauopathies with partial symptomatic overlap with PD. But, as
these diseases progress, they are more easily distinguished from
PD. Patients with CBD suffer progressive degeneration of the
cortex and the basal ganglia leading to cognitive and psychiatric
symptoms combined with asymmetric parkinsonian features.
In addition, these patients can present characteristic movement
disturbances—dystonia, perturbations in eye movement, apraxia
76

(loss of speech) and loss of inhibition and empathy. PSP can have
an overlapping presentation with CBD plus prominent supranuclear gaze palsy and loss of motivation and interest. NFT
accumulates in basal ganglia, medulla and other deep nuclei
consistent with these symptoms. CBD and PSP display both
neuronal and astrocytic NFT, a less common glial pathology
in proteinopathies. Despite the symptomatic overlap with PD,
neither patients with CBD nor patients with PSP respond well
to dopamine replacement therapy, consistent with degeneration
of the basal ganglia, which contains the target neurons for dopamine input. Both CBD and PSP are mainly sporadic and accumulate a particular tau isoform (4R). But PSP can be associated with
mutations in tau and LRRK2.
The tauopathies with secondary parkinsonism include frontotemporal dementia (FTD) and AD,62 in which parkinsonism is
a consequence of the late-stage spread of pathology (figure 1).
Although tau pathology is critical in AD, AD seems to be triggered by Aβ oligomers and tau mutations never cause AD.63
However, tau mutations can cause some forms of the complex
FTDs, namely frontotemporal dementia with parkinsonism in
chromosome 17. The complex genetics and pathology of FTD
will not be discussed in further detail here.64 65 These two conditions are placed at the other end of the continuum of the parkinsonian disorders due to their lower overlap with PD (figure 2).
Interestingly, two tauopathies with parkinsonism are caused
by environmental factors (figure 1). Although no longer prevalent, influenza infections can cause postencephalitic parkinsonism with tau pathology in the SNc.66 Amyotrophic lateral
sclerosis/parkinsonism with dementia complex of Guam
is linked to the consumption of the cycad fruit in the Pacific
island of Guam.31 However, the specific toxin responsible for
this pathology has not been clearly identified and the disease
has almost disappeared in recent years. These environmental
links are important because they highlight the high vulnerability
of these circuits and may contribute to the identification of the
cellular mechanisms triggering these complex pathologies.
Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

Downloaded from http://jmg.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Review
Other genes implicated in PD

In addition to the causative PD genes, other loci have small
effect, strong statistical association and replication in multiple
ethnicities. So far, no pathogenic mutations have been identified in these loci that can elucidate their causative roles. PARK16
and BST1 contain two variants each with strong association to
PD in both Japanese and European populations.37 PARK16 is a
complex locus containing five genes that have been confirmed in
several studies. BST1 (bone marrow stromal cell antigen 1) was
identified originally in Japanese populations, but recent studies
have shown association also in European populations,67 and
its role in PD may be mediated by dysregulating intracellular
calcium.
Access to genomic technologies has led to hundreds of GWAS
and the identification of thousands of PD susceptibility loci.
However, the lack of replication for most candidates caused
significant distraction from the key need of dissecting the central
molecular mechanisms mediating PD.68 A recent meta-analysis
of >800 GWAS validated the known PD loci described above
and identified eight additional loci with modest effect but
robust association in multiple ethnicities: ACMSD/THEMI63,
CCDC62/HIP1R, DGKQ/GAK, HLA, ITGA8, MCCC1/LAMP3,
STK39 and SYT1I/RAB25.67 The polymorphisms with the largest
effects (measured by odds ratio (OD)) correspond to GBA in
Caucasian populations (OD 3.5), LRRK2 in Asian populations
(OD 2.33) and SYT11/RAB25 in Caucasians (OD 1.73). The rest
of the loci showed ODs between 1.10 and 1.35, the expected
low risk for multigenic diseases with environmental contribution.67 However, there is no direct evidence yet for the involvement of these susceptibility genes in the causation of PD. Having
just a handful of candidates instead of thousands will facilitate
the search for variants affecting their coding sequence, splicing
or expression. Furthermore, model systems can be exploited to
determine their physical or functional interaction with core PD
genes. It is likely that genetic and environmental context may
critically impact the expressivity of some loci, whereby only
certain genetic combinations and environmental factors trigger
disease. Demonstrating these interactions experimentally will
require computational modelling approaches with the potential
to (1) dissect disease mechanisms and (2) predict both disease
risk and prognosis.

From genetics to molecular mechanisms of
parkinsonism

The identification of genes and environmental toxins causative
of the parkinsonian syndrome provides a starting point to dissect
the molecular mechanisms responsible for pathogenesis. Understanding these mechanisms and the site of action of the pathogenic genes and toxins is critical for designing disease-modifying
therapies. We highlight here three mechanisms with a prominent
role in PD/parkinsonism: protein dyshomeostasis, mitochondria
dysfunction and selective vulnerability.

Protein dyshomeostasis

PD and other forms of parkinsonism can present with LB,
tau and other protein pathologies. Oligomeric assemblies of
misfolded α-syn demonstrate toxicity in cell culture, but no
specific species (multimer) has been identified as the most
toxic.24 26 Overexpression of α-syn is toxic in yeast, Caenorhabditis elegans and Drosophila, supporting the disease-triggering role of α-syn.69–72 Moreover, viral expression of α-syn
induces degeneration of DA neurons in rats and primates,
directly linking α-syn to parkinsonism.73–75 Furthermore, the LB
Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

pathology present in asymptomatic elderly brains may represent
a slow-progressing, presymptomatic disease state. Alternatively,
LBs may represent a protective mechanism to reduce the concentration of highly toxic, soluble α-syn oligomers.24 26 Moreover,
LRRK2 knockout suppresses LB pathology in mice and rats,
suggesting that LRRK2 negatively regulates α-syn clearance in
microglia.76–78 Other factors that may trigger pathology with or
without α-syn pathology are alterations in cellular proteostasis,
including GBA mutations that perturb the lysosome and mutations in the E3 ubiquitin ligases parkin and FBXO3. Interestingly, parkin overexpression rescues α-syn toxicity in a rat viral
model, functionally linking these two PD genes.79 Finally, age
is the most critical risk factor in PD, and ageing is known to
weaken proteostasis through decreased expression of molecular
chaperones, co-chaperones and other critical factors for protein
degradation.80 Overall, altered proteostasis is a critical cellular
mechanism mediating parkinsonism.

Mitochondria

Several environmental toxins have a direct link to the mitochondria, including MPTP and the pesticides rotenone and
paraquat. These toxins interfere with the respiratory chain and
cause oxidative stress that ultimately kills DA neurons with such
specificity that MPTP toxicity became the best mouse model
of PD for some time. In addition to toxins, parkin and PINK1
mutants exhibit robust mitochondrial defects in Drosophila and
mammalian cells due to perturbations in mitochondria fusion
and fission.81–84 Moreover, parkin overexpression rescues PINK1
phenotypes, suggesting related physiological functions. Additionally, FBXO7 and Parkin interact to mediate mitophagy,85
while FBXO7 overexpression rescues parkin loss-of-function in
Drosophila, suggesting the functional overlap between these two
E3 ubiquitin ligases.56 However, mutations in parkin and PINK1
show no phenotypes or functional interactions in mice, which
could be due to genetic redundancy.86 DJ-1 has been shown to
translocate to mitochondria to protect against oxidative stress,
and seems to play a key regulatory role against oxidative stress
by stabilising the antioxidant master regulator nuclear factor
erythroid 2-related factor 2.87 VPS35 mutations alter mitochondria function and cause mitochondria fragmentation.88 Overall,
both toxins and genetics disrupt the mitochondria and the DA
system.

Selective vulnerability

Several protein pathologies and mitochondria dysfunction
disrupt DA circuits, highlighting their heightened vulnerability. Understanding this selective vulnerability will provide
critical cues to guide the development of therapies to support
the survival of these neurons. Two important aspects of selective vulnerability in PD are the development of LB pathology
and selective neuronal death. The LB pathology is proposed
to spread synaptically through established networks by both
anterograde and retrograde mechanisms. However, not all
neurons in these networks accumulate LB, suggesting differences in the ability to either uptake α-syn seeds or degrade them
before accumulating in fibrillar conformations. α-Syn is a highly
expressed protein throughout the brain, and expression differences between neurons have not been suggested to play a role in
selective vulnerability.89 The factors mediating these differences
are currently unknown since the prion-like spread models are
still under investigation.16–19
Regarding selective cell death, around disease onset, patients
with PD already show loss of 10%–20% of DA neurons consistent
77
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with the distribution of LB pathology. As disease progresses,
many areas accumulate LB pathology but show no significant
cell death. Thus, cell autonomous factors appear to modulate the
vulnerability of neurons within the PD network. Recent work
proposes that DA neurons in the SNc have a distinctive physiology that arises from the production of slow rhythmic action
potentials in the absence of excitatory input, which is critical
for the broad neuromodulatory activity of the DA network.89
This autonomous rhythmic activity creates large oscillations in
intracellular calcium concentrations that maintain the action
potentials and stimulate the mitochondria to produce the needed
energy. Since DA neurons are known to have low calcium-buffering activity (eg, low calbindin),90 high intracellular calcium
ends up inducing oxidative stress, damaging mitochondria,
promoting α-syn aggregation and inducing apoptosis.89 Thus,
vulnerable neurons seem to be in a ‘bioenergetic and proteostatic
tipping point’89 that can be easily disrupted by genetic variants,
exposure to exogenous insults and ageing.

Concluding remarks and unanswered questions

The heterogeneity and overlapping clinical manifestations,
pathology and genetics of PD-related pathologies (figure 1)
lend support to the conclusion that they are part of a disease
continuum: from classic PD (no dementia) to pure AD (no parkinsonism) with several mixed conditions in between (figure 2).
This continuum of symptoms together with the lack of helpful
biomarkers and diagnostic imaging explains the challenges of
diagnosing at onset, which is critical for prescribing targeted
symptomatic treatments (L-dopa?) and disease prognosis.
On the other hand, the common features of these conditions
underscore the opportunity of identifying shared pathogenic
mechanism that could lead to the development of disease-modifying and symptomatic therapies with broad benefits. Recent
advances have revealed a stronger genetic contribution in PD
than previously thought, uncovering the role of several PD genes
in sporadic disease associated with low penetrant mutations. The
interplay between genetics, environmental toxins and selective
neuronal vulnerability is proposed to disrupt cellular proteostasis and mitochondria dynamics. These perturbations then
launch the pathogenic cascade in DA circuits that, over decades,
spreads through a network of vulnerable neurons that result in
the complex clinical picture of the parkinsonian syndrome.
Recent developments in AD immunotherapeutics support the
potential of turning the immune system against brain proteinopathies.91–93 Active immunotherapy (vaccination against Aβ42)
showed a promising reduction in brain Aβ42 and revealed the
potential dangers of an over-reacting immune system.94 Passive
AD immunotherapy (direct administration of an antibody) with
lineal and conformational antibodies against Aβ42 has failed to
show significant cognitive protection in symptomatic patients.93
Still, trials are ongoing with the hope that the most promising
antibodies will work in presymptomatic and at-risk patients.95
The experience accumulated over the last 15 years in AD
immunotherapies can be translated to other related proteinopathies, including α-syn and tau. Despite the dangers of vaccinating against an endogenous protein, active vaccination has the
potential advantage of an easy administration with sustained,
long-term benefits. The approach against α-syn consists of
vaccination with short peptides that mimic α-syn domains
but lack sequence homology to avoid tolerance to self-proteins.96 Following supportive preclinical data in several mouse
models, two α-syn vaccines showed good tolerability and good
immune response in patients with PD and MSA,96 97 although
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no supportive clinical data are available yet. On the other hand,
passive immunotherapy offers greater control against adverse
effects and enables antibody engineering for increased brain
penetration, stability and lessened cellular response. Several
N-terminal and C-terminal antibodies have produced exciting
results by clearing α-syn, reducing its propagation and lessening
motor dysfunction.91 Safety data are positive for one phase I
trial with a C-terminal antibody (PRX002), which also shows
significant reduction of serum-free α-syn. A larger study with
this antibody and with a second antibody is ongoing, but no
efficacy data are still available.97 Based on the lessons from AD
immunotherapy, patients in the prodromal phase of PD, LDB
and MSA, and carriers of familial mutations, should be the ideal
targets in these trials because they can be treated while a significant number of cells can be protected from further degeneration.
Despite these remarkable advances, many critical questions
remain to be elucidated. (1) The exact mechanisms for the initiation of the pathology are unknown, a problem exacerbated by
the start of pathology 10–20 years before clinical diagnosis. A
combination of external stressors (toxins) and genetic susceptibility may explain the heterogeneity of onset and progression in
idiopathic PD, but the exact combination of the causative factors
is unknown. (2) α-syn and tau have prominent roles in several
diseases, but the factors triggering neuronal (eg, PD) versus glial
(eg, MSA) pathologies are unknown. (3) The genotype/phenotype correlation is poorly understood since one gene can be
implicated in different diseases (eg, LRRK2 mutations cause PD,
LBD or PSP). (4) The specific impact of modifying factors, like
low-risk mutations, lifestyle and exposures to insults on disease
onset, initiation site and progression, is unknown at this time.
(5) α-syn pathology can cause different pathologies and affect
neuron or glia (eg, PD and MSA); thus, the factors regulating the
vulnerability to α-syn neurotoxicity remain to be elucidated. A
recent report suggests that different aggregated forms of α-syn
(equivalent to prion strains??) lead to different pathologies when
injected in rats,98 but the clinical relevance of this observation
is unclear (different forms of PD; PD vs LBD??). In all, continuous genetic discoveries are contributing to further dissect the
mechanisms of parkinsonism, but much work is still needed to
understand the pathophysiology of PD and related disorders
with sufficient detail to develop effective disease-modifying therapies, including the highly promising active and passive immunotherapy approaches.91 96 97
Acknowledgements We are thankful to the many labs that have contributed
to this field and apologise to those whose work we could not cite. The authors are
thankful for institutional support for performing the literature research and writing
the review.
Contributors PLZ and PFF conceived the study. YC, CHZ and YXW performed
literature search and contributed to the draft. PLZ and PFF completed the draft. PFF
created the figures. All authors read and approved the final version.
Competing interests None declared.
Provenance and peer review Not commissioned; externally peer reviewed.
© Article author(s) (or their employer(s) unless otherwise stated in the text of the
article) 2018. All rights reserved. No commercial use is permitted unless otherwise
expressly granted.

References

1 de Lau LM, Breteler MM. Epidemiology of parkinson’s disease. Lancet Neurol
2006;5:525–35.
2 Kalia LV, Lang AE. Parkinson’s disease. Lancet 2015;386:896–912.
3 Parkinson J. An essay on the shaking palsy. London: Whittingham & Rowland, 1817.
4 Goetz CG. The history of parkinson’s disease: Early clinical descriptions and
neurological therapies. Cold Spring Harb Perspect Med 2011;1:a008862.

Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

Downloaded from http://jmg.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Review
5 Dickson DW, Braak H, Duda JE, Duyckaerts C, Gasser T, Halliday GM, Hardy J, Leverenz
JB, Del Tredici K, Wszolek ZK, Litvan I. Neuropathological assessment of Parkinson’s
disease: refining the diagnostic criteria. Lancet Neurol 2009;8:1150–7.
6 Dickson DW. Parkinson’s disease and parkinsonism: neuropathology. Cold Spring Harb
Perspect Med 2012;2:a009258.
7 Van Den Eeden SK, Tanner CM, Bernstein AL, Fross RD, Leimpeter A, Bloch DA, Nelson
LM. Incidence of Parkinson’s disease: variation by age, gender, and race/ethnicity. Am
J Epidemiol 2003;157:1015–22.
8 Fahn S. Description of Parkinson’s disease as a clinical syndrome. Ann N Y Acad Sci
2003;991:1–14.
9 Krack P, Martinez-Fernandez R, Del Alamo M, Obeso JA. Current applications
and limitations of surgical treatments for movement disorders. Mov Disord
2017;32:36–52.
10 Shulman JM, De Jager PL, Feany MB. Parkinson’s disease: genetics and pathogenesis.
Annu Rev Pathol 2011;6:193–222.
11 Schapira AHV, Chaudhuri KR, Jenner P. Non-motor features of parkinson disease. Nat
Rev Neurosci 2017;18:435–50.
12 Hely MA, Reid WG, Adena MA, Halliday GM, Morris JG. The Sydney multicenter
study of Parkinson’s disease: the inevitability of dementia at 20 years. Mov Disord
2008;23:837–44.
13 Hely MA, Morris JG, Reid WG, Trafficante R. Sydney multicenter study of parkinson’s
disease: Non-l-dopa-responsive problems dominate at 15 years. Mov Disord
2005;20:190–9.
14 Spillantini MG, Crowther RA, Jakes R, Hasegawa M, Goedert M. alpha-Synuclein in
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia with
lewy bodies. Proc Natl Acad Sci U S A 1998;95:6469–73.
15 Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K. Stages in the development
of Parkinson’s disease-related pathology. Cell Tissue Res 2004;318:121–34.
16 Lee SJ, Desplats P, Sigurdson C, Tsigelny I, Masliah E. Cell-to-cell transmission of nonprion protein aggregates. Nat Rev Neurol 2010;6:702–6.
17 Polymenidou M, Cleveland DW. Prion-like spread of protein aggregates in
neurodegeneration. J Exp Med 2012;209:889–93.
18 Soto C, Estrada L, Castilla J. Amyloids, prions and the inherent infectious nature of
misfolded protein aggregates. Trends Biochem Sci 2006;31:150–5.
19 Aguzzi A, Rajendran L. The transcellular spread of cytosolic amyloids, prions, and
prionoids. Neuron 2009;64:783–90.
20 Dettmer U, Newman AJ, Soldner F, Luth ES, Kim NC, von Saucken VE, Sanderson JB,
Jaenisch R, Bartels T, Selkoe D. Parkinson-causing α-synuclein missense mutations
shift native tetramers to monomers as a mechanism for disease initiation. Nat
Commun 2015;6:7314.
21 Bartels T, Choi JG, Selkoe DJ. α-Synuclein occurs physiologically as a helically folded
tetramer that resists aggregation. Nature 2011;477:107–10.
22 Rodriguez JA, Ivanova MI, Sawaya MR, Cascio D, Reyes FE, Shi D, Sangwan S,
Guenther EL, Johnson LM, Zhang M, Jiang L, Arbing MA, Nannenga BL, Hattne
J, Whitelegge J, Brewster AS, Messerschmidt M, Boutet S, Sauter NK, Gonen T,
Eisenberg DS. Structure of the toxic core of α-synuclein from invisible crystals. Nature
2015;525:486–90.
23 Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, Goedert M. Alphasynuclein in lewy bodies. Nature 1997;388:839–40.
24 Chen L, Periquet M, Wang X, Negro A, McLean PJ, Hyman BT, Feany MB. Tyrosine and
serine phosphorylation of alpha-synuclein have opposing effects on neurotoxicity and
soluble oligomer formation. J Clin Invest 2009;119:3257–65.
25 Periquet M, Fulga T, Myllykangas L, Schlossmacher MG, Feany MB. Aggregated
alpha-synuclein mediates dopaminergic neurotoxicity in vivo. J Neurosci
2007;27:3338–46.
26 Chen L, Feany MB. Alpha-synuclein phosphorylation controls neurotoxicity and
inclusion formation in a Drosophila model of Parkinson disease. Nat Neurosci
2005;8:657–63.
27 Ascherio A, Schwarzschild MA. The epidemiology of Parkinson’s disease: risk factors
and prevention. Lancet Neurol 2016;15:1257–72.
28 Priyadarshi A, Khuder SA, Schaub EA, Shrivastava S. A meta-analysis of Parkinson’s
disease and exposure to pesticides. Neurotoxicology 2000;21:435–40.
29 Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre JT.
Chronic systemic pesticide exposure reproduces features of Parkinson’s disease. Nat
Neurosci 2000;3:1301–6.
30 Langston JW, Ballard P, Tetrud JW, Irwin I. Chronic Parkinsonism in humans due to a
product of meperidine-analog synthesis. Science 1983;219:979–80.
31 Ince PG, Codd GA. Return of the cycad hypothesis - does the amyotrophic lateral
sclerosis/parkinsonism dementia complex (ALS/PDC) of Guam have new implications
for global health? Neuropathol Appl Neurobiol 2005;31:345–53.
32 Marder K, Levy G, Louis ED, Mejia-Santana H, Cote L, Andrews H, Harris J, Waters
C, Ford B, Frucht S, Fahn S, Ottman R. Familial aggregation of early- and late-onset
Parkinson’s disease. Ann Neurol 2003;54:507–13.
33 Lubbe S, Morris HR. Recent advances in Parkinson’s disease genetics. J Neurol
2014;261:259–66.
34 Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, Pike B, Root
H, Rubenstein J, Boyer R, Stenroos ES, Chandrasekharappa S, Athanassiadou A,
Papapetropoulos T, Johnson WG, Lazzarini AM, Duvoisin RC, Di Iorio G, Golbe LI,

Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

35
36

37

38

39

40

41
42
43
44
45
46
47

48

49
50

51

52

Nussbaum RL. Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science 1997;276:2045–7.
Wong YC, Krainc D. α-Synuclein toxicity in neurodegeneration: mechanism and
therapeutic strategies. Nat Med 2017;23:1–13.
Lesage S, Anheim M, Letournel F, Bousset L, Honore A, Rozas N, Pieri L, Madiona K,
Durr A, Melki R, Verny C, Brice A. French parkinson’s disease genetics study. G51d
alpha-synuclein mutation causes a novel parkinsonian-pyramidal syndrome. Ann
Neurol 2013;73:459–71.
Satake W, Nakabayashi Y, Mizuta I, Hirota Y, Ito C, Kubo M, Kawaguchi 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.
Genome-wide association study identifies common variants at four loci as genetic risk
factors for Parkinson’s disease. Nat Genet 2009;41:1303–7.
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. Genome-wide association study reveals genetic risk
underlying Parkinson’s disease. Nat Genet 2009;41:1308–12.
Paisán-Ruíz C, Jain S, Evans EW, Gilks WP, Simón J, van der Brug M, López de Munain
A, Aparicio S, Gil AM, Khan N, Johnson J, Martinez JR, Nicholl D, Carrera IM, Pena AS,
de Silva R, Lees A, Martí-Massó JF, Pérez-Tur J, Wood NW, Singleton AB. Cloning of
the gene containing mutations that cause PARK8-linked Parkinson’s disease. Neuron
2004;44:595–600.
Zimprich A, Biskup S, Leitner P, Lichtner P, Farrer M, Lincoln S, Kachergus J, Hulihan
M, Uitti RJ, Calne DB, Stoessl AJ, Pfeiffer RF, Patenge N, Carbajal IC, Vieregge P,
Asmus F, Müller-Myhsok B, Dickson DW, Meitinger T, Strom TM, Wszolek ZK, Gasser
T. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic
pathology. Neuron 2004;44:601–7.
Monfrini E, Di Fonzo A, Kinase L-RR. (LRRK2) Genetics and Parkinson’s disease. Adv
Neurobiol 2017;14:3–30.
Biskup S, West AB. Zeroing in on LRRK2-linked pathogenic mechanisms in Parkinson’s
disease. Biochim Biophys Acta 2009;1792:625–33.
West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA, Dawson VL, Dawson
TM. Parkinson’s disease-associated mutations in leucine-rich repeat kinase 2 augment
kinase activity. Proc Natl Acad Sci U S A 2005;102:16842–7.
DePaolo J, Goker-Alpan O, Samaddar T, Lopez G, Sidransky E. The association between
mutations in the lysosomal protein glucocerebrosidase and parkinsonism. Mov Disord
2009;24:1571–8.
Tayebi N, Callahan M, Madike V, Stubblefield BK, Orvisky E, Krasnewich D, Fillano
JJ, Sidransky E. Gaucher disease and parkinsonism: a phenotypic and genotypic
characterization. Mol Genet Metab 2001;73:313–21.
Goker-Alpan O, Schiffmann R, LaMarca ME, Nussbaum RL, McInerney-Leo
A, Sidransky E. Parkinsonism among Gaucher disease carriers. J Med Genet
2004;41:937–40.
Vilariño-Güell C, Wider C, Ross OA, Dachsel JC, Kachergus JM, Lincoln SJ, SotoOrtolaza AI, Cobb SA, Wilhoite GJ, Bacon JA, Behrouz B, Melrose HL, Hentati E,
Puschmann A, Evans DM, Conibear E, Wasserman WW, 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. VPS35
mutations in Parkinson disease. Am J Hum Genet 2011;89:162–7.
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, Mollenhauer 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, Rost B, Ransmayr G, Winkelmann J, Meitinger T, Strom TM. A mutation
in VPS35, encoding a subunit of the retromer complex, causes late-onset Parkinson
disease. Am J Hum Genet 2011;89:168–75.
Wang W, Wang X, Fujioka H, Hoppel C, Whone AL, Caldwell MA, Cullen PJ, Liu J, Zhu
X. Parkinson’s disease-associated mutant VPS35 causes mitochondrial dysfunction by
recycling DLP1 complexes. Nat Med 2016;22:54–63.
Vilariño-Güell C, Rajput A, Milnerwood AJ, Shah B, Szu-Tu C, Trinh J, Yu I, Encarnacion
M, Munsie LN, Tapia L, Gustavsson EK, Chou P, Tatarnikov I, Evans DM, Pishotta
FT, Volta M, Beccano-Kelly D, Thompson C, Lin MK, Sherman HE, Han HJ, Guenther
BL, Wasserman WW, Bernard V, Ross CJ, Appel-Cresswell S, Stoessl AJ, Robinson
CA, Dickson DW, Ross OA, Wszolek ZK, Aasly JO, Wu RM, Hentati F, Gibson RA,
McPherson PS, Girard M, Rajput M, Rajput AH, Farrer MJ. DNAJC13 mutations in
Parkinson disease. Hum Mol Genet 2014;23:1794–801.
Funayama M, Ohe K, Amo T, Furuya N, Yamaguchi J, Saiki S, Li Y, Ogaki K, Ando M,
Yoshino H, Tomiyama H, Nishioka K, Hasegawa K, Saiki H, Satake W, Mogushi K,
Sasaki R, Kokubo Y, Kuzuhara S, Toda T, Mizuno Y, Uchiyama Y, Ohno K, Hattori N.
CHCHD2 mutations in autosomal dominant late-onset Parkinson’s disease: a genomewide linkage and sequencing study. Lancet Neurol 2015;14:274–82.
Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima S, Yokochi M,
Mizuno Y, Shimizu N. Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature 1998;392:605–8.

79

Downloaded from http://jmg.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Review
53 Lücking CB, Dürr A, Bonifati V, Vaughan J, De Michele G, Gasser T, Harhangi BS, Meco
G, Denèfle P, Wood NW, Agid Y, Brice A. Association between early-onset Parkinson’s
disease and mutations in the parkin gene. N Engl J Med 2000;342:1560–7.
54 Mori H, Kondo T, Yokochi M, Matsumine H, Nakagawa-Hattori Y, Miyake T, Suda K,
Mizuno Y. Pathologic and biochemical studies of juvenile parkinsonism linked to
chromosome 6q. Neurology 1998;51:890–2.
55 van de Warrenburg BP, Lammens M, Lücking CB, Denèfle P, Wesseling P, Booij J,
Praamstra P, Quinn N, Brice A, Horstink MW. Clinical and pathologic abnormalities in
a family with parkinsonism and parkin gene mutations. Neurology 2001;56:555–7.
56 Zhou ZD, Sathiyamoorthy S, Angeles DC, Tan EK. Linking F-box protein 7 and parkin to
neuronal degeneration in Parkinson’s disease (PD). Mol Brain 2016;9:41.
57 Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM, 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, Dallapiccola B, Auburger
G, Wood NW. Hereditary early-onset Parkinson’s disease caused by mutations in
PINK1. Science 2004;304:1158–60.
58 Bonifati V, Rizzu P, van Baren MJ, Schaap O, Breedveld GJ, Krieger E, Dekker
MC, 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. Mutations in the DJ-1
gene associated with autosomal recessive early-onset parkinsonism. Science
2003;299:256–9.
59 Canet-Avilés RM, Wilson MA, Miller DW, Ahmad R, McLendon C, Bandyopadhyay S,
Baptista MJ, Ringe D, Petsko GA, Cookson MR. The Parkinson’s disease protein DJ-1
is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial localization. Proc
Natl Acad Sci U S A 2004;101:9103–8.
60 Walker Z, Possin KL, Boeve BF, Aarsland D. Lewy body dementias. Lancet
2015;386:1683–97.
61 Ballatore C, Lee VM, Trojanowski JQ. Tau-mediated neurodegeneration in Alzheimer’s
disease and related disorders. Nat Rev Neurosci 2007;8:663–72.
62 Schneider JA, Li JL, Li Y, Wilson RS, Kordower JH, Bennett DA. Substantia nigra tangles
are related to gait impairment in older persons. Ann Neurol 2006;59:166–73.
63 Scheltens P, Blennow K, Breteler MM, de Strooper B, Frisoni GB, Salloway S, Van der
Flier WM. Alzheimer’s disease. Lancet 2016;388:505–17.
64 Taylor JP, Brown RH, Cleveland DW. Decoding ALS: from genes to mechanism. Nature
2016;539:197–206.
65 Al-Chalabi A, van den Berg LH, Veldink J. Gene discovery in amyotrophic lateral
sclerosis: implications for clinical management. Nat Rev Neurol 2017;13:96–104.
66 Geddes JF, Hughes AJ, Lees AJ, Daniel SE. Pathological overlap in cases of
parkinsonism associated with neurofibrillary tangles. A study of recent cases of
postencephalitic parkinsonism and comparison with progressive supranuclear
palsy and guamanian parkinsonism-dementia complex. Brain 1993;116(Pt
1):281–302.
67 Lill CM, Roehr JT, McQueen MB, Kavvoura FK, Bagade S, Schjeide BM, Schjeide LM,
Meissner E, Zauft U, Allen NC, Liu T, Schilling M, Anderson KJ, Beecham G, Berg D,
Biernacka JM, Brice A, DeStefano AL, Cb D, Eriksson N, Factor SA, Farrer MJ, Foroud
T, Gasser T, Hamza T, Hardy JA, Heutink P, Hill-Burns EM, Klein C, Latourelle JC,
Maraganore DM, Martin ER, Martinez M, Myers RH, Nalls MA, Pankratz N, Payami H,
Satake W, Scott WK, Sharma M, Singleton AB, Stefansson K, Toda T, Tung JY, Vance J,
Wood NW, Zabetian CP. Me genetic epidemiology of parkinson’s disease, international
parkinson’s disease genomics, parkinson’s disease,young p, tanzi re, khoury mj, zipp
f, lehrach h, ioannidis jp, bertram l. Comprehensive research synopsis and systematic
meta-analyses in parkinson’s disease genetics: The pdgene database. PLoS Genet
2012;8:e1002548.
68 Singleton AB, Hardy JA, Gasser T. The birth of the modern era of parkinson’s disease
genetics. J Parkinsons Dis 2017;7(s1):S89–95.
69 Willingham S, Outeiro TF, DeVit MJ, Lindquist SL, Muchowski PJ. Yeast genes that
enhance the toxicity of a mutant huntingtin fragment or alpha-synuclein. Science
2003;302:1769–72.
70 Outeiro TF, Lindquist S. Yeast cells provide insight into alpha-synuclein biology and
pathobiology. Science 2003;302:1772–5.
71 Lakso M, Vartiainen S, Moilanen AM, Sirviö J, Thomas JH, Nass R, Blakely RD,
Wong G. Dopaminergic neuronal loss and motor deficits in Caenorhabditis elegans
overexpressing human alpha-synuclein. J Neurochem 2003;86:165–72.
72 Feany MB, Bender WW. A drosophila model of parkinson’s disease. Nature
2000;404:394–8.
73 Kirik D, Annett LE, Burger C, Muzyczka N, Mandel RJ, Björklund A. Nigrostriatal
alpha-synucleinopathy induced by viral vector-mediated overexpression of human
alpha-synuclein: a new primate model of Parkinson’s disease. Proc Natl Acad Sci U S A
2003;100:2884–9.

80

74 Kirik D, Rosenblad C, Burger C, Lundberg C, Johansen TE, Muzyczka N, Mandel RJ,
Björklund A. Parkinson-like neurodegeneration induced by targeted overexpression of
alpha-synuclein in the nigrostriatal system. J Neurosci 2002;22:2780-91.
75 Klein RL, King MA, Hamby ME, Meyer EM. Dopaminergic cell loss induced by human
A30P alpha-synuclein gene transfer to the rat substantia nigra. Hum Gene Ther
2002;13:605–12.
76 Maekawa T, Sasaoka T, Azuma S, Ichikawa T, Melrose HL, Farrer MJ, Obata F. Leucinerich repeat kinase 2 (LRRK2) regulates α-synuclein clearance in microglia. BMC
Neurosci 2016;17:77.
77 Daher JP, Volpicelli-Daley LA, Blackburn JP, Moehle MS, West AB. Abrogation of
α-synuclein-mediated dopaminergic neurodegeneration in LRRK2-deficient rats. Proc
Natl Acad Sci U S A 2014;111:9289–94.
78 Lin X, Parisiadou L, Gu XL, Wang L, Shim H, Sun L, Xie C, Long CX, Yang WJ, Ding
J, Chen ZZ, Gallant PE, Tao-Cheng JH, Rudow G, Troncoso JC, Liu Z, Li Z, Cai H.
Leucine-rich repeat kinase 2 regulates the progression of neuropathology induced by
Parkinson’s-disease-related mutant alpha-synuclein. Neuron 2009;64:807–27.
79 Lo Bianco C, Schneider BL, Bauer M, Sajadi A, Brice A, Iwatsubo T, Aebischer
P. Lentiviral vector delivery of parkin prevents dopaminergic degeneration in
an alpha-synuclein rat model of Parkinson’s disease. Proc Natl Acad Sci U S A
2004;101:17510–5.
80 Kaushik S, Cuervo AM. Proteostasis and aging. Nat Med 2015;21:1406–15.
81 Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, Pallanck LJ. Mitochondrial
pathology and apoptotic muscle degeneration in Drosophila parkin mutants. Proc Natl
Acad Sci U S A 2003;100:4078–83.
82 Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, Yoo SJ, Hay BA, Guo M.
Drosophila pink1 is required for mitochondrial function and interacts genetically with
parkin. Nature 2006;441:1162–6.
83 Park J, Lee SB, Lee S, Kim Y, Song S, Kim S, Bae E, Kim J, Shong M, Kim JM, Chung J.
Mitochondrial dysfunction in Drosophila PINK1 mutants is complemented by parkin.
Nature 2006;441:1157–61.
84 Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J, Cookson MR, Youle RJ.
PINK1 is selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol
2010;8:e1000298.
85 Burchell VS, Nelson DE, Sanchez-Martinez A, Delgado-Camprubi M, Ivatt RM,
Pogson JH, Randle SJ, Wray S, Lewis PA, Houlden H, Abramov AY, Hardy J, Wood NW,
Whitworth AJ, Laman H, Plun-Favreau H. The Parkinson’s disease-linked proteins
Fbxo7 and Parkin interact to mediate mitophagy. Nat Neurosci 2013;16:1257–65.
86 Kitada T, Tong Y, Gautier CA, Shen J. Absence of nigral degeneration in aged parkin/
DJ-1/PINK1 triple knockout mice. J Neurochem 2009;111:696–702.
87 Clements CM, McNally RS, Conti BJ, Mak TW, Ting JP. DJ-1, a cancer- and Parkinson’s
disease-associated protein, stabilizes the antioxidant transcriptional master regulator
Nrf2. Proc Natl Acad Sci U S A 2006;103:15091–6.
88 Tang FL, Liu W, Hu JX, Erion JR, Ye J, Mei L, Xiong WC. Vps35 deficiency or mutation
causes dopaminergic neuronal loss by impairing mitochondrial fusion and function.
Cell Rep 2015;12:1631–43.
89 Surmeier DJ, Obeso JA, Halliday GM. Selective neuronal vulnerability in Parkinson
disease. Nat Rev Neurosci 2017;18:101–13.
90 Foehring RC, Zhang XF, Lee JC, Callaway JC. Endogenous calcium buffering capacity of
substantia nigral dopamine neurons. J Neurophysiol 2009;102:2326–33.
91 Valera E, Spencer B, Masliah E. Immunotherapeutic approaches targeting
amyloid-β, α-synuclein, and tau for the treatment of neurodegenerative disorders.
Neurotherapeutics 2016;13:179–89.
92 St-Amour I, Cicchetti F, Calon F. Immunotherapies in alzheimer’s disease: Too much,
too little, too late or off-target? Acta Neuropathol 2016;131:481–504.
93 Wang Y, Yan T, Lu H, Yin W, Lin B, Fan W, Zhang X, Fernandez-Funez P. Lessons from
anti-amyloid-β immunotherapies in alzheimer disease: Aiming at a moving target.
Neurodegener Dis 2017;17:242–50.
94 Orgogozo JM, Gilman S, Dartigues JF, Laurent B, Puel M, Kirby LC, Jouanny P,
Dubois B, Eisner L, Flitman S, Michel BF, Boada M, Frank A, Hock C. Subacute
meningoencephalitis in a subset of patients with AD after Abeta42 immunization.
Neurology 2003;61:46–54.
95 McDade E, Bateman RJ. Stop Alzheimer’s before it starts. Nature 2017;547:153–5.
96 Schneeberger A, Tierney L, Mandler M. Active immunization therapies for Parkinson’s
disease and multiple system atrophy. Mov Disord 2016;31:214–24.
97 Bergström AL, Kallunki P, Fog K. Development of passive immunotherapies for
synucleinopathies. Mov Disord 2016;31:203–13.
98 Peelaerts W, Bousset L, Van der Perren A, Moskalyuk A, Pulizzi R, Giugliano M,
Van den Haute C, Melki R, Baekelandt V. α-Synuclein strains cause distinct
synucleinopathies after local and systemic administration. Nature 2015;522:340–4.

Zhang P-L, et al. J Med Genet 2018;55:73–80. doi:10.1136/jmedgenet-2017-105047

Downloaded from http://jmg.bmj.com/ on February 21, 2018 - Published by group.bmj.com

Genetics of Parkinson's disease and related
disorders
Pei-Lan Zhang, Yan Chen, Chen-Hao Zhang, Yu-Xin Wang and Pedro
Fernandez-Funez
J Med Genet2018 55: 73-80 originally published online November 18,
2017

doi: 10.1136/jmedgenet-2017-105047
Updated information and services can be found at:
http://jmg.bmj.com/content/55/2/73

These include:

References
Email alerting
service

Topic
Collections

This article cites 97 articles, 19 of which you can access for free at:
http://jmg.bmj.com/content/55/2/73#ref-list-1
Receive free email alerts when new articles cite this article. Sign up in the
box at the top right corner of the online article.

Articles on similar topics can be found in the following collections
Editor's choice (130)

Notes

To request permissions go to:
http://group.bmj.com/group/rights-licensing/permissions
To order reprints go to:
http://journals.bmj.com/cgi/reprintform
To subscribe to BMJ go to:
http://group.bmj.com/subscribe/

