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Parkinson disease (PD) is a multifactorial neurodegenerative disease characterized by the progressive loss of
specific neuronal populations and accumulation of Lewy bodies in the brain, leading to motor and non-motor
symptoms. In a small subset of patients, PD is dominantly or recessively inherited, while a number of susceptibil-
ity genetic loci have been identified through genomewide association studies. The discovery of genesmutated in
PD and functional studies on their protein products have provided new insights into themolecular events leading
to neurodegeneration, suggesting that few interconnected molecular pathways may be deranged in all forms of
PD, triggering neuronal loss. Here, we summarize the most relevant findings implicating the main PD-related
proteins in biological processes such as mitochondrial dysfunction, misfolded protein damage, alteration of
cellular clearance systems, abnormal calcium handling and altered inflammatory response, which represent
key targets for neuroprotection.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Parkinson disease (PD) is one of the commonest neurodegenera-
tive disorders, with prevalence over 1% in the seventh decade of life
[1,2]. The phenotype of bradykinesia, resting tremor, rigidity and
postural instability is mainly caused by themassive death of dopami-
nergic neurons in the substantia nigra pars compacta. Surviving neu-
rons show the Lewy bodies (LBs), typical cytoplasmic inclusions
containing ubiquitin, alpha-synuclein (α-syn) and other proteins.
Despite familial aggregation had long been recognized as a common
feature in PD, only in the past fifteen years the contribution of genetics
has been deeply explored, with the identification of few genes clearly
responsible for Mendelian forms of the disease, either with autosomal
dominant (SNCA, LRRK2) or recessive (PARK2/Parkin, PINK1, DJ-1,
ATP13A2) inheritance. Besides these, some other genes have been
found mutated only in rare families, and their actual contribution to
the disease remains to be confirmed [3].

However, it was recently estimated that mutations in known
genes can only explain about 10% of familial PD, leaving a large pro-
portion of cases unaccounted [4]. It is conceivable that in the vast
majority of these patients, as well as in those with negative family
history, the disease underlies a multifactorial inheritance, with
several common and rare genetic variants interplaying among
them and with environmental factors to reach a threshold of disease.
In fact, heterozygous mutations in the GBA gene were found to repre-
sent a strong genetic risk factor for development of PD, with an average
relative risk of about 5, and several polymorphisms (mostly residing
within the same genes mutated inMendelian forms of PD)were identi-
fied as PD susceptibility factors by large whole genome association
(GWA) studies [3,4].

In line with this hypothesis, the advent of next generation se-
quencing (NGS) technologies, which have impressively enhanced
the identification of novel causative genes in most genetic disorders,
has not brought the expected revolution in the field of PD genetics.
Indeed, despite NGS has been available for over 6 years, only few
rarely mutated genes have been found in isolated families, and a single
study has been published reporting whole exome sequencing in 100
Sardinian patients with PD, which failed to identify robust novel PD
candidates [5].

While it can be safely expected that the huge amount of genetic
data generated through NGS and GWA strategies contains a wealth
of new relevant information to better understand the complex ge-
netic basis of PD, nevertheless it is undoubted that the meaningful
analysis of such data to extrapolate novel PD candidate genes repre-
sents a truly challenging task. A possible lead to get oriented in the
maze of common and rare genetic variants emerging from genome-
wide studies may derive from the analysis of pathogenic mecha-
nisms of neurodegeneration. Intriguingly, it is clearly emerging that
neuronal death results as a consequence of the derangement of
very few essential and highly interconnected cellular pathways,
and that many if not all genetic factors implicated in PD pathogenesis
converge on, and affect, the same cellular processes, includingmitochon-
drial dysfunction, misfolded protein damage, impairment of clearance
systems, abnormal calcium handling and enhanced pro-inflammatory
responses [6].

Here we will briefly review the involvement of various PD-related
proteins in each of these pathways, which to date represent the keymo-
lecular targets for the development of neuroprotective and therapeutic
strategies [7]. A schematic representation of some of these pathways is
presented in Fig. 1.

2. Impairment of cellular clearance systems

In long-living cells such as neurons, the efficient functioning of intra-
cellular clearance systems is crucial for an efficient and timely removal
of both misfolded proteins and damaged organelles, before they could
trigger noxious pathways eventually leading to apoptotic death. Two
main quality control systems act in synergy: the ubiquitin–proteasome
system (UPS), mainly aimed at removing misfolded proteins, and the
autophagy pathways, which target both misfolded proteins and aggre-
gates (through macroautophagy and chaperone-mediated autophagy),
as well as dysfunctional organelles (through highly specialized path-
ways such as mitophagy). Here we will briefly discuss these systems,
to demonstrate how PD-related proteins have been deeply involved in
the correct functioning of both UPS and autophagy.

2.1. The ubiquitin–proteasome pathway

UPS is a proteolytic system inwhich the conjugation of polyubiquitin
chains to specific substrates induces their selective degradation by the
proteasome in an ATP-dependent manner. The ubiquitination steps are
highly regulated and allow the binding of one or more ubiquitin mole-
cules (Ub) to a lysine residue of the target protein, through the subse-
quent action of Ub activating enzymes (E1), Ub conjugating enzymes
(E2), and substrate-specific Ub ligases (E3). Ubiquitinated proteins are
then delivered by Ub receptors to the proteasome, where the substrate
is de-ubiquitinated, unfolded, and degraded [8]. A malfunctioning of the
UPS leads to accumulation of protein oligomers and aggregates, which
play a well-established role in PD pathogenesis. This was first shown by
experiments of proteasomal inhibition using both in vitro and in vivo
models, which resulted in the formation of α-syn positive inclusions
and neurodegeneration [9,10]. Moreover, proteasomal impairment was
observed in the substantia nigra of brains from patients with PD [11].
Further substantiating a role for UPS in PD pathogenesis, several genes
mutated in familiar PD have been implicated in this pathway, first of all
α-syn. This is one of themost abundant brain proteins,which has the pro-
pensity to misfold and generate oligomeric and protofibrillar intermedi-
ates, causing widespread neuronal damage. Genetic mutations of the
SNCA gene, overexpression of wild type protein due to gene multiplica-
tion, as well as post-translational modifications and oxidative stress, are
all known to enhance misfolding and aggregation of the protein [12,13].
Indeed, α-syn is one of the main components of LBs, typical cytoplasmic
inclusions found in the neurons of patientswith both familial and sporad-
ic PD, which have been suggested to represent a cytoprotective response
to isolate toxic elements and reduce cellular damage [14].

Another relevant gene for UPS functioning is Parkin, the first gene
to be identified as causative of autosomal recessive early onset PD,
which encodes for an E3 ubiquitin-ligase [15]. Several putative sub-
strates of Parkin have been identified, including proteins with toxic
function for neuronal cells. For instance, Parkin was found to mediate
the proteasomal degradation of Pael-R, a putative G-protein-coupled
transmembrane protein known to induce ER stress and cell death, and
PD-causative Parkin mutations led to accumulation of unfolded Pael-R,
both in vitro and in the patients' brains [16,17]. Another relevant sub-
strate of Parkin is PARIS, a transcriptional repressor of themitochondrial
co-activator PGC-1α which also accumulates in tissues from Parkin-
mutated or sporadic PD patients, Parkin-knockout mice and MPTP in-
toxicated mice [18]. Mutations of Parkin cause an increase in PARIS
levels, leading to mitochondrial dysfunction and progressive degenera-
tion of dopaminergic neurons, a phenotype that can be reverted by
PARIS silencing [18]. Last but not the least, α-syn was found to be a
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