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Mitochondria in the context of
Parkinson’s disease

Introduction to the disease: Parkinson’s disease (PD) is the second
most common neurodegenerative disease, affecting 1-2% of the pop-
ulation over the age of 65. Rigidity, bradikynesia, postural instability
and tremor are the principal clinical characteristics of this disease,
caused by the progressive loss and degeneration of dopaminergic neu-
rons in the Substantia nigra pars compacta (SNpc). Tremor and motor
impairment appear when approximately 50-60% of these neurons de-
generate, causing a 70-80% depletion of striatal dopamine (Lang and
Lozano, 1998). The pathogenesis of PD involves a series of character-
istics that are commonly observed in the affected brain areas of PD
patients, like mitochondrial complex I and global lysosomal dysfunc-
tions. Other features of the disease are increased indices of oxidative
stress linked to a dysregulated inflammatory response or the presence
of intra-neuronal protein aggregates designated as Lewy bodies (LBs),
composed principally of metabolically altered alpha-synuclein. This
dopaminergic neurodegeneration is closely related to autophagic deg-
radation and protein aggregation, two especially important processes
in the viability of the neuron (Ryan et al., 2015).

Relation between neuron degeneration and mitochondrial activ-
ity: Mitochondria are deeply dynamic and complex organelles that
constantly divide and fuse with each other, move along the cell, suffer
regulated turnover and play diverse important cellular functions. The
adequate balance between fusion and fission at the appropriate time
and subcellular location is crucial for the maintenance of mitochon-
drial activity and several cellular requirements. Abnormalities in this
balance can lead to neuron dysfunction and cell death. In these terms,
a selective autophagic degradation of mitochondria, named mitopha-
gy, is necessary for the turnover or removal of damaged mitochondria
(Wang et al,, 2011). Mitophagy eliminates dysfunctional mitochondria
and avoids the production of excessive reactive oxygen species (ROS)
caused by mitochondrial oxidative respiration.

Neurons are especially energy-dependent cells and in the case of
dopaminergic neurons, this dependence is even higher. Dopamine
is a quite unstable neurotransmitter that can oxidize to generate re-
active oxygen species and produce neurotoxicity (Liang et al., 2007).
Therefore, neurons are extremely sensitive to mitochondrial injury or
to anomalous distribution, which can result in severe consequences
for neuronal function and survival. SNpc dopamine (DA) neurons
are even more vulnerable to PD effects than dopamine neurons of
ventral tegmental area (VTA) or interfascicular (IF) area. This selec-
tive vulnerability of neuronal sub-populations is still being subject
of study and possibly the cause of this selectivity is a combination of
different phenomena. A high amount of iron ions and low levels of
the antioxidant glutathione in SNpc DA cells have been described as
possible causes. Calcium toxicity has been also suggested as another
determinant of vulnerability. SNpc DA neurons present more calci-
um channels than VTA DA neurons, which have a preponderance of
sodium channels, and less level of calcium-binding proteins. On the
other hand, the levels of VMAT?2, the vesicular monoamine transport-
er responsible for dopamine uptake, are lower in SNpc DA neurons.
However, other possible explanation that can also contribute to the
selective vulnerability is the reduced mitochondria mass presented in
SNpc DA neurons compared to VTA or IF DA neurons (Liang et al.,
2007). The low mitochondrial mass predisposes these neurons to de-
generation when mitochondria function is impaired.

Anomalous mitochondrial dynamics (mitophagy included) repre-
sent a key common pathway during the course of neurodegenerative
diseases. Numerous pieces of evidence suggest that mitochondrial
dysfunction is a central and critical player in the pathogenesis of
various neurodegenerative diseases, and an aberrant mitochondrial
homeostasis is supposed to be an essential contributor to the devel-
opment of PD (Wang et al., 2011). This evidence was first collected in
the early 1980s with the observation that a potent inhibitor of com-
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plex I of the electron transport chain, MPTP, rapidly induced Parkin-
sonism (Langston et al., 1983). Although the cause of mitochondrial
dysfunction in PD is not entirely clear, sporadic and familial PD seem
to converge at the level of mitochondrial integrity. Moreover, the role
of various familial PD-associated genes in the regulation of mitochon-
drial function and dynamics give as a clue to start elucidating the con-
nections of mitochondria with PD (Winklhofer and Haass, 2010).

Molecular mechanisms in PD: Although the majority of PD cas-
es are sporadic (around 90%), autosomal dominant and recessive
familial cases have been linked to mutations in the genes for al-
pha-synuclein, Parkin, PINK1, DJ1 or LRRK2. Both sporadic and
familial forms of PD share important clinical, pathological and
biochemical characteristics, being the progressive damage of do-
paminergc neurons in the substantia nigra especially noteworthy.
Notwithstanding the prevalence of sporadic PD cases, the familial
forms can provide exceptional insights into the molecular mecha-
nism of disease pathogenesis (Winklhofer and Haass, 2010).

PARK?2 is one of the most common genes mutated in cases of
early-onset familial PD, and its mutations are associated with mi-
tochondrial dysfunction. PARK2 encodes an E3 ubiquitin ligase,
Parkin, which can be selectively traslocated to damaged mitochon-
dria to promote their removal by autophagy (Pickrell et al., 2015).
Recessive loss-of-function mutations are responsible for disrupting
its ubiquitin ligase activity necessary to target dysfunctional mi-
tochondria for selective mitophagy. Parkin normally works with
PINKI1 (the other most common causal gene for recessive familial
parkinsonism, PARK6) in the same pathway to control mitochon-
drial quality and elimination of damaged mitochondria.

There are other PD-related proteins that have a link to mito-
chondria, apart from Parkin and PINKI. In fact, one of the main
features of the disease is the presence of intra-cytoplasmic inclusions
containing alpha-synuclein protein (called Lewy bodies), typically
found in areas of neuronal degeneration. Alpha-synuclein also accu-
mulates in the mitochondria of the striatum and substantia nigra of
PD patients, impairing this way mitochondrial activity and causing
oxidative stress. Moreover, mutant alpha-synuclein overexpression
induces mitophagy and the loss of Parkin aggravates this phenotype,
suggesting that synuclein pathology may meet the mitophagy-related
PINK1/Parkin pathway (Chen et al., 2015). Analyses of potential
mechanistic links between these and other PD disease genes are ac-
tive areas of investigation (Okatsu et al., 2012; Pickrell et al., 2015).

It is also known that in damaged mitochondria, the loss of mi-
tochondrial membrane potential (AWm) results in the import of
protein PINKI1 to the outer mitochondrial membrane via its mito-
chondrial-targeting signal (MTS) and remains associated with the
TOM complex (translocase of the outer membrane). Dissipation of
mitochondrial membrane potential prevents PINK1 from reach-
ing the inner membrane, causing its autophosphorylation and the
accumulation of non-cleaved PINK1 on damaged mitochondria
(Okatsu et al,, 2012). At the same time, PINK1 directly phosphory-
lates ubiquitin at Ser65 and Parkin at Ser65 within its Ubl domain,
leading to the activation of the E3 ligase activity of Parkin and its
retention on depolarized mitochondria (Pickrell et al., 2015). Re-
cruited Parkin builds ubiquitin chains on outer membrane proteins,
preferentially on which PINKI has accumulated, notably the mito-
fusins. Ubiquitylation of outer mitochondrial membrane proteins
by Parkin leads either to their degradation by the proteasome or to
the removal of the damaged mitochondria by autophagy. Patient
mutations in both PINK1 and Parkin prevent PINK1 autophos-
phorylation and recruitment of Parkin to mitochondria (Okatsu et
al,, 2012). PINK1 and Parkin dependent ubiquitylation has a main
role in the quality control of mitochondria, which suggests that the
dysfunction of either PINK1 or Parkin results in the accumulation of
low quality mitochondria and consequent cell damage and neuronal
dysfunction, contributing this way to the development of PD. Organ-
elle degradation system, in which Parkin is involved, is fundamental
to several different cellular events and its malfunction is thought to be
a responsible key to the pathogenesis of neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease or amyotrophic lateral
sclerosis. The absence of functional Parkin is thought to result in aber-
rant ubiquitylation and compromised mitochondrial integrity, leading
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Figure 1 Fluorescent Parkin-based preclinical model.

After the addition of the mitochondrial membrane uncoupler carbonyl cy-
anide m-chlorophenyl hydrazone (CCCP) to the culture, the fluorescently
tagged and stably expressed Parkin is recruited to the damaged mitochon-
dria. The difference in the cellular fluorescence redistribution is highly
appreciable; from a cytoplasmic distribution in the negative control, it turns
into a vesicular pattern after CCCP treatment, corresponding to mitochon-
drial distribution.

to cell damage and neuronal dysfunction, contributing to the devel-
opment of Parkinson’s disease. Nevertheless, the exact mechanism
of mitochondrial pathogenesis associated with Parkinson’s disease
and Parkin protein in particular has not been totally elucidated
(Villacé et al., 2016).

The future: searching for mitochondrial therapeutic targets: Thera-
pies for the disease are limited and treatments to date only provide
symptomatic relief without stopping disease progression. While
neuroregeneration is conceptually distinct from neuroprotection,
from the perspective of therapeutic development in PD, any effect
that decelerates or stops the course of neurodegeneration will be
welcomed. Any mechanism by which an agent may protect against
neuronal degeneration, might also allow endogenous repair process-
es, therefore it is no necessary distinguish between these concepts.
However, preclinical studies should be performed on relevant disease
models that best reflect the pathologic condition. This relevance is
one of the main reasons that explain the low rate of success of drug
development in neuroscience. For example, supplementation with
mitochondrial complex I electron acceptor coenzyme Q,, has been
demonstrated to be beneficial in various preclinical models of Par-
kinson’ disease, but without clinical benefits in Phase 3 trials (Ryan
et al,, 2015). More translational assays would eventually help saving
time and efforts by increasing the precision to identify reliable hits.
The regulation of targets involved in this pathway has been a tricky
area for drug discovery and drug development, basically because of
a lack of good robust and functional assays for screening. It is of the
utmost interest to develop accurate methods to understand the spe-
cific function of Parkin in mitochondria in the context of PD.

Recent researches on the function of PD-associated genes have
provided fundamental new insights into biochemical pathways of
the disease process. As commented before, some of these genes are
directly implicated in mitochondrial dynamic (Winklhofer and
Haass, 2010). Being mitochondrial dysfunction a common denom-
inator of sporadic and familial PD, mitochondria has moved to the
front of PD research. Many sides of mitochondrial biology are af-
fected in PD. Explaining and interpreting the functions of the pro-
teins implicated in familial forms of PD has become a valid strategy
to understand mitochondrial cell biology and its connection with
and contribution to sporadic disease. For example, the ATP analog,
kinetin triphosphate, or its precursor kinetin, rescues kinase activi-
ty of patient mutant form of PINK1 and increases wild type PINK1
activity, resulting in increased parkin recruitment to damaged mi-
tochondria, decreasing sensitivity to oxidative stress and revealing a
new kind of drug in the treatment of PD (Hertz et al., 2013). So, the
activation of mitophagy by regulating PINK1 or Parkin pathway
is becoming an attractive target not only for therapeutic interven-
tion for PD, but also for the attempt of treating any mitochondrial
diseases. Deeply understanding the participation of mitochondrial
dysfunction in neurodegeneration will necessarily enrich our ca-
pacity to develop more adequate therapies for neurodegenerative
diseases (Villacé et al., 2016).

In the process of discovering new drugs, High Content Cell-
based assays are becoming a very important tool to simulate the
nature of biological processes and essential for the identification
and optimization of therapeutic candidates. Advances in High Con-
tent Screening (HCS) technologies will contribute to increase the
efficiency in drug discovery process. Some improvements related to
this area have been performed recently. Our lab has developed, for
instance, a High-Content Assay based on a phenotypic Parkin cell-
based model (Figure 1) that permits to evaluate robustly the fluores-
cent-tagged Parkin mitochondrial recruitment in living cells through
the study of its location pattern in the space and time during the ear-
ly stages of mitophagy, after promoting a loss of mitochondrial mem-
brane potential (A¥m) with a mitochondrial proton gradient uncou-
pler agent (Villacé et al., 2016). Different screenings assays have been
carried out as well by means of screening ex vivo PD patients’ cells.
For example, a library screening completed with fibroblasts from
patients carrying parkin mutations identified 15 compounds that
normalized MMP and ATP levels (Mortiboys et al., 2013) in these
cells. Following this line of experimentation, next generations of
High-Throughput or High-Content Screenings using patients’ cells
or iPSC neuronal cultures should represent a very promising strategy
for assessing preclinical efficacy and safety on individually targeted
therapies (Ryan et al., 2015). Finding activators and inhibitors of the
PINK1/Parkin pathway and others will accelerate the discovery of
achievable candidates against Parkinson’s disease.
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