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1. Introduction

Manganese (Mn) is an abundant, naturally occurring
element in the Earth’s crust. It is most frequently found
in the form of oxides, carbonates, and silicates.! It is also
one out of seven essential metals for animal physiology. Mn
is a cofactor for many enzymes, such as transferases,
hydrolases, lyases, arginase, glutamine synthetase, and su-
peroxide dismutase, and it is also found in integrins.?® The
well-studied Mn-containing proteins are arginase, an enzyme
present in lipids that is required for ammonia elimination,
and Mn-containing superoxide dismutase (Mn-SOD), a
principal antioxidant enzyme typically found in the mito-
chondria. Given the dependence of multiple enzymes on Mn,
it is essential for various physiological processes, such as
modulation of the immune system, stellate process production
in astrocytes, cell adhesion, and protein and carbohydrate
metabolism.*~8 Mn also plays an important role in the
development and functioning of the brain and skeletal
structures.>'° Mn deficiency may result in birth defects, poor
bone formation and increased susceptibility to seizures.t**?

Despite being essential for metabolic functions, exces-
sive exposure to Mn is a well-recognized occupational
hazard, and inhalation of particulate Mn compounds is
associated with lung inflammation, characterized by cough,
bronchitis, pneumonitis, and impaired pulmonary function
in human, primates,*~*° and nasal epithelium inflamma-
tion in rodents.?® Impotence and loss of libido have also
been reported in male workers with high Mn exposures,?*??
possibly due to the importance of arginase in those func-
tions.?® Though most Mn is obtained through the diet, Mn
toxicity from dietary intake is rare,?4?> because Mn balance
is tightly regulated by both the enterocytes (intake) and the
biliary duct cells (excretion). In contrast, pulmonary uptake
and particulate transport via the olfactory bulb?®~28 can lead
to deposition of Mn within the striatum and cerebellum, and
inflammation of the nasal epithelium.?® Occupational expo-
sure to Mn for periods from 6 months to 2 years can cause
an extrapyramidal syndrome, referred to as manganism,
closely resembling idiopathic Parkinson’s disease (IPD, see
below), at both the molecular and clinical levels.?®~3!
Manganism represents a progressive Parkinsonism syndrome
with a dystonic gait disorder (“cock gait”). Patients suffering
from manganism exhibit a signature biphasic mode of
physical decline, which comprises of an initial phase of
psychiatric disturbance including rare cases of emotional
lability, and neurological deficits which are followed by
motor defects such as akinetic rigidity, dystonia, and
bradyskinesia.?®3! Mn exposure represents a significant public
health matter due to the use of Mn as a catalyzer in countless
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industrial processes and to its presence in gasoline additives,
in fungicides such as Maneb, and in permanganate, a drinking
water purifier.12%2-% Moreover, Mn toxicity may be liable
for some PD cases, which are on the rise.

Parkinson’s disease (PD) is a progressive neurodegenera-
tive disorder that currently affects nearly 2% of the U.S.
population.® In most populous countries, more than 4 million
individuals over 50 had PD in 2005, and this number is
expected to reach 9 million by 2030.% Clinically, PD patients
classically display four signature symptoms: rigidity, tremor,
dystonia, and bradykinesia, and occasionally akinesia. Physi-
ologically, these symptoms result from a progressive loss
of motor function due to the degeneration of the dopamin-
ergic (DAergic) neurons within the substantia nigra pars
compacta and the loss of DAergic terminals in the striatum.%
At the subcellular level, postmortem studies revealed the
deposition of cytoplasmic Lewy bodies composed of ag-
gregated protein, including a-synuclein. Epidemiology stud-
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ies classify PD cases as familial (FPD) or IPD, depending
on whether the disease is hereditary (FPD) or from unknown
origin, possibly due to exposure to environmental neuro-
toxicants (IPD).3%4° Eleven genomic regions (PARK1 to 11)
have been associated with FPD. For eight of these, respon-
sible genes have been identified: PARK1 (a-SYNUCLEIN),
PARK2 (PARKIN), PARK4 (a-SYNUCLEIN), PARK5
(UCHL1), PARK6 (PINK1), PARK7 (DJ1), PARKS (DAR-
DARIN/LRRK?2), and PARK9 (ATP13A2).** On the other
hand, various environmental contaminants were suspected
in IPD cases, especially pesticides, such as paraquat and
rotenone, and metals such as lead (Pb) and Mn.

Interestingly, those usual suspects in IPD and the afore-
mentioned genes identified in FPD impact the same signaling
pathways involved in mitochondrial function, oxidative
stress, and cell death. This observation underlines the
importance of gene—environment interaction studies for the
understanding of neurodegenerative diseases such as PD. In
the case of Mn, it is in fact the only environmental toxicant
that has been robustly associated with IPD, it tends to
accumulate in the same brain areas that are affected in PD,
and it can induce a syndrome closely resembling PD, as
mentioned previously. Recent studies also suggest the direct
involvement of Mn exposure in PD’s etiology.*? Here, we
survey the similarities between PD and Mn neurotoxicity,
focusing on the cellular pathways common to both disorders
and PD genes identified thus far. Since gene—environment
studies are presently amenable to high-throughput approaches
in various in vizo genetic models, we report here recent
insights into the etiology of PD and Mn toxicity gained from
various model organisms, and we explore the conservation
of PD genes across species. A central point of this review is
reflected in the theme that most molecular and mechanistic
aspects of both Mn-associated disorders and PD are con-
served across species from C. elegansto humans, justifying
the utility of C. elegans and other invertebrate models for
further characterization of gene x environment interactions
in the etiology of neurodegenerative disorders.
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2. Conserved Mechanisms in Parkinson’s
Disease and Manganism

2.1. PD and Mn-Induced DA Neuron Degeneration

The brain areas most susceptible to manganese (Mn) injury
are also highly sensitive to oxidative stress. Many metaboli-
cally active cell types, particularly tonically active motor
neurons in the substantia nigra (SN), require high levels of
ATP for optimal function and survival.** Mn accumulates
in the SN, globus pallidus (GP), and striatum (STR), where
it interferes with ATP synthesis, in a similar fashion to
mitochondrial inhibitors or experimentally induced ischemia.* 49
The accumulation of Mn in these brain regions corresponds
to highly dense expression of the divalent metal transporter
1 (DMT1),%9-5% which has been found to be responsible for
dietary5*% as well as olfactory?® Mn uptake.5® Both for PD
and Mn-induced neurodegeneration, the dopaminergic (DAer-
gic) neurotransmitter system is primarily affected in
human,®°%-%¢ nonhuman primates,®®® and rodents,®~7* as
well as in C. elegans (unpublished data). Though the
mechanisms that lead to Mn-induced neurodegeneration are
still poorly understood, multivalent metallic ions in general
and Mn?" and Mn®" in particular are able to react with
biogenic amines (such as dopamine) through the Fenton’s
reaction and produce reactive-oxygen species (ROS), leading
to oxidative damage.%¢7"5~7" Several mechanisms for Mn-
catalyzed dopamine (DA) auto-oxidation have been proposed,
involving semiquinone and aminochrome intermediates,
L-cysteine or copper (Cu), and NADH facilitation,6%67.76:78-81
Our recent work with C. elegans further supports a direct
role for DA metabolism in Mn-induced DAergic neurode-
generation (unpublished data). The specificity of Mn ac-
cumulation conferred by DMT1 and its ability to react with
DA may explain the selective targeting of DAergic neurons
in Mn-induced Parkinsonism.

The DAergic system is also particularly sensitive to other
oxidants in addition to metals.®278 DA is the first neu-
rotransmitter system to undergo neuronal cell loss upon brain
oxidative injury and energy depletion.2¢7 Accordingly
DAergic cell loss can be partially prevented by various
antioxidants in in zivo and in vitro PD models.®71% The
mechanisms responsible for the primary loss of DAergic
neurons in PD are not fully elucidated and most likely
involve the deregulation of DA metabolic pathways and
glutamate excitotoxicity. However, the commonalities be-
tween manganism and PD do not solely rely on the loss of
DAergic neurons. Appraisal of the literature strongly suggests
the DAergic neurodegeneration associated with PD and Mn
exposure share multiple molecular mechanisms, namely
mitochondrial dysfunction, energy depletion, aberrant signal
transduction, oxidative stress, protein aggregation, and the
activation of necrotic and apoptotic cell death pathways.

2.2. Mitochondria and Oxidative Stress in PD and
Mn-Induced DAergic Neurodegeneration

2.2.1. Oxidative metabolism in PD and PD models

Postmortem studies of PD patients demonstrate chemical
changes indicative of reactive oxygen/nitrogen species-
induced damage to the SN. Such changes include increased
levels of lipid peroxidation, protein oxidation, 3-nitrotyrosine
formation, DNA oxidation, DNA breaks, and a decrease in
the activities of the ROS scavenging enzymes, glutathione
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peroxidase and superoxide dismutases. Several hypotheses
propose that mitochondrial damage is a primary cause of
the DAergic neuronal death observed in PD. They suggest
that: (1) mitochondria of DAergic neurons are selectively
vulnerable to environmental contaminant(s) which causes
mitochondrial dysfunction; (2) DAergic neurons produce an
endogenous mitochondrial toxin; or (3) mitochondria harbor
defects in enzymes or protein complexes, such as complex-
I, that lead to impaired energy metabolism. The centrality
of mitochondria in these hypotheses arise primarily from
findings that mitochondrial poisons such as 1-methyl-4-
phenylpyridium ions (MPP™) [the active metabolite of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)] and
rotenone can induce a Parkinsonian-like syndrome in hu-
mans, nonhuman primates, and rodents. These neurotoxins
are all capable of inhibiting mitochondrial complex-1 and
appear to model the pathology of PD. Neuropathological
studies reveal ~30% decrease in complex-l function in
deceased PD patients, as compared with age-matched
controls.

The mitochondrial complex-1 inhibitors, MPTP/MPP+ and
rotenone (model toxins for PD), damage nigral neurons by
mechanisms involving oxidation.’** Oxidative damage also
plays a significant role in 6-OHDA-induced DAergic neu-
ronal cell death. H,O,, superoxide ions, and hydroxyl
radicals'® generated by nonenzymatic breakdown of 6-O-
HDA or by the direct inhibition of complex-1 activity, lead
to lipid peroxidation, protein denaturation, and a decrease
in glutathione (GSH), which are postmortem hallmarks of
PD!%-108 (Figure 1A). Another well studied source of
oxidative injury to the mitochondria in various PD models
is the aforementioned glutamate excitotoxicity. Calcium
influx via N-methyl-p-aspartate excitatory amino acid recep-
tors (NMDAR) induces an increase in mitochondrial ROS
generation, mitochondrial depolarization, and apoptosis.1®®~1t2

2.2.2. Mn Toxicity and Oxidative Stress

There are many similarities between the aforementioned
features of PD and Mn-induced neurotoxicity. Intracellular
Mn?* is sequestered by mitochondriaviathe Ca?* uniporter*4-1t7
(Figure 1A). Intrastriatal Mn injections result in loss of
DAergic neurons, resembling toxicity caused by the mito-
chondrial poisons, aminooxyacetic acid and MPP*.18 Oxida-
tive stress plays a significant role in this process**~*?* (Figure
1A). MPTP-induced DAergic neurodegeneration involves
glutamate-mediated toxicity; noncompetitive or competitive
NMDA antagonists protect nigral neurons from this effect.1?2123
Mn has also been shown to increase in zizo synaptic
glutamate concentrations, leading to excitotoxic and oxidative
injury.!® Analogous to MPP* and 6-OHDA, Mn elevates
intracellular H,O, and related peroxides'?* and reduces
tyrosine hydroxylase (TH)%:125-1%0 as well as intracellular
antioxidant (GSH, thiols, catalase) activities in DAergic
neurons.'3%13! Consistent with increased production of ROS,
Mn inhibits mitochondrial complex-1, a feature inherent to
PD and PD-mimicking drug treatments (MPP*, 6-OHDA,
rotenone, or paraquat treatments).’*! Both MPP* and Mn
activate heme oxygenase-1,'?% whose overexpression pro-
motes oxidative mitochondrial damage.’®? It has been
proposed that the effects of Mn on oxidative stress are
dependent on its oxidation state and are more pronounced
for Mn in the 3+ (vs 2+) oxidation state.!®3'** A link
between mitochondrial impairment, oxidative stress, and
increased o-synuclein aggregation is well documented for
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Figure 1. Intracellular pathways involved in dopaminergic neurodegeneration. (A) Molecular pathways associated with oxidant-induced
DAergic cell death by Mn. (B) The potential role of DJ-1, PINK1, their respective mutants, L166 and L347, and chaperones (HSP70,
CHIP, and mtHSP70) in DAergic cell death. Please refer to the text for additional detail.

Mn and various PD models.?®~1% Studies have also con-
firmed that treatment with Mn in a pre-Parkinsonian state
(mimicked by 6-OHDA treatment) significantly exacerbates
neurobehavioral impairment in the rat. This not only suggests
that Mn exposure may increase the risk of injury in
subpopulations that are in a preparkinsonism state, but it also
points to the convergence of signaling pathways that lead to
such injury'® (Figure 1A).

2.3. Cell Death Mechanisms in PD and
Mn-Induced DAergic Neurodegeneration

2.3.1. Apoptosis and Necrosis

Whether classical apoptosis or necrosis plays a role in
DAergic neurodegeneration in PD has been debated.40-142
Models of toxin-induced PD implicate both apoptosis and
necrosis, depending on the particular type of toxin, animal,
or culture system used. Studies with DA or 6-OHDA suggest
an apoptotic form of cell death, while treatments with MPP*/
MPTP and the pesticide rotenone induced both apoptotic and
necrotic cell death.**~1%° Microarray gene expression studies
do not report significant changes in apoptotic gene expression
in response to Mn exposure, although marginal DNA
laddering and caspase activity have been noted.'3:151152 These
findings do not exclude changes in translational mechanisms
that could activate apoptosis.

As discussed above, deficits in complex-1 stimulate intra-
mitochondrial oxidative stress, in turn increasing the releas-
able soluble pool of cytochrome c within the mitochondrial
intermembrane space (Figure 1A). Analogous to experimental
models of PD (MPP*, 6-OHDA, rotenone), Mn (as MMT)

effectively induces mitochondrial cytochrome c release!
(Figure 1A). In the process, Mn, 6-OHDA, and MPP*
activate identical caspases (caspase-1, -3, and -7).*?* Pro-
teolytic activation of the proapoptotic PKCO is a key
mediator of 6-OHDA-induced cell death. Cell death is
mediated via caspase 3-dependent cleavage of full-length
PKCd, and inhibition of PKC6 attenuates neurotoxicity.'>*
MMT-induced cell death is also associated with proteolytic
cleavage of PKCJ, and the effects of MMT, MPP*, and
6-OHDA are suppressed by treatment with the caspase
inhibitors, Z-VAD-FMK and Z-DEVD-FMK. Thus, caspase-3
mediates the proteolytic activation of PKCo in multiple
models of PD-associated DAergic neurodegeneration, 153155156

2.3.2. Brief Considerations on Age-Related Effects

Oxidative stress and mitochondrial impairment leading to
cell death are not specific to manganism or PD-associated
neurodegeneration, as they naturally occur with aging.'s’
Aging is associated with mitochondrial iron overload,*®%1
respiratory chain oxidative damage,'%° and activity decrease, 61162
increase in free radical production,'61%* decrease in anti-
oxidant response!®-1% and DNA-repairing abilities,***!7° and
increased oxidation of lipids,'"* proteins,*”2~176 and nucleic
acids.'”” This sensitive state of the aging brain makes it more
vulnerable to heavy-metal-induced oxidative stress!’8~1 or
other injuries, such as seizures.’®* Similarly, it probably
explains the prevalence of PD in elderly people. > However,
PD and manganism can affect younger individuals as well,
due to hereditary conditions (early onset FPD) or chronic
occupational exposure to high Mn doses. In these cases, the
cause of the syndrome likely reflects perturbation of specific
common genetic determinants.
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3.1. Genes Implicated in PD: Genetic and
Association Studies

Genetic association studies have identified a small col-
lection of genes that are involved in up to 7% of PD
cases.'®18 The discovery of mutations in a-synuclein,
PARKIN,* UCH-L1 (ubiquitin carboxy-terminal hydrolase
L1),"¥” DJ-1,'® NR4A2 or NURR1 (NUR-Related factor 1),
PINK1 (PTEN-INduced Kinase 1),*° and LRRK2*! provides
a framework for much of the ongoing molecular research in
PD. Although most of these genes are implicated in only a
small percentage of all PD cases, they nevertheless provide
insight into disease mechanisms, potential treatments, and
gene—environment interactions in the pathogenesis of PD.

3.1.1. PARK1/PARK-4/o.-Synuclein

a-Synuclein is a presynaptic protein that associates with
synaptic vesicles and participates in excitation—secretion
coupling.t®>71°7 a-Synuclein is involved in the regulation of
both DA biosynthesis and DA transporter (DAT) function.1%1%
PD-associated coding mutations (A30P and A53T) in o-sy-
nuclein alter its structure and precipitate aggregate formation
and Lewy body deposition,**®~2% reducing DAergic neuron
viability.20292 o-Synuclein is normally degraded by a
proteosomal pathway?® (Figure 1B) and by a lysosomal
pathway mainly involving cathepsin D, casein kinase 2,204-20°
Genetic screens in yeast also identified factors involved in
o-synuclein degradation for both the ubiquitin/proteasome
pathway and the vacuolar degradation pathway (equivalent
of the lysosomal route in yeast).?%2!! Other studies support
a link between oxidative damage and formation of a-sy-
nuclein aggregates, a known feature of PD.?!22!3 Consistent
with observations in Drosophila melanogaster, transgenic
(tg) mice overexpressing human wild-type (wt) or mutant
o-synuclein exhibit neurodegeneration, motor deficits, and
abnormal cellularaccumulation of a-synucleinaggregates, 198200214216
This suggests factors that control selective DAergic vulner-
ability are evolutionarily conserved. In general, a-synuclein
mutations sensitize cells to oxidative events, and a-synuclein
itself is a target for oxidative modifications, such as nitrosy-
lation.?!2 In vitro aggregation of a-synuclein is dramatically
accelerated by 6-OHDA treatment.?!72'8

The nematode Caenorhabditis elegans (C. elegans) does
not normally express a-synuclein. However, overexpression
of wild type (wt) human a-synuclein in C. elegans increases
vulnerability to mitochondrial complex-I inhibitors (rotenone,
fenperoximate, pyridaben, and stigmatellin), which is re-
versed by treatment with antioxidants.?*® Transgenic worms
overexpressing mutant A30P or A53T human a-synuclein
in DAergic neurons show accumulation of a-synuclein in
the cell bodies and neurites of these neurons.?%* Concurrently,
the neuronal DA content is reduced, altering DAergic neuron
function and worm behavior, which is rescued by adminis-
tration of dopamine.?®® Moreover, MPTP/MPP+ exposure
leads to behavioral defects and a specific degeneration of
DAergic neurons in wt worms.?® A genome-wide expression
screen comparing wt and mutant o-synuclein-expressing
worms further identified 500 genes with significant expres-
sion change between the two strains.??* Recently, a C. elegans
study confirmed that o-synuclein is involved in synaptic
vesicle recycling and that the endocytic pathway plays a role
in a-synuclein neurotoxicity.??? As observed in mammalian
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models, neuroprotectants, such as acetaminophen, were
proven efficient in attenuating DAergic neuronal loss in the
nematode.??® Finally, interfering RNA in worms overex-
pressing human a-synuclein revealed 20 genes potentially
involved in a-synuclein age-dependent aggregation and
PD.??* Though C. elegans does not exhibit PD, those findings
emphasize its relevance as a model organism to gain rapid
insights in the genetic pathways involved in PD and to apply
high-throughput screening methods to search for new anti-
PD drugs.??> 228

3.1.2. PARK-2/Parkin

Mutations in PARKIN are associated with early onset PD
(<30 years) and are the most frequent cause of the recessive
forms of PD. The parkin gene encodes an E3 ubiquitin
ligase,?®® suggesting that failure to modify specific cellular
targets with ubiquitin may cause DAergic neuronal cell death
(Figure 1A). In PARKIN-associated PD there is a loss of
DAergic neurons, but Lewy bodies are generally not present.
PARKIN is neuroprotective in »itro and is up-regulated upon
oxidative stress.?®® In multiple transgenic animal models,
PARKIN overexpression effectively attenuates a-synuclein
aggregation;?2°231-23 however, the neuroprotective properties
of PARKIN against apoptosis are independent of protein
aggregation.?® Fly parkin null mutants exhibit degeneration
of DAergic neurons and mitochondrial pathology and are
sensitive to ROS generating metals (such as Fe),2%6-2°
suggesting that PARKIN functions to protect cells from
oxidative stress, likely by controlling the degradation of
oxidized or damaged proteins.?*® Parkin also upregulates
PINK1,2** and compelling recent evidence supports an
intricate role of PINK1 in mitochondrial morphogenesis and
physiology (see section 3.1.4).

Unlike a-synuclein, PARKIN is very well conserved in
C. elegans, where it is encoded by the gene pdr-1 (Figure
2). Deleting?*? or knocking-down pdr-1 in C. elegans
produces similar patterns of pharmacological vulnerability
to those described above for overexpression of a-sy-
nuclein.?®

3.1.3. PARK-5/UCH-L1

UCH-L1 (Ubiquitin C-terminal Hydrolase-L1) is a ubig-
uitously expressed enzyme that catalyzes the hydrolysis of
C-terminal ubiquitinyl esters. It may be involved in recycling
ubiquitin attached to misfolded proteins after their degrada-
tion by the proteasome.?* This function may also be involved
in autoregulation through deubiquitination of monoubiqui-
tylated UCH-L1.2* In addition to its deubiquitination role,
UCH-L1 would act as an ubiquitin-ligase upon dimeriza-
tion.?* UCH-L1 up-regulation is a hallmark of invasive
breast cancer?*® and may have an antiproliferative role,?’
probably by promoting apoptosis, as seen in mouse
spermatogenesis.?*824° UCH-L1 also protects against protein
aggregation disorders such as Alzheimer’s disease?%25! and
probably PD. A dominant missense mutation affecting a
weakly conserved residue (193M, Figure 3) in UCH-L1
seems responsible for inherited PD in one German family,
though no clinical data is reported.'®” A significant number
of studies reported a protective effect of the S18Y polymor-
phism against PD.??-25" Nevertheless, UCH-L1 mutations
were never found in other PD patients?522%-260 and the
protective effectofthe S18Y polymorphismisstill contested. 261265
It has also been postulated that S18Y might be associated
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C. elegans. All protein multiple alignments were generated using the ClustalX interface, running ClustalW software. Protein residues are
colored according to their biochemical properties and their conservation across the alignment. Each position is additionally labeled according
to its conservation level (* highly conserved residue, : conserved residue type or conserved residue in most sequences,. less conserved

residue type, no conservation).

with increased risk of Huntington’s disease.?®® Down-
regulation of UCH-L1 was reported for patients with
dementia with Lewy Bodies (DLB) but did not occur in PD
patients.?” In mice, 193M decreases UCH-L1 activity but
does not result in any DAergic neuron degeneration, and it
affects axons of neurons originating from the dorsal root
ganglia.26®

However, overexpression of the wt UCH-L1 in mice leads
to DAergic neuron degeneration, and DAergic neurons of
transgenic mice for the 193M-mutated form are more
sensitive to MPTP treatment.?5® UCH-L1 overexpression also
leads to protein inclusion formation, where it colocolizes with
ubiquitylated proteins, HSP70 and y-tubulin, and is found
in inclusions together with Parkin and o-synuclein.?’
Moreover, mutant mice lacking UCH-L1 expression ac-
cumulate - and y-synucleins,?’* enforcing the idea that
UCH-L1 may be important in preventing aggregation of
ubiquitylated proteins. It has recently been shown that UCH-
L1 regulates neuronal progenitor morphology via an ubig-
uitin-dependent activity and not via its hydrolase function.?’?
Consistently, 193M decreases whereas S18Y increases UCH-
L1 ubiquitin-ligase activity.?%> Interestingly, Parkin, o-sy-
nuclein, and the UCH-L1 ubiquitin-ligase activity could act

together in the formation of lysine 63-linked conjugates,
which target proteins for endolysosomal sorting and/or
degradation.?”® Low levels of UCH-L1 are also associated
with lysosomal storage disorders and may account for
increased apoptosis associated with these diseases.?™ A recent
report shows that UCH-L1 interacts with LAMP-2A (lyso-
some-associated membrane protein 2A), Hsc70, and Hsp90,
and it may be involved in chaperone-mediated autophagy
of a-synuclein.?”® A new form of membrane-bound farne-
sylated UCH-L1 was recently uncovered, which may be
involved in the inhibition of a-synuclein lysosomal degrada-
tion.?’® Finally, it is postulated that UCH-L1 plays a role in
synaptic activity independent of its hydrolase function.?””
Given its critical function in cell biology, it is not
surprising to find that UCH-L1 is conserved across eukary-
otes and a fortiori in C. elegans. However, neither the 193M
nor S18Y substitutions affect highly conserved residues
(Figure 3). The worm’s genome encodes 3 UCH-L1/3
isoforms organized in operons (thus most probably tran-
scribed together) UBH-1, UBH-2, and UBH-3 exhibiting
32%—40% identity with human UCH-L1 and UCH-L3.
UCH-L3 and UCH-L1 are very closely related and partially
redundant in human,?4¢278-28 rajsing the possibility that
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Figure3. Multiple-alignment of the UCHL1/PARKS protein sequences from human (H. sapiens), mouse (M. musculus), fly (D. melanogaster),
and worm (C. elegans) species. UCH-L1 (Ubiquitin Carboxyl-Terminal HydroLase, family 1) has three orthologues in C. elegans, which
are closely related to UCH-L3: UBH-1, UBH-2, and UBH-3. Though the UCH-L1 sequence is conserved from human to worm, mutations
thought to provide susceptibility to (193M) or protection against (S18Y) Parkinson’s disease (PD) affect nonconserved residues. All protein
multiple alignments were generated using the ClustalX interface, running ClustalW software. Protein residues are colored according to their
biochemical properties and their conservation across the alignment. Each position is additionally labeled according to its conservation level
(* highly conserved residue, : conserved residue type or conserved residue in most sequences,. less conserved residue type, no conservation).

UCH-L3, which is down-regulated in PD patients,?®” could
be involved in PD. Like human UCH-L1/3, both UBH-1 and
UBH-3 in C. elegans showed C-terminal hydrolase activity
toward ubiquitin and NEDD8.%4 In addition, UBH-1 is
required in neurons responsible for egg-laying and defecation,
as shown in the ubh-1(tm256) mutant,?®* while ubh-2 has
yet to be studied.

3.1.4. PARK-6/PINK1

pinkl is a recently discovered causative gene of parkin-
sonism and the first protein directly linking mitochondrial
abnormalities to a PD phenotype. pinkl is transcriptionally
trans-activated by the PTEN protein. Human PINK1 (PTEN-
INduced Kinase 1) encodes a highly conserved, 581-amino
acid, putative serine/heroine protein kinase, and is a member
of a small family of novel kinase including CLIK1 (CLP-
36 interacting kinase)/PDLIM1 kinases. The amino-terminus
of PINK1 is a mitochondrial-targeting sequence,?® but the
topology of PINK1 suggests that its kinase activity is exerted
in the cytosol.?®® QOverexpressed, epitope-tagged PINK1
localizes to mitochondria (Figure 1B) and offers protection
against cell death, but a recessive mutant PINK1 fails to do
50.1% The substrates of PINK1 have yet to be identified, but
it appears that phosphorylation of PINK1 substrates controls
some critical function for neuronal survival. Two very
promising candidates are Cdc37 and Hsp90, which at least
in vitro can bind PINK1 and affect its subcellular localiza-
tion, as well as its 66 kDa to 55 kDa isoform ratio.?®”
Moreover, the L347P PINKZ1 substitution, which is associated
with PD and drastically reduces its kinase activity and

neuroprotective properties,® prevents PINK1 interaction
with Cdc37 and Hsp90.2% However, recent evidence suggests
that PINK1 directly phosphorylates Parkin and controls its
mitochondrial localization, which may explain its antagonistic
roles.? Overexpression of wt PINKZ1, but not mutant PINK1,
strongly suppresses both basal and staurosporine-induced
caspase-3 activity and reduces the levels of cleaved caspase-
3, caspase-7, caspase-9, and activated poly(ADP-ribose)
polymerase under basal and staurosporine-induced condi-
tions.?%%2°1 PINK1 also protects against a-synuclein toxicity
in Drosophila?®? and against DAergic neurodegeneration
induced by MPP+ treatment in mammalian cells.?** Con-
versely, loss of PINK1 leads to increased oxidative stress,
to increased a-synuclein aggregation, to proteosomal and
mitochondrial dysfunction,?®*~2% and to developmental de-
fects and neurodegeneration in zebrafish.?” In the past 2
years, PINK1 has been proposed to prevent cell death by
inhibiting mitochondrial permeability transition pore (mPTP)
opening,?® by regulating mitochondrion fission together with
Parkin299,300

C. elegans PINK1 (PINK-1) is encoded by the gene pink-
1. The overall protein shares 60% similarity with mammal
PINK1, with a better conservation at the level of the
conserved kinase domain (Figure 4). Though ten of the
human PINK1 substitutions associated with PD affect
residues conserved in C. elegans PINK-1, only a single study
on pink-1 has been carried out thus far.3* Confirming
previous observations, PINK-1 seems to play a role in
mitochondrion physiology, as mitochondrial cristae are
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Figure4. Multiple-alignment of the PINK1/PARKS6 kinase domain from human (H. sapiens), mouse (M. musculus), fly (D. melanogaster),
and worm (C. elegans) species. Seventeen human missense mutations in the PINK1 (PTEN-INduced Kinase 1) kinase domain were associated
with PD (stars), among which 10 affect residues conserved in C. elegans (red stars) and 7 affect poorly conserved residues (yellow stars).
Three asymptomatic mutations are also reported and concern residues in domains of less conservation (dark lozenges). All protein multiple
alignments were generated using the ClustalX interface, running ClustalW software. Protein residues are colored according to their biochemical
properties and their conservation across the alignment. Each position is additionally labeled according to its conservation level (* highly
conserved residue, : conserved residue type or conserved residue in most sequences,. less conserved residue type, no conservation).

shortened in a pink-1 worm mutant and the latter is more
sensitive to paraquat toxicity, a mitochondrial inhibitor.%°!

3.1.5. PARK-7/DJ-1

The human dj-1 gene has seven exons and encodes 189
amino acids (20 kDa).3%? DJ-1 is part of the DJ-1/ThiJ family,
which includes prokaryote and eukaryote kinases*® and thus
contains a conserved kinase domain (Figure 5). Mutations
in DJ-1 are linked to an autosomal recessive early onset PD
and cause familial PD, which represents 1—2% of all early
onset cases.3*%% A number of pathogenic mutations have
been identified in DJ-1 causing exonic deletions, truncations,
duplications, and homozygous (M26l, E64D, E163K, and
L166P) and heterozygous (R98Q, A104T, and D149A)
missense mutations.3%~31° DJ-1 is a regulatory subunit of
an RNA-binding protein complex.®!! Interestingly, DJ-1 has
been identified as a hydroperoxide-responsive protein which
plays an essential role in oxidative stress responses3'?3!3 and
DAergic neuroprotection.®* It was more recently identified
as a peroxiredoxin-like peroxidase.*® In response to oxidative
stimuli, the gene product is converted into a more acidic
variant, which can be cleaved by ROS®!¢ and relocated to

the mitochondria, where it protects neurons from apoptosis'’
(Figure 1B). It is believed that ROS are eliminated by
oxidizing DJ-1 itself. Functional knockdown of DJ-1 with
RNAI results in cellular accumulation of ROS, oxidative
stress, and DAergic neurodegeneration.?® Inactivation of a
Drosophila dj-1 homologue (dj-1a) leads to impairment in
the oxidative stress response and in phosphatidylinositol
3-kinase (PI3K)/Akt signaling.?®> Altered PI3K/Akt signaling
is also inherent to the fly parkin model, pointing to a
potentially common molecular event and intersecting path-
ways in the pathogenesis of PD.Z® After its localization into
mitochondria, DJ-1 also maintains complex-I activity against
bisphenol A-induced oxidative stress.®!® Consistently, dj-1a
and dj-13 knockdowns in Drosophila are more vulnerable
to mitochondrial complex-I inhibitors and are rescued by
antioxidants.?*®> Mice deficient in DJ-1 exhibit hypo-locomo-
tion when subjected to amphetamine challenge and increased
striatal oxidative stress and DAergic neurodegeneration upon
MPTP treatment. Restoration of DJ-1 expression mitigates
these effects.®® In the rat DA cell line N27 and in primary
DAergic neurons, overexpression of wt DJ-1 protects cells
from H,0,- and 6-OHDA-induced cell death. Additionally,
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Figure5. Multiple-alignment of the DJ-1/PARKY protein sequences from human (H. sapiens), mouse (M. musculus), fly (D. melanogaster),
and worm (C. elegans) species. The residues affected by the mutations E64D, A104T, D149, E163K, and L166P in PD patients are conserved
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DJ-1 is required for astrocyte-driven neuroprotection.3?°
Overexpression of the L166P mutant of dj-1 proffers no
protective effect, and knocking down endogenous dj-1
renders cells more susceptible to ROS.3?* Unlike DJ-1, it is
believed that the mutant gene product, L166P, (1) is not
translocated to the mitochondria in a pro-oxidant environ-
ment, effectively reducing protection from oxidative stress,??
and (2) promotes loss of cytoplasmic function by virtue of
the dramatically destabilized mutant DJ-1 protein.%

DJ-1 is a transcriptional coactivator®11-32432 put also shares
structural analogy with Hsp31 and prevents a-synuclein
aggregation, which indicates a probable chaperone activity.3?
Both functions depend on its oxidation at C106 that is
required for its relocation to the mitochondria.3*” DJ-1 activity
may also be modified by reversible or irreversible methionine
oxidation, respectively, into methionine sulfoxide (blue
arrows in Figure 5) and methionine sulfone (red arrows in
Figure 5)°7 and by cleavage by ROS between the two
conserved residues G157-R158.36 Additionally, DJ-1 binds
Ubc9 and SUMO-1 in a yeast two-hybrid system and its
sumoylation on K130 is essential for normal activity, whereas
L166P pathogenic DJ-1 encounters multiple aberrant sumoy-
lation.®?® Recent results suggest that DJ-1, together with
Parkin and PINK1, forms an E3 ubiquitin-ligase complex
that may be involved in a-synuclein degradation.®?®

Although two slightly divergent isoforms of DJ-1 exist in
invertebrates (DJ-14 and 1a in D. melanogaster, and DJR-
1.1and 1.2 in C. elegans), its protein sequence is very well
conserved across the animal kingdom. Noticeably, most
substitutions associated with human PD target residues are
conserved in at least one of the two DJR-1 isoforms (Figure
5), making C. elegans an interesting model with which to
study the intracellular consequences of these mutations.

3.1.6. PARKS/LRRK2/Dardarin

Irrk2 (Leucine-Rich Repeat Kinase 2)/Dardarin was cloned
as the causative gene for the PARKS adult-onset autosomal-
dominant form of familial PD.1%%%%0 At least 25 missense
mutations (A211V, KB544E33 P755L 332338 R793M,334
Q930R,**® R1067Q,%¢ S1096C,3*® L1122V 30 S51228T,3%
11122V,%30 |L1165P, %3 11371V,%" R1441C %0338 R1441G,*%
R1441H,%° R1514Q,%° R1628P3*  Y1699C,1913%0
M1869T 2 R1941H,%4 12012T,%* G2019S,3457347 [2020T 0
T23561,% and G2385R34:349%) have been identified in about
7% of patients with familial®*® or sporadic PD.3#431352
Among those, G2019S appears to be the most common
variant,3338-360 5o far, mutations in Irrk2 are the most
common cause of autosomal-dominant inherited parkin-
sonism,! both early and late-onset, % familial, and idiopathic
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PD.363-385 Fyrthermore, mutations in Irrk2 are mostly specific
to PD®%%367 and induce a gradual loss of DAergic neurons
detectable by positron emission tomography (PET) in as-
ymptomatic patients.368

The Irrk2 gene encompasses 51 exons encoding a 2527
amino acid and a 286 kDa protein. LRRK2 harbors two
protein—protein interaction regions: an N-terminus Leucine-
Rich Repeats and Ankyrin repeats region and a C-terminal
WD40 domain. Additionally, it contains a tandem GTP-
binding ROC domain (Ras Of Complex protein) that is
related to the miro-like domain found in MItochondrial RhO
GTPases, and a kinase domain highly similar to the MAP-
KKK one. This set of domains identifies LRRK2 as a
member of the strongly conserved but poorly known ROCO
protein family.36°370 | RRK2 is ubiquitously expressed,
although at low levels. In particular, it is active in the
developing adult mouse and rat brains, notably in the
striatum,®"*372 and preferentially in DAergic neurons.®” It
is mainly distributed within the cytoplasm, and it binds the
C-terminal RING-finger domain of Parkin through the COR
domain.®”* Wt and mutant forms of LRRK2 were associated
with lipid-rafts in the Golgi apparatus, with the plasma
membrane, and in synaptic vesicles of mouse primary
neurons.®® Endogenous LRRK2 was found in Lewy
Bodies.3"8377 Coexpression of both Parkin and wt LRRK2
enhances protein inclusions and ubiquitination of aggregating
proteins in culture cells.3”* Additionally, mutant LRRK?2
(R1441C, Y1699C, G2019S) induce neuronal degeneration
in primary neuron cultures.3"

Though LRRK2 pathogenic mutations were found in all
the LRRK2 protein domains,3"8 different studies suggest that
the mechanism leading to PD involves modifications of the
kinase function of LRRK2. Hence, the pathogenic variant
12020T shows increased kinase activity,®”® and “kinase-dead”
variants protect cells against inclusion body formation and
cell death.*® Moreover, the MAPK pathway proteins Src,
HSP27, and JNK are hypophosphorylated in leucocytes
isolated from LRRK2-G2019S variant carriers.® Further

investigation of LRRK2-G2019S in neurons also revealed
that autophagy is likely involved in its pathogenicity.3%2 The
ROC domain does not possess GTPase activity but allows
GTP binding, which is required for the kinase activity,3°
microtubule binding,%2 and LRRK2 homodimerization.384385
Noticeably, the most frequent pathogenic substitutions af-
fecting the GTP-binding domain (R1441X) and the active
site of the kinase domain (G2019S and 12020T, Figure 6)3
occurred several times, independently across human recent
evolution,191330.388387 Hence, most pathogenic forms of
LRRK2 affect indirectly (R1441X) or directly (G2019S,
12020T) the kinase activity, which is further supported by
recent biochemical and pharmacological studies.®®¢3¢° This
suggests that in fine the modification of kinase activity is
responsible for the toxicity of most LRRK2 mutations.
Accordingly, mutations in protein—protein interaction do-
mains would compromise association with substrates, regula-
tors, coactivators, or proteins that are responsible for the
correct localization of LRRK2. Potential interactors of
LRRK?2 include chaperone proteins such as HSP-90 and
midasin, clathrin heavy chain, vimentin, kinases, and factors
that are involved in protein translation.37%383% |n addition,
LRRK?2 could be involved in programmed cell death through
Fas-Associated with Dead Domain (FADD) protein and
caspase-8 signaling.®°* Based on its biochemical and genetic
interactions with Rab5b, LRRK?2 has also been proposed to
act in synaptic vesicle endocytosis.3*? Recent microarray
analysis in a LRRK2 RNAI system showed expression
changes in genes involved in axonal guidance, nervous
system development, cell cycle, cell growth, cell differentia-
tion, cell communication, MAPKKK cascade, and Ras
protein signal transduction.* Interestingly, despite its ver-
satility, LRRK?2 does not appear to be essential for Droso-
phila development but may contribute to oxidative-stress
resistance.3%43%

The LRRK2 protein sequence is well conserved across
metazoans, and residues mutated in confirmed pathogenic
human variants (R1441X, A1442P, G2019S, 12020T) are



Downloaded by BROWN UNIV on October 17, 2009 | http://pubs.acs.org
Publication Date (Web): June 17, 2009 | doi: 10.1021/cr800536y

4872 Chemical Reviews, 2009, Vol. 109, No. 10

conserved in the C. elegans orthologue LRK-1 (Figure 6).
LRK-1 was found in the Golgi apparatus of neurons, where
it is involved in the sorting of synaptic vesicle (SV)
proteins.® Two subsets of SV are differentially secreted to
the axon (thanks to an AP-1/UNC-101 associated machinery)
or to the dendrites (thanks to a kinesinf/UNC-104). Precisely,
LRK-1 allows the proper targeting of SV proteins to the
axon, by excluding them from the dendrite-specific transport
machinery.3® It has also been shown that in C. elegans
LRK-1 antagonizes PINK-1 activity, given that Irk-1 muta-
tion rescues all pink-1 defects.3

3.1.7. PARK9Y/ATP13A2

PARK9 is one of the last chromosomal regions associated
with FPD.!83%7 Several association studies confirmed its role
in Parkinsonism and autosomal recessive early onset PD.3%~4%
However, in a recent study reporting 37 new variants from
Tunisian families affected by FPD, no correlation was found
either with FPD or with IPD.%* Other studies did not find
any association with Parkinsonism—dementia amyotrophic
lateral sclerosis (ALS)“® or late-onset PD.%%® PARK9 was
recently mapped to the gene ATP13A2, encoding a P-type
ATPase of the P5 subfamily, with unknown substrate or
function.*”” P5 P-type ATPases are a highly conserved family
of transporters from worms to human, among which Atp13a2
was found ubiquitously expressed in mice*® with a pre-
dominant expression in neurons.*®” Subcellularly, wt Atp13a2
was localized to lysosomes, while truncated mutant protein
was retained in the endoplasmic reticulum (ER), pending
further degradation by the proteasome.*®” Atp13a2 was also
found on Lewy body-like inclusions in 3-synuclein mutated
neuroblastoma cells.?*® More recently, yeast genetics and PD
models of a-synuclein overexpression in cultured DAergic
neurons and in C. elegans demonstrated that Atpl3a2 and
its orthologues protect cells against a-synuclein overexpres-
sion and misfolding.?!! The conservation of Atpl3a2 is
remarkable from invertebrates to human, as shown in Figure
7.

3.1.8. Other PARK Proteins

Thus far, PARK3 and PARK10 have not been cloned and
therefore correspond to unidentified proteins whose conser-
vation in C. elegans remains unknown. PARK11 was
originially identified as the Grb10-Interacting GYF Protein-2
(GIGYF2/TNRC15) gene, with 7 different mutations of the
gene identified in PD patients.*®® However, other studies
suggest otherwise,*9~#12 with PARK 11 associated with a PD-
related disease, referred to as Dementia with Lewy Bodies
(DLB).*® Several recent studies also developed various
genetic strategies (using bioinformatics and genetic models
such as S cerevisiae and C. elegans) to identify new PD-
associated loci and proteins, yielding promising candidates
that require further investigation,211,224:414-416

3.2. The Role of Chaperone Proteins in PD
3.2.1. HSP70

PD is associated with accumulation of abnormal polypep-
tides followed by their aggregation. It is thus logical to assert
that chaperones, ubiquitin-proteasome systems, and other
protein degradation systems must play a role in protection
against disease progression. Among molecular chaperones,
representatives of the HSP70 (Heat-Shock Protein of 70 kDa)
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family are the most frequent components of a-synuclein
aggregation products.*'” There is consensus that increased
production of chaperones is beneficial, attenuating aggrega-
tion of toxic proteins and disease development. In support
of this assertion, HSP70 overexpression in multiple experi-
mental models dramatically reduces a-synuclein-associated
loss of neurons, and conversely, inhibition of HSP70 activity
aggravates toxicity.*8-420 HSP70 is likely to suppress cell
death signaling events caused by aggregating abnormal
proteins and preserves survival pathways, but the exact
mechanisms have yet to be delineated. Another means for
HSP70 chaperones to limit neurodegeneration is to protect
mitochondria from oxidative damage. HSP70 is highly
conserved in C. elegans in which it is encoded by the hsp-1
gene (Figure 8). Among the HSP70 family, mitochondrial
HSP70 (mtHSP70) is believed to protect neurons against
oxidative stress, notably upon ischemic injury.*

3.2.2. CHIP (C-Terminus of Hsp70 Interacting Protein)

CHIP has also been implicated in degradation of PD-
associated proteins. It binds to both HSP70 and HSP90 and
possesses E3 ubiquitin ligase activity toward substrates
recognized by chaperones*?? (Figure 1B). CHIP is highly
expressed in the central nervous system (CNS). It colocolizes
with a-synuclein and is a component of Lewy bodies. In a
cell culture model, overexpression of CHIP inhibits a-sy-
nuclein inclusion formation and reduces a-synuclein protein
levels.“?® Similarly, CHIP upregulation attenuates aggregation
of tau,*?* another component of Lewy bodies. CHIP acts as
a cochaperone, directing the degradation of misfolded
o-synuclein via either a tetratricopeptide repeat domain-
dependent proteosomal pathway or a U-box-dependent
lysosomal pathway, thus controlling the balance of aggrega-
tion/degradation of misfolded a-synuclein. CHIP is con-
served across eukaryotes, and its essential functional domains
are present in C. elegans orthologues (Figure 9).

3.2.3. HSP90

Similarly to HSP70, HSP90 has been found to protect
neurons from thermal injury, ischemia, protein aggregation,
and apoptosis.*?>~4% HSP90 is also found on cellular
inclusions resulting from protein aggregation in various
neurodegenerative disorders, including PD.*4~4" Unlike
HSP70 chaperones, which tend to direct misfolded proteins
to degradation, HSP90 ones protect their targets from
degradation.“® Hence, HSP70 and HSP90 can act antago-
nistically, with HSP70 affording protection while HSP90
accelerates damage, such as in polyglutamine-mediated
neurodegeneration,*3~4* amyloid beta toxicity,**? and PD.
The HSP90 inhibitor geldanamycin (GA) induces an over-
expression of HSP70 and protects against MPTP-induced
DAergic toxicity.*344 HSP9O0 is also effective in protecting
neurons from apoptosis via inhibition of caspase activity.*?°
Finally, HSP90 has been shown to exert antioxidant effects
in glial cells.**® Similar to other chaperon proteins, HSP90
is highly conserved across the animal kingdom down to C.
elegans, in which it is called DAF-21 (Figure 10). daf-21
mutants were initially isolated due to their ability to
constitutively form stress-resistant larval forms of C. elegans
called dauer. DAF-21 is also involved in chemosensation
together with the guanylyl-cyclase DAF-11,46 which regu-
lates DAF-7/TGF-3.44" Additionally, daf-21 is required for
C. elegans immunity*® and the extended life span of the
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Figure 7. Multiple-alignment of conserved ATP13A2/PARK9 domains from human (H. sapiens), mouse (M. musculus), rat (R. norvegicus),
and worm (C. elegans) species. ATP13A2 belongs to the class V P-type ATPases that is a well conserved protein family of calcium pumps.
There are three ATP13A2-related C. elegans orthologues which display the same topology (conserved transmembrane domains are indicated
by black boxes) and calcium P-type ATPase domain (light green box). All protein multiple alignments were generated using the ClustalX
interface, running ClustalW software. Protein residues are colored according to their biochemical properties and their conservation across
the alignment. Each position is additionally labeled according to its conservation level (* highly conserved residue, : conserved residue type
or conserved residue in most sequences,. less conserved residue type, no conservation).
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Figure 8. Multiple-alignment of the conserved HSP70 domain from human (H. sapiens), mouse (M. musculus), fly (D. melanogaster), and
worm (C. elegans) species. HSP70 (Heat-Shock Protein of 70 kDa) is a highly conserved chaperone protein in eukaryotes whose sequence
is almost perfectly conserved between human and worm. Typical signature domains of the HSP70 protein family are indicated by blue,
green, and red boxes. All protein multiple alignments were generated using the ClustalX interface, running ClustalW software. Protein
residues are colored according to their biochemical properties and their conservation across the alignment. Each position is additionally
labeled according to its conservation level (* highly conserved residue, : conserved residue type or conserved residue in most sequences,.
less conserved residue type, no conservation).
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Figure 9. Multiple-alignment of the CHIP protein from human (H. sapiens), mouse (M. musculus), fly (D. melanogaster), and worm (C.
elegans) species. CHIP is a chaperone associated E3 ubiquitin ligase which contains two main domains: a tetratricopeptide region allowing
protein—protein interactions and a U-box domain allowing E3 ubiquitin ligase activity. Both domains are well conserved in the C. elegans
orthologue CHN-1. All protein multiple alignments were generated using the ClustalX interface, running ClustalW software. Protein residues
are colored according to their biochemical properties and their conservation across the alignment. Each position is additionally labeled
according to its conservation level (* highly conserved residue, : conserved residue type or conserved residue in most sequences,. less
conserved residue type, no conservation).

age-1 C. elegans mutants.*?® Interestingly, daf-21 mutants rial infection, and this effect is reduced by antioxidants.*°
display enhanced abnormal protein aggregation upon bacte- The C. elegans Hsp90/daf-21 thus provides a link between
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melanogaster), and worm (C. elegans) species. HSP90 (Heat-Shock Protein of 90 kDa) is almost identical from worms to human with a
sequence similarity of over 95% except in the central region of the protein, where vertebrate HSP90 display a longer sequence of charged
residues and short N- and C-terminal domains (red boxes). All protein multiple alignments were generated using the ClustalX interface,
running ClustalW software. Protein residues are colored according to their biochemical properties and their conservation across the alignment.
Each position is additionally labeled according to its conservation level (* highly conserved residue, : conserved residue type or conserved
residue in most sequences,. less conserved residue type, no conservation).
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protein aggregation, oxidative stress, and age, three core
components of neurodegeneration that are inherent to
multiple neuropathologies.

3.2.4. Chaperones and PD Genes

DJ-1 colocolizes with HSP70, CHIP, and mtHSP703%%2
(Figure 1B). Oxidative stress leads to translocation of wt
DJ-1 to the mitochondria and enhances its association with
mtHSP70. Compared to wt DJ-1, the L166P mutant binds
with greater affinity to HSP70 and CHIP but fails to
translocate to the mitochondria under conditions of oxidative
stress. 322451452 Ag stressed previously, LRRK2 may interact
with chaperones such as HSP90, the heat shock cognate of
71 kDa, the stress-70 protein mitochondrial precursor, and
midasin.® According to its localization in Lewy Bodies,*"®
it may also colocalize and/or interact with HSP70. Recent
results demonstrated that CHIP can bind, ubiquitinate, and
promote proteosomal degradation of LRRK2.%%3 On the other
hand, HSP90 chaperone binding protects LRRK2 from
degradation and favors LRRK2 kinase-dependent toxicity. 4%
Whether PINK1 colocolizes with HSP70, CHIP, and mtH-
SP70 has yet to be determined. However, loss of interaction
between PINK1 and HSP90 due to PINK1 L347P substitu-
tion or HSP90 inhibitors induced a decrease in PINK1 levels
and the neuroprotective effect, suggesting that HSP90 is
required for the prevention of PINK1 degradation.?®® HSP90
is a key chaperone in the genetic network of PD, as it
interacts physically with at least 4 PD genes: PARK2/Parkin,
PARK5/UCH-L1, PARKG6/PINK1, and PARKS8/LRRK2/
Dardarin.

3.3. Mn and PD Associated Genes: Recent
Insights

Mn involvement in PD was suspected decades ago.
However, the first mechanistic insights came from studies
published in the last five years, which provide evidence of
interaction between Mn toxicity and FPD genes. In 2004, it
was shown that Mn treatment increases a-synuclein toxicity
synergistically with a-synuclein overexpression in neuro-
blastoma cells expressing the DA transporter (DAT), whereas
DA, MPP+, and iron did not.*® It was also shown that Parkin
protects against Mn-induced cell death, specifically in DA
expressing cells and not in non-DAergic neurons. Moreover,
Mn treatment led to the up-regulation of the ER-stress factors
including Parkin, and Parkin redistributed to perinuclear
Golgi in two distinct DAergic cell lines but not in non-
DAergic neurons.'?’ This last study also unraveled a genetic
interaction between Park9/Atp13a2 and a-synuclein, and it
found that Atpl3a2 partially protected cells against Mn
toxicity.?** Those studies bring to bear direct arguments
suggesting that Mn can take part in the etiology of PD by
adversely affecting FPD associated proteins, which naturally
protect DAergic neurons against oxidative damage (see
above).

3.4. Future Directions
3.4.1. Questions To Be Addressed

Remarkable progress has been accomplished over the last
few decades in understanding cellular mechanisms involved
in PD and Mn-induced neurotoxicity, largely reflecting upon
the identification of the o-synuclein gene and the aggregation
properties of its protein product. The involvement of oxida-
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tive stress, cell death mechanisms, and mitochondrial me-
tabolism suspected in many other neurodegenerative diseases
have further contributed to a complex picture of PD-related
diseases and their presentation at the cellular level. However,
it is very unclear to which extent the various sources of
oxidative stress (mitochondrial activity or demise, exogenous
compounds such as Mn, genetic variations in antioxidant
genes), the degradation pathways (endolysosomal and ubig-
uitin-proteosomal pathways), the genotoxicity vs proteotox-
icity or lipid peroxidation, and the development of inclusions
contribute to the penultimate neurotoxicity and by inference
the clinical syndrome. Furthermore, the sequence of the
cellular events leading to the neurodegeneration is not well
understood. It likely reflects upon the difficulty in developing
well-adjusted end efficient therapeutic strategies against PD
and similar disorders. In addition to identifying more genetic
factors that will help link molecularly the cellular pathways
contributing to manganism and PD, quantitative multifac-
torial approaches that integrate genetic variability and
environmental factors will be required.

3.4.2. Need for New Approaches

Human genetics studies have been highly instrumental in
identifying single genes that are responsible for early onset
FPD. The identification of PARK genes led to the formula-
tion and testing of hypotheses on the molecular basis of FPD.
However, this approach, which can occasionally lead to false
positives, is extremely time-consuming and limited by the
access to human populations that are genetically related and
display similar Parkinsonian symptoms. When dealing with
manganism, the symptoms are versatile; exposure levels are
not necessarily comparable, depending upon the Mn species
involved and their pharmacokinetics, which themselves are
confounded by factors, such as individual weight, sex, age
at exposure, etc. Moreover, diet control, regular assessment
of various physiological parameters, and access to organ
tissues of interest is limited. Within this context, identifying
contributing genetic factors to the disease may be very
tedious and not the optimal approach.

The use of experimental animal models offers the advan-
tages of a well controlled system, in terms of both environ-
mental and genetic determinants, and provides access to
organs at various stages of the development of the disease,
to the extent allowed by ethics in animal experimentation.
Simian and rodent models have significantly contributed to
our knowledge on Mn-induced brain injury, Mn transport
and deposition, as well as Mn-induced transcriptional changes
in neurons, astrocytes, and microglia. A few studies also
addressed the synergistic effects between Mn and DAergic
neurodegeneration-inducing drugs.8126456-458 Nevertheless,
very few transgenic and knockout rodent models are currently
available, restricting genetic analysis of Mn toxicity.

Smaller organisms such as the zebra fish, the fruit fly, C.
elegans, or baker’s yeast make available a high genetic
diversity and a large panel of molecular biology and high-
throughputtechniquesto investigate gene—gene and gene—toxicant
interactions, provided the molecular pathways of interest are
conserved. Analysis of the PD-linked protein sequences, as
shown in our multiple alignments, reveals a strong conserva-
tion within the animal kingdom and down to the yeast.
Recent work conducted in yeast and in C. elegans unraveled
conserved genetic networks, molecular pathways, and new
candidate genes that may be involved in PD,192201,210219223.224416
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Overall, except a-synuclein, all the major proteins whose
mutations lead to PD are strongly conserved in C. elegans,
especially at the level of their functional domains. Impor-
tantly, most of the missense mutations involved in PD target
highly conserved residues and could be studied in C. elegans.
In addition, the only missing partner (o-synuclein) can be
transvected to the worm and can lead to protein inclusions
similar to the Lewy Bodies. C. elegans is the simplest, least
expensive, fastest growing, most amenable, and best de-
scribed (developmentally and genetically) in vizo model
available, notably for toxicology studies.??® Our recent work
(unpublished data) further shows that Mn physiology in the
worm shows striking similarities, in terms of Mn transport
and neurotoxicity to mammalian species. Therefore, we
expect C. elegans to become a model of choice to decipher
the genetic network implicated in PD-related disorders and
to investigate gene-environment interactions in manganism.

4. Conclusions

The systematic observation of the essential properties of
Mn as a cofactor for enzymes with antioxidant activity
(SOD2, catalase, glutamine synthetase) and toxic properties
as an oxidant is reminiscent of the way other essential heavy
metals, such as copper, trigger neurodegeneration.**® Overall,
Mn likely plays a role in many neurodegenerative disorders
(PD, ALS, AD, and Ataxia), all of which rely on similar
intracellular mechanisms involving oxidative stress, mito-
chondrial impairment, and protein aggregation. The most
striking case-study example of this pleiotropic effect of Mn
may have been found in Northern Australia at Angurugu.*®°
The “Angurugu” syndrome starts from early childhood to
adulthood and includes symptoms related to manganism, PD,
AD, ataxia, and ALS. This broad range of symptoms that
can appear very early in development and their severity are
believed to be due to extreme ecological conditions of
calcium and iron depletion and high Mn.“® However, the
singularity of the Mn-induced Parkinsonism, or manganism,
and its resemblance to PD strongly support a specific role
of Mn rather than any other metal in PD, and it differs from
the way Mn could contribute to other neurological disorders.

Though manganism and PD patients are distinguishable
by careful MRI% or PET scan analysis and display distinct
sequences of neurological symptoms during early phases of
the disease, both syndromes share striking similarities at the
clinical, physiological, cellular, and molecular levels, relying
on common neurodegenerative pathways. Because airborne
manganese is present in both urban (industrial activities, gas
additives) and rural environments (pesticides) and easily
absorbed via the olfactory tract, occupational and environ-
mental exposures to Mn represent a significant public
concern. Among metals involved in neurodegenerative
disorders, Mn specifically accumulates in the brain regions
and the neurons primarily affected in PD. This specific
accumulation is likely related to the higher expression levels
of the Mn-transporter DMTL1 in those regions. DMT1 is also
a main transporter of iron, whose physiology is perturbed in
both PD and Mn-intoxicated patients. Metal cations in
general and Mn?* and Mn®" in particular are able to react
with biogenic amines (such as dopamine) through the
Fenton’s reaction and produce ROS, which would further
lead to oxidative stress-driven dopaminergic neurodegen-
eration, similarly to what is observed in PD. Mn toxicity
also involves protein aggregation, energy depletion, and
mitochondrial impairment, which represent other hallmarks
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of PD. Moreover, PARK genes responsible for FPD draw a
genetic network that intersects with Mn-toxicity targets.
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