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ABSTRACT

Parkinson’s disease is a chronic progressive negetkerative movement disorder
characterized by a profound and selective lossigrbstriatal dopaminergic neurons. A major
hurdle in the development of neuroprotective thieaps due to limited understanding of
disease processes leading to the death of neufdres.etiology of dopaminergic neuronal
demise in Parkinson’s disease is elusive, but abawation of genetic and environmental
factors seems to play a critical role. Mutationgamkin are known to be the predominant cause
of autosomal recessive, early-onset parkinsoniarkii is an E3 ubiquitin ligase, an essential
component of the ubiquitin-proteasomal system, igaver-expression is neuroprotective in
several cellular models of apoptosis. Cell-penigtgapeptides, e.g. linked to the transactivator
of transcription (TAT) provide an attractive deliyesystem across biological membranes.

In the first part of the study, we describe thestarction, purification, and characterization of a
TAT-parkin fusion protein, and its neuroprotecta@ivity in anin vitro model of Parkinson’s
disease. Western blot and immunocytochemical aeslyghowed TAT-parkin to transduce
PC12 pheocromocytoma cells and Chinese hamstey oedls and to localize in the nucleus,
cytoplasm, and mitochondria. Moreover, TAT-parkikhi®ited ubiquitination activityn vitro.
Importantly, TAT-parkin at nanomolar concentratioqsotected nerve growth factor-
differentiated PC12 cells against the dopaminengigrotoxin 6-hydroxydopamine (6-OHDA),
but only if present in the culture medium beforexing, and after treatment with 6-OHDA.
Based on these results, the second part of they stad designed to assess the pro-survival
action of parkin using a system in which parkiroiger-expressed. To accomplish this, stable
PC12 cells transfectants were established withhptés carrying either human wild-type (WT)

parkin, or the human R42P mutation (pafkify. Non-transfected PC12 cells were used as



control. Clones were screened for the expressionhwihan parkin gene by Reverse
Transcription-Polymerase Chain Reaction and Wednotiing. The selected clones and un-
transfected PC12 cells were treated with 50 anduM56-OHDA for different times. Cell-
viability decreased in a time-dependent manneroith lzlonal and control cells, but the PC12
parkim*?” expressing clone and un-trasfected cells shovetdtistically significant reduction in
cell viability already from 2 h. In contrast, inetlPC12 parkin (WT) expressing clone cell
viability was significantly reduced only from 12 Ms abnormalities in the ubiquitin-
proteasome system and in the autophagy-lysosonmevagtare thought to be involved in the
etiopathogenesis of Parkinson’s disease, we treditedabove cells with either a specific
proteasome inhibitor (MG132) or the macroautophisgybitor 3-methyladenine (3-MA) for
further 16 h. Improved survival was again evidenPiC12 parkin (WT) expressing cells. This
latter also showed an increase in the amount afuiimated proteins and in the basal level of
autophagy activation. Nevertheless, co-administnatof the proteasome and autophagy
inhibitors, neutralized the protective effect of PCparkin (WT) expression. Over-expression
of WT parkin thus appears able to protect cellsnfaxidative stress by 6-OHDA and from the
neurotoxicity of proteasome or macroautophagy imdib, and confirmed that the R42P amino-
acid substitution affects parkin physiological anti

Taken together, our data suggest that parkin, redkea recombinant TAT-fusion protein or
when over-expressed is strongly neuroprotectiveyguting dopaminergic PC12 cell death
under various stress conditions. Parkin may thpeesent a potential new therapeutic target in
Parkinson’s disease. Moreover, these findings stigdso the view that protein transduction
strategies are well suited for intracellular tracskion of proteins and, in particular, point te th
application of designing fusion proteins with a teio transduction domain for potential

therapeutic benefit, including Parkinson’s disease.



RIASSUNTO

La Malattia di ParkinsonRarkinson’s diseaseRD), descritta per la prima volta nel 1817 da
James Parkinson, € la piu importante affezionestéma extrapiramidalés cui principali
caratteristiche patologiche sono la progressivaetts/a perdita di neuroni dopaminergici nella
substantia nigra pars compacta, la conseguentaatmone dei livelli striatali di dopamina e la
presenza, nei neuroni dopaminergici nigrali sopissuti, di inclusioni citoplasmatiche,
denominate Corpi di Lewy, che contengono soprattagigregati di-sinucleina e parkina. La
PD é sempre sporadica, eccetto alcuni rari casicegs a mutazioni geniche e che sono
responsabili di forme di PD ad insorgenza precAogueste forme appartengono:

- forme della PD autosomiche dominanti, dovute ardu&azioni nel gene che codifica pex-I’
sinucleina e una mutazione nel gene che codificdgparte C-terminale dell’ Ubiquitina
idrolasi L1 (UCHLY);

- forme autosomiche recessive, dovute a mutaziongewe che codifica per la parkina, che
portano alla maggior parte dei casi di PD familiamegiovanile sporadico e che si
caratterizzano per la mancanza dei Corpi di Levoynfe autosomiche recessive della PD
sono inoltre dovute a mutazioni nel gene che coalifier DJ-1 e PINKL1.

Studi sulle forme ereditarie della PD si stannocemtrando verso un’ ipotesi comune, cioé che

'accumulo normale e anormale di proteine intradali (mutate, disassemblate o danneggiate)

ed il malfunzionamento del sistema ubiquitina-pastema possa condurre alla morte dei

neuroni dopaminergici nigrali. In particolare, ltress ossidativo generato dallo scompenso
delle funzioni mitocondriali e dal metabolismo deltlopamina potrebbe promuovere la
formazione di proteine mal-ripiegate come risultath modifiche post-traslazionali,

specialmente a carico delbasinucleina e della parkina. La parkina € una E8uibna ligasi



coinvolta nei processi di degradazione di protedlaneggiate o mal ripiegate mediante
I'interazione con il complesso proteasomico. Ladgar di questa funzione da parte della
parkina, conseguente a mutazioni (per esempio taziame puntiforme Arg42Pro (R42P)) o a
stress ossidativo, sembra costituire il meccanipatogenetico del PD giovanile, portando ad
un accumulo delle proteine e alla disregolazionkentketabolismo della dopamina. In questo
contesto e rilevante notare che recenti studi,irsi@itro chein vivo, hanno attribuito un
probabile ruolo protettivo alla parkina nella sopiigenza dei neuroni dopaminergici nigrali,
aprendo cosi interessanti prospettive per lo stdito sviluppo di strategie terapeutiche
innovative della PD, basate sulla neuroproteziondogena. Alla luce di queste ultime
evidenze, il progetto di ricerca ha avuto lo scogo indagare il potenziale effetto
neuroprotettivo della parkina nella risposta cellelallo stress ossidativo indotto dalla tossina
dopaminergica 6-idrossi-dopamina (6-OHDA). Taleietilvo e stato perseguito avvalendoci di
due approcci sperimentali:

1. produzione, purificazione e caratterizzazione di proteina TAT-parkina umana
da Escherichia colie valutazione della potenziale capacita protetthediante
somministrazione esogena della stessa.

2. sovra-espressione della parkina wild-type (WT) uanarvalutazione del possibile
effetto protettivo mediante confronto con celluledntrollo e con cellule sovra-
esprimenti la forma mutata R42P (parkii{é).

I modello in vitro utilizzato e costituito da cellule surrenali adragiche PC12, di
feocromocitoma di ratto, sia indifferenziate, sraatte a sviluppare tratti fenotipici che
caratterizzano i neuroni dopaminergici in seguifesposizione al fattore di crescita nervoso.

Nella prima parte dello studio € stata clonata egressa, attraverso I' uso di sistemi

d’espressione in procariotyna proteina parkina umana. Tale proteina € staga, fnella



porzione ammino-terminale, con una coda di 6 isdd{His6) necessaria per la successiva
purificazione, seguita dalla sequenza TAT di treshione cellulare, derivante dall’
immunodeficienza umana (HIV). La sequenza TAT fetgodi una piu ampia classe di domini
di trasduzione(protein transduction domains (PTDrhe hanno lo scopo di agevolare la
diffusione di macromolecole attraverso le membramglulari. La proteina di fusione
His(6) TAT-parkina e stata espresséebischerichia colie purificata secondo la tecnica standard
del DNA ricombinante. Le varie fasi di purificazersono state confermate mediante analisi
elettroforeticaSDS-PAGE. L’'analisi in Western blotting e I'immunimchimica hanno invece
evidenziato come tale proteina sia in grado diagatnelle cellule attraverso la sequenza TAT,
di localizzare preferenzialmente nel nucleo e meptasma, di co-localizzare nei mitocondri;
mentre un saggio di ubiquitinaziome vitro ha rivelato la sua attivita biologica di ubiquéin
E3-ligasi. Questa proteina € stata pertanto testataellule PC12 differenziate sottoposte
precedentemente a stress ossidativo indotto da BAOH risultati ottenuti hanno dimostrato
che TAT-parkina umana, a concentrazioni nanomagain, grado di proteggere i neuroni simil-
dopaminergici purche sia presente prima, durardep® il danno indotto da 6-OHDA. Sulla
base di quest’ultimi risultati e su recenti studedanno dimostrato come la sovra-espressione
della parkina protegge dalla tossicita indotta’ daiinucleina e in modelli cellulari di apoptosi,
nella seconda parte dello studio si e indagataokenziale proprietd neuroprotettiva della
parkina nei confronti dello stress ossidativo, teahdo gli effetti del’aumento dell’espressione
della proteina umana (WT) a confronto con la fopatologica mutata R42P. A tale scopo le
cellule PC12 sono state transfettate stabilmenteuroplasmide d’espressione codificante in
parte per la proteina parkina umana (WT) e in paetda forma umana mutata R42P. Le cellule
non transfettate sono state usate come contratloni sono stati selezionati mediante Reverse

Transcription-Polymerase Chain Reaction e Westkttig. | cloni selezionati e le cellule non



transfettate sono state trattate con 6-OHDA (5 @M) a tempi differenti. Per entrambe le
dosi e per tutte le cellule, & stata osservata nishazione della vitalita cellulare tempo-
dipendente; tuttavia in maniera gia significativpaatire dalle 2 ore per le cellule di controllo e
per il clone sovra-esprimente la parkina mutata FRR4@entre il clone sovra-esprimente la
parkina WT ha mostrato una significativa riduziae#ia vitalita solo a partire dalle 12 ore. Una
successiva analisi in Western blotting ha inoltkedenziato che questo ultimo clone e
caratterizzato da un incremento della quantitardigine ubiquitinate e da un aumento basale
dell'autofagia. Poiché molti studi indicano chemal funzionamento del sistema proteasoma-
ubiquitina e del sistema autofagico sembra esse® dei meccanismi di induzione e
promozione della PD, per verificare se l'effettmtettivo della parkina nei confronti dello
stress ossidativo potesse essere mediato da eniaegii processi, e stato inibitophthway
proteosomico con l'inibitore specifico del proteamso(MG132), o ilpathwayautofagico con
I'inibitore selettivo dell’ autofagia, 3-metil-adieXa (3-MA). Anche in questo caso e apparsa
evidente una maggior capacita di sopravvivenzauleett nelle cellule sovra-esprimenti la
parkina (WT). Tuttavia, la contemporanea sommiastne di entrambi gli inibitori ha
determinato una riduzione della vitalita cellulaienile sia per i cloni, sia per le cellule di
controllo, annullando pertanto l'effetto protettiviella parkina (WT). Questi ultimi risultati
hannodimostrato I'effetto protettivo della sovra-espiess della parkina sui neuroni simil-
dopaminergici in condizioni di danno da stress dmsro indotto da 6-OHDA. La sovra-
espressione della parkina protegge inoltre dalésieda indotta da disfunzioni del sistema
proteasoma-ubiquitina o del sistema autofagicoferorando infine che la mutazione R42P
compromette la funzione fisiologica della proteina.

Complessivamente i dati ottenuti confermano chpakkina, sia come proteina TAT-parkina

ricombinante, sia quando sovra-espressa, € dotataadspiccata capacita neuroprotettiva nei



confronti di differenti stimoli tossici. La parkinpotrebbe quindi rappresentare un possibile
target di strategia terapeutica basato sulla neotezione endogena, cosi come l'applicazione
dei domini di trasduzione potrebbero rappresentarealido strumento di somministrazione di
farmaci o sostanze potenzialmente terapeutichéapaira di molteplici patologie, compresa la

PD.
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Introduction

CHAPTER 1
INTRODUCTION

1.1 Parkinson’s disease history

Parkinson’s disease (PD) is widely believed to relatively modern condition. Actually, this
disorder has been known for some time. In factyethare references to PD symptoms
throughout history. In India, for instance, an antipopulation practiced a medical doctrine
called Ayurveda, thought to be a divine revelatibhey described the symptoms of PD, which
they called Kampavata, already in 5000 B.C. Totttieis disease, they used a tropical legume
(Mucuna Pruriens) whose seeds are a natural sofitc&,4-dihydroxyphenylalanine (L-dopa).
Mucuna Pruriens represents the oldest known methaetat the symptoms of PD, and is still
in use for this purpose. In the sixteenth centthrg, Italian artist Leonardo da Vinci wrote, in
one of his notebooks, about people with PD-like gyms: “you will see...those who...move
their trembling parts, such as their heads or hantteut permission of the soul; the soul with
all its forces cannot prevent these parts from Ilerg”. There are references to this pathology
also in the second part of Henry VI, written by Mdiln Shakespeare. However, PD was first
formally described in “An Essay on the Shaking falgublished in 1817 by a London
physician named James Parkinson (1755-1824). Herided the medical history of six
individuals by observing their daily walks. The pase of his observations was to document the
symptoms of the disorder, which he described agftimtary tremulous motion, with lessened
muscular power, in parts not in action and evenndwpported; with a propensity to bend the
trunk forwards, and to pass from a walking to aniag pace: the senses and intellect being

uninjured” (Parkinson, 2002) (Figure 1.1). In 18862 the neurologists Jean-Martin Charcot

17



Introduction

and Alfred Vulpian added new symptoms to JamesiRsok’'s description and subsequetly
conferred the name Parkinson’s disease to thisregmel The two neurologists described the
mask face, some forms of contraction of hands aat] fkathesia and rigidity as PD features. In
the 1960s the main chemical differences betweetralcend PD patient brains was found: low
levels of the neurotransmitter dopamine (DA) timaluices the selective degeneration of cells in
a part of the brain called tlsibstantia nigrgSN). This discovery led to the introduction of the
drug Levo-dopa (the precursor of DA) as a therapdmtatment for the disease (1968), and
subsequently led the Swedish scientist Arvid Carlg® win the Nobel Prize in Physiology or
Medicine in 2000 along with co-recipients Eric Keh@nd Paul Greengard. Since the 1960s
research has continued to progress at a rapidAlibmugh there is still no cure, the symptoms
can now be effectively controlled and reduced weséy. The Parkinson’s Disease Foundation
was established in America in 1957 to assist seiffeand to fund and promote further research.
Many other foundations assisting the cause haveesuently been established. A notable
recent addition is the Michael J Fox Foundatiormed after the much loved television and
movie actor. The foundation has been very publmualits goal of developing a cure for the
disease within this decade. Since its inceptio20@0 it has succeeded in raising over 90 milion
US dollars.

Advocacy actions include April 11, the birthdayJaimes Parkinson, as the world's Parkinson's

disease day, and the use of a red tulip as thedyohthe disease.
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Figure 1.1: Parkinson’s Disease HistoryFirst pages of the treatise “An Essay on the
Shaking Palsy”, written by Dr. James Parkinson8th7l

1.2 Neuropathological features of PD

1.2.1 Neuropathological lesions and their meaning

The pathological hallmark of PD is a region-specifielective loss of dopaminergic
neuromelanin-containing neurons in the pars conapadt the substantia nigra (SNpc).
However, cell loss in other brain regions suchhaslocus coeruleus (LC), dorsal nuclei of the
vagus, raphe nuclei, nucleus basalis of Meyned,\@mtrotegmental area are seen (Damier et
al., 1999). This specific cell loss is accomparbgdhree different intraneuronal inclusions: the
Lewy body (LB), the pale body, and the Lewy neufit&). LBs are subdivided into two
families: classical (brainstem) and cortical types,the basis of their morphology. Classical
LBs are spherical structures of 8-gth with a hyaline core surrounded by a peripher&-pa
staining halo. On the other hand, cortical LBs I#ué inner core and halo and are especially
common in small-to-medium sized pyramidal neurohdagers V and VI of the temporal,

frontal, parietal, insular cortices, cingulum, axorhinal cortex.
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These latter bodies are present in small numbenmost all cases of PD (Halliday et al.,
2008). Pale bodies are large rounded eosinophilictsires that often displace neuromelanin
and are the predecessor of the LBs. An abnormat;tpanslationally modified and aggregated
form of the presynaptic proteirsynuclein ¢-syn) is the main component of LBs (Spillantini et
al., 1997). Antie-syn antibodies stain LBs and LNs and have becdrmaestandard and most

sensitive immunohistochemical method for diagngstiposes (Figurel.2).

& ;

Figure 1.2: PD hallmarks Lewy bodies (thin arrows) and Lewy neurites (th@rrows) in the
substantia nigra of PD patients, immunostainecxfsynuclein, at different magnifications (Spillantin
et al., 1997).

To date, in addition ta-syn, more than 70 molecules have been identifieldBis, and can be

divided into several groups:

« structural elements of the LB fibril (e.gsyn (Spillantini et al., 1997));

* a-syn-binding proteins (e.g. synphilin-1 (Wakabayaethal., 2000) and tau (Ishizawa et al.,

2003);

« synphilin-1-binding proteins (e.g. parkin (Scldosacher et al., 2002);

» components of the ubiquitin proteasome systemp (giquitin, other ubiquitin ligases and
ubiquitin hydrolases have also been found (Kuzubaed., 1988);

* proteins implicated in cellular responses (e gpH (Shin et al., 2005);

* proteins associated with phosphorylation and @igransduction (e.g. LRRK2 (Zhu et al.,

2006);
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* cytoskeletal proteins (e.g. tubulin (Gallowaykt 1989);

« cell cycle proteins (e.g. cyclin B (Lee et aD03);

* cytosolic proteins that passively diffuse intod_g.g.calbindin (Yamada et al., 1990);
« others (e.qg. lipids (Gai et al., 2000).

What is the exact role of LBs in neurodegeneration?

Although LBs are a marker for neurodegenerationdate their meaning remains elusive.

Before the discovery ad-syn as the main component of LBs and LNs, theskisions were

considered to be a marker of neurodegeneratiohebadsis of:

I. significant loss of neurons in the brain areasiied in LBs localization, particularly in the
SNpc;

II. the number of LBs in patients with mild-to-madee loss of neurons in the SNpc was higher
than in subjects with severe cell depletion, sugggshat inclusions-containing neurons
could be dying cells.

Is the presence of these neuronal inclusion bodies the real cause of cell death? (Terry,

2000). Recent papers suggest that oligomers andfiils of a-syn could be the cytotoxic
species and that aggregates may present a cytofvetenechanism. Ding and co-workers, for
example, demonstrated thasyn protofibrils are able to bind lipid bilayermsdaform pore-like
structures, increasing membrane permeability (@ihgl., 2002; Lashuel et al., 2002). On the
other hand, Olanow proposed LB formation as a ptote aggresome-related process (Olanow
et al., 2004). Aggresomes are proteinaceous irmigdiormed at the centrosome that segregate
and facilitate the degradation of excess amountinfaged, mutated, and cytotoxic proteins. In

this case, LB formation could represent a proteathechanism.
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1.2.2 Neuronal circuits involved in PD

The motor symptoms of PD result from the reducetiviac of pigmented DA-secreting
(dopaminergic) cells in the pars compacta regiothefSN, projecting to the striatum. Striatum
and SNpc are part of the basal ganglia (BG). Taimtrefers to any gray matter structure
located at the base of the cerebral hemispheresisbabmmonly applied to a group of
interconnected subcortical nuclei including thdasiim (caudate and putamen), the globus
pallidus pars externa (GPe) and pars interna (GR&),subthalamic nucleus (STN) and the
SNpc and pars reticulata (SNpr). The dopaminernggtesn innervates all BG structures as well
as its projection targets like the thalamus anéhbtam motor centers. The BG are functionally
sub-divided as motor, oculo-motor, associativeplonand orbitofrontal according to the main
cortical projection areas (Alexander et al., 19886j)e cortical motor areas (Area 4, Area 6 and
supplementary motor area) project in a somatottipioeganized way to the striatum (Takada

et al., 1998) (Figurel.3).

Figure 1.3: Somatotopically organization of the baa ganglia (homunculus).
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Striatal efferent neurons are GABAergic and conndth the GPe and GPi by two different
systems: the “direct” and “indirect” pathways. Nens in the first pathway project directly from
putamen to GPi/ SNpr, they bear DA-D1 receptorsthayg establish inhibitory connections. On
the other hand, neurons in the indirect pathwayeHas-D2 receptors and project to the GPe
which influence the GPi/SNpr by inhibitory connects and indirectly through the GPe-STN-
GPi projection. DA has a dual effect on striatallscéy exciting D1 neurons in the direct
pathway and by inhibiting D2 neurons in the indirggstem (Albin et al., 1989). In PD patients,
DA depletion in the striatum leads to a serieshanges that cause the motor features of the
disease; in particular, there is an increased malir&ctivity in the STN and GPi/SNpr leading
to strong inhibition of thalamocortical and braarst motor nuclei (Figure 1.4) (Hirsch et al.,

2000).

GPe — Globus pallidus externus
GPi - Globus pallidus internus
PUT — Putamen

SN - Substantia nigra

STN — Nucleus subthalamicus
THA — Thalamus

Figure 1.4: Dopaminergic pathways of the human brai.
Normal condition (left) and Parkinson’s diseaseetiéd brain
(right).Red arrows indicate suppression of thedfrglue
arrows indicate stimulation of target structures.
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Why are SNpc cells especially vulnerable? DA metabolism (Sulzer et al.,2007) is considered

to be critical for the preferential susceptibildl/ventrolateral SNpc cells to damage in PD. DA
metabolism produces highly reactive species thatiz lipids and other compounds, increase
oxidative stress, and impair mitochondrial funct{@luck et al., 2002; Sulzer et al.,2007; Naoi
et al., 2009). At neutral pH, DA can auto-oxidiZéerefore, reduced sequestration of DA into
synaptic vesicles, where the pH is lower and DA ncd&nauto-oxidize, may represent a
vulnerability factor for neurons. Accordingly, dapeergic neurons with low DA transporter
activity are less sensitive to oxidative stressugedi by DA or neurotoxins (Gonzalez-
Hernandez et al., 2004) and are also less affeécte® (Damier et al., 1999). Interestingly, DA
toxicity in the SNpc is reduced i-syn knockout mice, thus suggesting a critical rextéon
between the cellular concentrationsaedyn and DA, and the inhibition (by DA) of chapegen
mediated autophagy in SNpc neurons (Cuervo e@04). While DA toxicity hypothesis is
appealing, it is supported only by indirect evidenas differences in DA metabolism in the
most vulnerable ventrolateral neurons are not heagiparent. The most obvious difference in
relation to the regional pattern of cell loss ie tBNpc occurs in the neuromelanin-containing
neurons, which are more susceptible than neuronnefeee DA neurons (Gibb et al., 1990).
However, vulnerability within the ventrolateral S&Npis unrelated to the amount of
neuromelanin per neuron (Gibb et al., 1990). Ofaetors that may selectively affect SNpc
neurons compared to other catecholaminergic aadlside differences in their handling of ionic
fluxes, less capacity for calcium buffering (Estew al., 2009), and increased reliance on L-
type calcium channels (Chan et al., 2007), andheirtexpression of specific transcription
factors that regulate cell fate and survival (Ataviet al., 2008). Emphasis has recently been
placed on calcium-mediated toxicity in SNpc neurtm®ugh Cavl.3 channels (Chan et al.,

2007 and 2009), as compared to neurons of the aler@gmental area, which use sodium
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channels for pacemaking activity. Neverthelessepaking is not a feature of the SNpc in
awake primates, and the levels of DA required &xidity are much higher than those seen

under normal physiological conditions (Mosharowakt 2009). Otherwise, SNpc degeneration

would be extremely common. Important questions remegarding how the levels of -syn

and DA are modified and maintained in SNpc neurd¢msy this might change with age to
influence SNpc vulnerability, and whether there @fular differences among SNpc neurons in
features such as the number of synaptic contackshendegree of neuronal activity and energy
consumptiorfMoss et al., 2008) that explain the degenerataitem observed in PD.

1.3 Clinical features

The traditional view of PD as a single clinical igntis under scrutiny (Langston, 2006;
Selikhova et al., 2009). Clinically, the disease histerogeneous, and subtypes may be
recognized on the basis of age of onset, predomiciancal features, and progression rate.
Two major clinical subtypes exist: a tremor-predoanit form that is often observed in younger
people, and a type known as “postural imbalance gaitl disorder” (PIGD) that is often
observed in older people (>70 years old) and isatherized by akinesia, rigidity, and gait and
balance impairment. In very general terms, thd 8ugtype leads to a slow decline of motor
function, whereas the latter worsens more rapigglikhova et al., 2009).

PD is characterized by several motor and non-nsytmmptoms. The core features of the disease
are four motor symptoms that can be summarized Whi¢habbreviation “TRAP”,_fiemor,
Rigidity, Akinesia (or bradykinesia) and$§tural instability. Several scales are used téuet@
the rate of impairment in PD patients but, to dat#e of these have been fully validated; the
most commonly used is the Unified Parkinson’s diseRating Scale (UPDRS) (Ebersbach et
al., 2006). The current version (UPDRS 3.0) is coseal of four different parts covering the

various aspects of the disease: behaviour and r{paotl I), activities of daily living (part 1),
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motor symptoms (part Ill), and complications of rdmy (part IV). All these aspects are

evaluated by interview.

1.3.1 Motor symptoms

As mentioned before, the principal motor symptorh®D are: tremor, rigidity, akinesia, and
postural instability. Of these, the first is the sh@aommon and visible manifestation of the
disease. Tremor is typically at rest and usualtyifeunilaterally; it is almost always prominent
in the distal part of the extremity, in particuliangers and thumb. As disease worsens, the
tremor becomes bilateral, occurs at a frequencydmt 4 and 6 Hz and is described as
supination-pronation (“pill-rolling”) type. PD paints can also show tremors involving legs,
lips, chin and jaw, rarely neck, head and voicenKdaic, 2009). This manifestation appears
most pronounced when the patient is set and reJaxbile the tremor disappears with action
and during sleep. In the late stages of PD, the ¢hgatients is masked and expressionless, the
speech is monotonous and rigidity, which occuraenk, shoulders, wrist and ankles, leads to

the typical stopped posture.

1.3.2 Non- motor symptoms

In addition to motor problems, James Parkinsoncedtisome non-motor abnormalities in PD
patients. As a matter of fact, several studies Isn@vn that the non-motor symptoms of PD
(depression, psychosis, sensory, and sleep disdrdave a significant impact in the evaluation
of the quality of life, institutionalization rateand health economics (Chaudhuri et al., 2006).
Depending on the criteria used, depression maydmept in 10% - 45% of PD patients at some
point during the pathology (Burn, 2002), althoughsi difficult to distinguish this condition
from akinesia and facial masking. Subjects genesilbw dysphoria and pessimism, along with
irritability and sadness. Risk of dementia exisappfoximately 35% to 40% of patients),

particularly in those patients who present withrpireent gait and speech disorders, depression,
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and a poor response to L-dopa. The greatest rig&rféor dementia, however, is the age of the

patient and not the duration of the disease (L20Q,7).

1.4 Diagnosis

As PD is not considered a single disease entigytelm does not necessarily mean the same for
all clinicians and researchers. Some use this terindicate a strictly clinical diagnosis and
might accept different pathological conditions uigleg the syndrome; others use the term
only for cases of idiopathic parkinsonism assodiatéth the presence of inclusions bodies in
the nigra cells and in some other brain regiondlfGand Lees, 1988; Gelb et al., 1999)
Typically diagnosis is based on medical history aedrological examination. The physician
interviews and observes the patient in search efdérdinal motor symptoms, while also
attending to other possible symptoms that wouldugleca diagnosis of PD. Reduction of motor

impairment in response to administration of L-d@peonsidered a strong sign pointing to PD.

1.4.1 Clinical differential diagnosis

Possible PD requires at least two of the followiagr features: resting tremor, bradykinesia,
rigidity, and asymmetry of onset. Differential dnmgis requires distinguishing PD from other
types of tremors and also other causes of parkisspnOther tremors include postural and
action tremors or intention tremor. Good clinicaagtice is to ask the patient to write a few
lines of longhand script, although the correlatimiween abnormalities of finger tapping and
micrographia is not always present. Moreover, dafigcearly in the disease, signs and
symptoms of different forms of parkinsonism haveager overlap, making very difficult an

exact diagnosis. In fact, common presentationfi@fdisease are usually easily diagnosed, and
the most common misdiagnoses relate to other fahegenerative parkinsonism, such as
dementia with LBs, progressive supranuclear patsylfiple system atrophy, and corticobasal

degeneration (Hughes et al., 2002). Other commmamseinclude essential tremor, drug-induced
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parkinsonism, and vascular parkinsonism (Meard. £1899). On the other hand, diagnosis can
be difficult when the symptomatology is not fullyptcal of PD, since parkinsonisms can occur
due to a range of pathologies, with only slighniclal differences between them and PD. This

difficulty is especially strong in the early stagelsen symptoms are not as marked.

1.4.2 Imaging

PD remains a clinical diagnosis; thus, brain imggmay be only supportive. Conventional
imaging studies (e.g. Magnetic Resonance ImagWigl) and Computed Tomography (CT) are
not helpful in the diagnosis of PD except to exeluather causes of neurologic dysfunction
(basal ganglia tumors, vascular pathology and togjybalus). However, it may be possible to
longitudinally examine the involvement of nondopaetgic system in the nonmotor symptoms
of the disease. Recent advances in understandingethtive roles of striatofrontal pathways
and hippocampal circuits (Huang et al., 2007; Bbaogp et al., 2008;) provide new

opportunities to evaluate progressive cognitivelidecin PD through neuropsycological,

anatomical, and neuroimaging methods. Moreovergtianal imaging such as Single Photon
Emission Computed Tomography (SPECT) and Positrars&on Tomography (PET) may be

useful for the early detection of PD. Dopaminefgiaction in the BG can be measured with the
help of different PET and SPECT radiotracers. EXemare ioflupane (123l) (trade name
DaTSCAN) and iometopane (Dopascan) for SPECT*®stuorodopa F-dopa) for PET

(Figure 1.5).

28



Introduction

Figure 1.5: Striatal dopamine innervation assessely **F-dopa positron
emission tomography (a)Mean control values for eight control subjects
shows high uptake (highest value in white) in ttiagum. (b) Subject with
Parkinson’s disease (right) featuring slownessragidity on the right limbs
but minimal signs on the left limbs. Uptake is nedly reduced (70% below
normal) in the left posterior putamen and reduaed tminor extent in the
anterior putamen and caudate of the left hemisph@e SPM2-based
analysis (yellow represents the largest statistdiference and red the
smallest one), showing the difference in uptakevbeta andb to highlight
the caudorostral pattern of denervation. The stedismap is rendered over
the MRI for anatomical localization.

Although PD is classically diagnosed by the ingsidiconset of motor manifestations, the
concept of premotor PD has gained support (LangsB®®6; Hawkes, 2008). There is
increasing evidence that olfactory dysfunction,epleabnormalities, cardiac sympathetic
denervation, constipation, depression, and pain amgdate the onset of motor signs of PD
(O'Sullivan et al., 2008). It would be very inforthae to perform longitudinal studies of
individuals who do not have motor signs of PD biubwg the full constellation of premotor
signs, as they could be thought of as high-riskdichates to develop the disease. Such
longitudinal studies not only will enhance our Isasinderstanding of disease onset and
progression but also may provide us with biomarkleas would enable us to start therapeutic
intervation much earlier than is currently possithleng-term longitudinal studies suggest that
the rate of decline in motor function in PD is tiakear; it is faster in subjects with very mild
motor impairment than in those with marked impaininat fisrt evolution (Schrag et al., 2007,

Hawkes, 2008). Age is the best predictor of PD megjon rate and remains the most
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prominent risk factor for developing the diseasesfRet al., 2007). Cognitive impairment is
also more frequent and begins earlier in individuaho are older at symptom presentation (>
70 years old) (Aarsland et al., 2008). Although iheerplay between aging and PD is
confounded by comorbidities that normally occurtie elderly, statistical methods might
control for these issues and tease apart the falermal aging in PD outcomes. More refined
studies that analyze the effect of genetic andrenmental factors on clinical presentation may
lead to the identification of further subtypes tlauld allow us to stratify subjects during

clinical studies and, eventually, to start thinkatgput personalized therapies for the disease.

1.5 Epidemiology

PD is the most common neurodegenerative disorder #izheimer's disease. Two main
measures are used in epidemiological studies: enciel and prevalence. Incidence is the
number of new cases per unit of person—time at(tiskally number of new cases per thousand
person-years); prevalence is the total numbers#<af the disease in the population at a given
time. The prevalence is estimated at 0.3% of thelevpopulation in industrialized countries,
rising to 1% in those over 60 years of age and/oof the population over 80. The mean age of
onset is around 60 years, although 5-10% of catessified as “early” or “young” onset, begin
between the ages of 20 (very rare) and 40. OnsdDbfbefor the age of 20 is termed “
autosomal recessive juvenile PD” (AR-JP). PD affeait racial groups with a weak higher
prevalence in Caucasian races than in African asidnfones (Jendroska et al. 1994; Inamdar et
al., 2007); this difference is thought to refldot exposure to distinct environments rather than
genetic factors (Jendroska et al., 1994). Someestuthve proposed that it is more common in
males than in females with a ratio of 5:4. Studiethe incidence of PD have reported that it is
between 8 and 18 individuals per 100,000 persorsy@avelves et al., 2003) and rises with

age. Many risk factors and protective factors hagen proposed, sometimes in relation to
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theories concerning possible mechanisms of thaséséowever, none have been conclusively
related to PD by empirical evidenc€ombined with better stratification of PD subjeats
clinical studies, epidemiological observations @iherg and Jankovic , 2007; Gao et al., 2009)
may provide insights into the causal mechanisnisttivaer the disease.

PD may affect anyone at any time. Well known ped#toes with PD include Muhammad Ali,

Michael J Fox, Pope John Paul I, and Adolf Hitler.

1.6 Pathogenesis of PD

1.6.1 Environmental factors

After decades of research, a single cause for RDyé@to be found and is unlikely to emerge.
Most cases of PD are classified as sporadic angr acgeople with no apparent family history
of the disorderWhereas some forms of PD are genetic, most cage&liapathic, and the
underlying environmental causes (if any) remaibeaiscoveredt is well established that PD
is a multifactorial pathology, caused by both genahd environmental factors that act on an
ageing brain (Tanner, 2003mtoxication with 1-methyl-4-phenyl-1,2,3,6-tetyanopyridine
(MPTP) (Langston et al., 1983) and postencephagtititckinsonism are the only examples of
neuronal degeneration in the dopaminergic SNpc dgnatclearly induced by environmental
factors, but neither one fully reproduces the chhiand pathological features of true PD.
Research has concentrated on environmental susitigpfactors such as viruses (Encephalitis
Lethargica), toxins (e.g. MPTP), other agents lilezbicides and insecticides (e.g., paraquat,
rotenone), exposure to pesticides and heavy metalswater ingestion, head injury, and lack
of exercise (Bower et al.,, 2003; Elbaz and Tranth&®©07; Thacker et al., 2008).
Epidemiological studies that have identified adeensk factors (e.g. pesticide exposure) as
well as protective associations (e,g. consumptibrcaffee, tobacco and nonsteroidal anti-

inflammatory drugs), that reduce the risk of PDiataguing (Powers et al., 2008).
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1.6.2 Genetic factors

In the past 10 years, significant progress has beade in the understanding of PD
pathogenesis, based on the discovery of mutatiossven different genes. About 5 to 10% of
PD patients have a family history of this disorded carry a mutation in one of these genes
(monogenic familial forms of PD), characterizeddarly-onset and an autosomal dominant or
recessive pattern of inheritance. To ddltesre is a growing list of mutations linked to PD
(Table 1.1). They account for 2-3% of the late-oresses and ~50% of early-onset forms

(Farrer, 2006; Schiesling et al., 2008).
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TABLE 1.1 Monogenic forms of Parkinson'’s disease

Locus’ Gene Protein function Phenotyp€
PARK1 SNCA Synaptic? PD/DLBD
PARK4 (AD) Lipid binding? Onset from age 30 to

60, rapid course.
Fulminant Lewy
bodies

PARK2 (AR) Parkin E3 ligase Parkinsonism onset
from teenage to 40s,
slow course. No
Lewy bodies, except

PARK3 (AD) Unknown — PD, dementia onset
Chr2p13 from age 50 to 60s
Lewy bodies, tangles
and plaques.
PARKS5 (AD?) UCHL1 Ubiquitin Typical PD onset at
hydrolase/ligase about age 50

Unknown pathology

PARKG6 (AR) PINK1 Protein kinase Parkinsonism onset
from age 30 to 50s
Unknown pathology

PARK7 (AR) DJ-1 Oxidative stress Parkinsonism onset from
response? age 20 to 40s,
slow course.
Unknown pathology
PARKS8 (AD) Unknown; — Parkinsonism onset
Chr12pl-q13 from age 40 to 60s

Variable pathologye

®PARKIoci are shown for the monogenic forms. Intarite is shown in parentheses beloweach loci: AD,
autosomal dominant; AR, autosomal recessive.

®PD, Parkinson’s disease; DLBD, diffuse Lewy bodsedise.

°SNCAis the gene name farsynuclein.

YPARKS-linked families have been described by twougs as either Lewy body negative or variably Ldwgy
and tanglepositive.
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1.6.2.1 Autosomal dominant PD
Typical, late-onset PD with LB pathology is linked mutations in three geneSNCA

(encodinga-syn) (Polymeropoulos et al., 199ZRRK2/dardarin(encoding leucine-rich repeat
kinase 2) (Zimprich et al., 2004) ar@lIF4G1 (elongation initiation factor 4G1) (Farrer
Matthew, 2009, unpublished data). Gain of functiomtations in these genes lead to an
autosomal dominant form of PD, resulting in thaickl manifestation of Parkinsonism.

o—Syn (PARK1)

o-Syn was the first gene identified to be associatgéth PD. This gene had been cloned
previously as a precursor to a small peptide faarttie Alzheimer’s disease (lwai et al., 1996).
The protein was named for its localization_tmapses andutlei. In fact,a-syn is part of a
gene family including3-andy-synucleins and synoretin (George, 2002). All sygins have a
series of imperfect repeats including the sequenua# KTKEGV and a variable C-terminal
tail, which is highly acidic inu-syn. Synucleins are also basally phosphorylateseahe and
tyrosine residues. There is little or no detectagleondary structure in solution, and heaee
syn is referred to as natively unfolded. To datee exact physiological functions of the
synucleins are not well understood, although, gihenlocation at synaptic membranes, they are
suspected to play a role in regulating the reversa of synaptic vesicles in brain: they are
involved in the regulation of neurotransmitter eésitransport and release at the presynaptic
membrane because of their ability to bind and Btablipid membrane bilayers, forming an
amphipatic helix (Clayton and George, 1998), argirtpparent enrichment in presynaptic
terminals (Wood-Kaczmar et al., 2006). Missenseatmts inSNCA(A53T, A30P and E46K)
were first linked to familial parkinsonism with é&abnset (Polymeropoulos et al., 1997; Kruger
et al., 1998; Zarranz et al., 2004), and subsdadsiAduplications were found in kindreds in

which age of onset, progression and associated rtoditees relate to gene dosage (Singleton et
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al., 2003; Ross et al., 2008)}Syn is one of several proteins associated witliaugeneration
diseases that have a high propensity to aggregateend production ai-syn aggregation is
the formation of heavily insoluble protein polymd&rsown as fibrils. It is thought that fibrillar
a-syn is the building block of LBs. Althougt the Ab3nutation promotes the formation of such
fibrillar species, A30P does not. In fact, A30Pvedahe rate of fibril accumulation but strongly
promotes the formation of oligomeric species (Gasst al., 1999; Conway et al., 2000). No
studies on the E46K mutation have been performediate, but the pathology in these cases
suggests the mutation would have an effect onlfformation. The fact that all mutations
promote the formation of oligomeric rather tharrifiar species had led some to suggest that
oligomers, not fibrils, are toxic. In fact, oligonsealso referred to as protofibrils (Lashuel et al
2002), can form annular structures that may hawvee-fike properties that might damage
membranes (Volles and Lansbury, 2002). In the feastyears accumulating evidence suggests
that phosphorylation af-syn, especially at SEf, is important for fibril formation, botm vitro

and in vivo, using aDrosophila model and in brains of patients with PD and otiedated
synucleinopathies (Fujiwara et al., 2002). Howevecent papers by Paleologou and Azeredo
da Silveira demonstrated that pS&is not relevant for aggregation (Paleologou etZ0)08),
althoughao-syn aggregation is the key step that drives batihglogy and cellular damage. In
particular, the development of nonmotor featuresetates witha-syn gene copy number as
well as gene and protein expression (Farrer eR@0D4). These studies suggest that increased
neuronala-syn protein levels are a primary factor in theedise. The causes and consequences
of a-syn aggregation in neurons are not yet fully ustberd, despite a large number of
molecular studies (Cookson, 2009). Mutations in awdrexpression ofi-syn seem to be
especially toxic to dopaminergic neurons, as DA-ggiducts may inhibit chaperone-mediated

autophagy (Cuervo et al., 2004). Even with thetiehimechanistic insight currently available,
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reduction ofa-syn expression may represent a potential therepapproach (Lewis et al.,
2008).

Recently, genome-wide association studies (GWAS&sg Iprovided evidence for a contribution
of common genetic variability in-syn and microtubule-associated protein tau to 8&gke et
al., 2009; Simon-Sanchez et al., 2009; Edwardsl.et2810). Array-based GWASs have
limitations in that they only test the hypothedimtt common variants (or single nucleotide
polymorfisms in linkage disequilibrium) cause commdisease and only consider those
variants that are present in the arrays. In theingrdecade, massively parallel sequencing
methods, which can comprehensively survey theeeg@&nome, may provide far more genetic
insight than previous GWASSs or linkage studies.

Leucine-rich repeat kinase 2 ( LRRK2; PARKS8)
Mutations inLRRK2represent the highest risk of familial and, se@fyinsporadic PD (Paisan-

Ruiz et al., 2004; Zimprich et al., 2004). Amongtation carriers, disease penetrance markedly
increases as a function of age (Healy et al., 2A08RK2 encodes a rather large protein (2,527
amino acids) containing multiple, independent dormaBequence analysis suggests that these
domains include an armadillo and ankyrin repeaioregleucine-rich repeats (LRR) and
contains both Rab GTPase and tyrosine kinase-likd), as well as other domains (WD40
repeat), suggestive of a multimeric protein scdff@mith et al., 2005). More than 20 mutations
have been reported to date and the majority ofethies within these functional domains.
Pathogenicity has been confirmed for six of thedd22V, R1441C, R1441G, Y1699C,
G2019S, and 12020T (Mata et al., 2006). The moshrmaon mutation found (Gly2019Ser
mutation) has a worldwide frequency of 1% in spar@dses and 4% in patients with hereditary
parkinsonism (Paisan-Ruiz et al., 2004). The plapmo pathology associated with LRRK2

mutations suggests that this protein plays muatioles within the secretory pathway, and it
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may contribute to adult neurogenesis, remodelingybdskeletal architecture and membrane
dynamics, and dopaminergic signaling (Smith et 2005). The protein functions as both a
kinase and a GTPas&o date, there is no clear evidence about a dirgetaction between
LRRK2 anda-syn or tau, but the identification afsyn-positive LB pathology or tau-positive
neurofibrillary tangle pathology in LRRK2 patientjggests a possible role of LRRK2 in the
phosphorylation of these two proteins (Zimpriclaket 2004). However, a recent paper by Qing
et al.(2009) showed an interaction between LRRK& @syn during oxidative stress. The
LRRK2 also binds to parkin’s RING domaimsvitro (Smith et al., 2005), but the physiologic
significance of this needs further investigation.

EIF4G1 (elongation initiation factor 4G1)

Recently identified point mutations affecting elFd@ct in a dominant-negative fashion to
perturb complex assembly, elF4E or elF3e bindimgl aubsequent recruitment of the 40S
ribosome for 5cap—dependent mRNA translation (Chartier-Harliralet 2009, unpublished
data). Pathogenic elF4G1 mutations are rare butffant families with late-onset LB disease
within many populations. elF4G1 normally links maaiian target of rapamycin (mMTOR)-
dependent nutrient sensing to regulation of proteanslation and cell proliferation; loss of
function downregulates mitochondrial biogenesis antlances autophagy (Ramirez-Valle et
al., 2008).

Glucocerebrosidase (GBA)

Recently, heterozygous mutations@GBA (encoding glucocerebroside and famously linked to
Gaucher disease) have been associated with a Ityphemotype of PD and LB pathology
(Neumann et al., 2009; Sidransky et al., 2009js hhow clear that this heterozygous loss-of-
function mutation also leads to a > 5-fold—increbssk of PD in all populations as well as to
earlier disease onset (typically in the early §@®Paolo et al., 2009; Mitsui et al., 2009). The

pathogenic mechanism is unclear (DePaolo J., &0&l9), and possibilities such as lysosomal
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dysfunction, interference with the helical bindinf a-syn to lipid membranes or decreased
ceramide metabolism are under scrutiny.

1.6.2.2 Autosomal recessive PD

Additional mutations linked to early-onset PD awarid in affected individuals under the age of
45 and account for about 1% of cases of all typd3Dn They are autosomal recessive loss-of-
function mutations in both alleles of the genesoeity parkin (Kitada et al., 1998), DJ-1
(Bonifati et al., 2003), and PINK1 (Bonifati et,a005), resulting in the clinical manifestation
of parkinsonism.

Parkin (PARK2)

Parkin mutations are the second most common gecatise of parkinsonism. Parkin is a 465
amino acid E2-dependent E3 ubiquitin ligase andnigén cellular function is to ubiquitinate
proteins, targeting them for proteasomal or autgpeamal degradation (Tanaka et al., 2004;
Olzmann and Chin, 2008). Further details will beai#ed in a later paragraph about parkin.
DJ-1 (PARK?7)

DJ-1 mutations, the most uncommon, affect a prataplicated in redox sensing (Ishikawa et
al., 2009). PDcausing DJ-Imutations are rare and account for only 1-2% olyeamset PD
cases. Its cellular and subcellular localizationurglear, but is enriched in the brain and
peripheral tissues and is primarily localized ia ttytoplasm, with a small pool associated with
the mitochondria (Kotaria et al., 2005; Zhang et a005). Bonifati and colleagues (2003)
suggested that DJ-1 maintains neuronal cell vigbBdy modulating gene expression under
conditions of cellular stress, either as a redmsseprotein than can prevent the aggregation of
a-syn or an antioxidant (Mitsumoto and Nakagawa,12@Mhou et al., 2006). DJ-1 can also act
as a direct scavenger of reactive oxygen speci€3SfRit has been shown to eliminate

hydrogen peroxide through auto-oxidation (Tairaakt 2004). The first description of DJ-1
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mutations was a point mutation, L166P, resultingaitoss of protein function. The L166P
mutation causes destabilization through unfoldifighe C-terminus, inhibiting dimerization
and enhancing degradation by the proteasome (Mitlaf.2003; Moore et al. 2003; Olzmann et
al., 2004). Consequential to this instability, LIP6&duces the neuroprotective function of DJ-1
(Taira et al., 2004).

Phosphatase and Tensin (PTEN)-induced Kinase 1 (PINK1; PARK6)

PINK1 (or PTEN-induced kinase 19 a 581-amino acid mitochondrial protein kinatbatwas
first identified in cancer cell expression profilexperiments and was shown to be
transcriptionally activated by PTEN (Phosphate @aB#sin homolog), thus its name. PINK1 is
ubiquitously expressed, containing a mitochondaadeting motif and a conserved
serine/threonine kinase domain (Silvestri et ap3) A G309D missense and a W437X
truncating mutations in PINK1 were discovered ineéhlarge consanguineous families, one
Spanish and two Italian (Valente et al., 2004).sTpiotein shares the same mitochondrial
pathway as parkin (Clark et al., 2006; Park et 2006), suggesting that mitochondrial
dysfunctions could be the key reason for at leastesof the autosomal recessive forms of
parkinsonism.

It now appears that both PINK1 and parkin are fionetly linked, as their expression induces
mitochondrial fission (Lutz et al., 2009) and thevéval of nigrostriatal neurons. Wild-type
PINK1 may play a neuroprotective role against niitowrial dysfunction and proteasomally-
induced apoptosi§valente et al., 2004)Parkin is recruited to dysfunctional mitochondiaa
promote their autophagic degradation and rescugsngeation in PINK1-null flies (Narendra et
al., 2009). A physical interaction between DJ-1 &ltlK1, which protected cells against
oxidative stress, was also demonstrated (Tang.e@06). However, the relevance of the

findings from animal models to the human diseasenisertain, as aged parkin/DJ-1/PINK1
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triple-knockout mice fail to develop nigral neurgéeeration (Kitada et al., 2009), and the
impact of these proteins in sporadic PD seems tovb€Brooks et al., 2009).

Other gene mutations (such as those that encodeeti®ssive loss-of-function of tyrosine
hydroxylase, ATP13A2, which encodes for a protein member of the P-type ATPase
superfamily that make use of ATRBnd PANK2 proteins have been linked to early-onset PD,
but often with atypical symptoms and no LBs or loEdopaminergic nigral neurons.

Lastly, mutations affectin@/biquitin Carboxy-Terminal Esterase L1 (UCHL1), FGF20,
Omi/HTRA2 (Strauss et al., 2005) arélGYF2 may be linked to PD, but the data remain
equivocal (Hardy et al., 2009).

UCHL1 (PARK 5)

The UCHL1 gene encodes a neuron-specific ubiquitin C-terhfigdrolase, whose enzymatic
roles include the recycling of ubiquitin chains kam monomeric ubiquitin and adding
ubiquitin to already monoubiquitynilated-syn (Liu et al., 2002). UCHL1 expression is
restricted to neurons, making it an interestingdadaie for neurodegeneration. However, there
is controversy regarding the UCHL1 mutation (Heaelyal., 2004). There have been no
additional families with UCHL1 mutations, despitetensive searches, that would strengthen
the case that this gene can be pathogenic for R€relfore, whether UCHLfutations are truly
causal for PD is unclear. There is, however, ativelly common S18Y polymorphism in
UCHL1 that has been associated with risk for sporadicifPBeveral, but not all, studies
(Heavly et al., 2004). It is possible that UCHLAyd some role in PD, but this requires further
clarification.

In summary, mutations may help define the molecp&hways underlying neurodegeneration
in PD (Hardy et al., 2009). Ideally, genetic stgdghould identify critical pathways (such as

mTOR (Ramirez-Valle et al., 2008) or ceramide melislm (DePaolo et al., 2009)), which may
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be affected by mutations in several of their congmis. Genetic studies could also help clarify
some clinical findings, such as a possible assoaidtetween the tau locus and dementia in PD.
However, despite extensive experimental scrutimg,grocess by which mutations in the genes,
which here mentionated, lead to SNpc cell deathladhdormation is not understood (Lees et

al., 2009; Naoi et al., 2009; Yang et al., 2009pr&bver, causative factors may differ among
individuals with different clinical subtypes of tliisease. An emerging concept is that SNpc
homeostasis is vulnerable to different geneticlutal, and environmental factors that

independently or concomitantly cause cell deathr owee (Perier et al., 2007; Sulzer, 2007).

These factors may lead to mitochondrial dysfunctod oxidative stress, to abnormal protein
degradation due to alterations in the ubiquitintays or in chaperone-mediated autophagy
(CMA), and to other forms of subcellular dysfunatig-igure 1.6). Combined, these alterations
can precipitate cell death. Which (if any) of thesechanisms is more important to disease

pathogenesis is not known.
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Figure 1.6 : Schematic summary of established etiaghogenic mechanisms and interactions in
the dopaminergic cells of the substantia nigra in &kinson's diseaseCell death may be caused by

a -syn aggregation, proteosomal and lysosomal (nawsh system dysfunction, and reduced

mitochondrial activity. Gene mutations are assedatvith impairment of one or several of these
mechanisms. In addition, secondary changes (natrshsuch as excitotoxicity and inflammation are
likely to play a relevant role in progressive newabdegeneration.

a -Sp22, a 22-kilodalton glycosylated form af-synuclein; PAELR, parkin-associated endothelin
receptor-like receptor; UbCH7, ubiquitin-conjuggtienzyme 7; UbCHS8, ubiquitin-conjugating enzyme
8; UCHL1, ubiquitin carboxy-terminal hydrolase L1.
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1.7 Pathways to PD: is there a multiple connection?

PD involves several causations that ultimately l&adeuron death. It is now becoming clear
that the genes and constituent proteins are pariner complex network, each being connected
by at least one branch. The remaining questionsadrat are the upstream pathways that lead to
dopaminergic-specific neuronal cell death? Do &lthese known genes converge to form a
common pathogenetic pathway? As mentioned aboeeg ik evidence for the neuroprotective
effect of some PD-linked genes (parkin, DJ-1, PINK@ainst loss of mitochondrial function. It
is unlikely that PINK1 and DJ-1 physically interalbecause they are probably on opposite sides
of the mitochondrial membrane. The mitochondrialdier peptide of PINK1 should direct the
kinase through the mitochondrial import machinerpithe mitochondrion. In contrast, when
DJ-1 overlaps with mitochondria, it localizes t@ thuter mitochondrial surface (Canet-Aviles
et al., 2004). Therefore, if there is a common otfitsndrial pathway for DJ-1 and PINK1, it is
at the level of the whole organelle. This is readd®, given the prominent roles that
mitochondria play in determining cellular life oeath. However, if all these genes suppress cell
death under many circumstances, it would be sumgrithat cell death is restricted to a subset
of neurons only. It is interesting that DJ-1 mibktexcluded from mitochondria unless cells are
stressed (Canet-Aviles et al., 2004). If the cellvival pathway is more important under
specific conditions, then one might expect theguatof cellular damage to be restricted to cells
that undergo these stresses or are especiallyrablieeto them. If mitochondrial pathways are
implicated in this scheme, the neurons affectegoessive parkinsonism should be susceptible
to mitochondrial damage. Although exposure to MR¥Bduces a parkinsonian syndrome,
toxicity is dependent on uptake by the DA transpoflLangstone, 1996), so restriction to
dopaminergic neurons is not surprising. Howevegrmnone also inhibits mitochondrial complex

| without requiring uptake via the DA transporteo, this is a test of whether some neurons are
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more sensitive than others to mitochondrial damageronic administration of rotenone
selectively damages dopaminergic neurons in thear(i@etarbet et al., 2000), although some
studies also report more a generalized toxicitye ftechanism appears to involve free radicals
(Sherer et al., 2003); hence, DJ-1 should protecrans from rotenone toxicity. Therefore,
mitochondrial complex | with attendant oxidativentege might account for some of the
neuronal cell damage in parkinsonian conditiong] ae can relate this to loss-of-function
mutations in DJ-1 and PINK1. Moreover, DA is andatit neurotrasmitter that is normally
packaged in vesicles. Exposure to high cytosoliowarts of DA could increase oxidative stress
as well as the promotion and stabilization of ajssotofibrils (Conway et al., 2001).

Parkin does not easily fit into the above schemizel® the ubiquitination activity of this
enzyme, cell death is most obviously related totgaeome function. We can ask whether
proteasome inhibition would be sufficient to indumall death, and whether such cell death
would be restricted to the mosaic of cells susbéptin PD. This experiment was performed
recently, and the patterns of cell death closedemgble those in sporadic PD (McNaught et al.,
2004). Proteasome inhibitors also preferentialliecf catecholaminergic neurons in some
(Petruccelli et al., 2002), but not all (Hoglinggtral., 2003)jn vitro models. This implies that
susceptible neurons in PD are linked by sensititatproteasome dysfunction. Therefore, there
are at least two pathways that can lead to parkiasosyndromes: mitochondrial and
proteasomal. Is there a link between the ubiquitoteasome system (UPS) and mitochondria?
Logically, there are three ways to consider these pathways. Firstly, perhaps each is
sufficient to induce cell death and is independérihe other. In this scheme, the fact that some
groups of neurons are affected by these stressgsnsidental, and the human syndromes are
phenocopies of each other. A second possibilitthég both mitochondrial and proteasomal

damage are required for neuronal cell injury, hgvmitially distinct events but converging on a
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later, common pathway. The third possibility: theee genes mark a single pathway that we can
connect in an ordered way. However, it is hard dpasate proteasomal from mitochondrial
damage because they interact with each other.dsedeoxidative damage has also been found
following proteasomal impairment (McNaught et &Q04). In fact addition of proteasome
inhibitors increases the sensitivity of catecholangic neurons to rotenone or MPrPvitro
(Hoglinger et al., 2003): complex | inhibitors cadsa decrease in proteasome activity. This
may be the result of ATP depletion, as the UPS asy \heavily ATP-dependent, or a
consequence of oxidation, or both. Increased oxielatamage has also been found following
proteasomal impairment (McNaught et al., 2004). iptecally, proteasome inhibitors have
been reported to cause mitochondrial damage (@ullet al., 2004). Therefore, proteasomal
and mitochondrial damage interact in both direditm converge on cell death as an outcome.
The evidence that parkin has an effect on mitochar{@&hen and Cookson, 2004) is surprising
for an E3 ligase with no mitochondrial substratEse effects of parkin can be specific, as
parkin is effective against apoptosis pathways pinateed through mitochondrial signaling but
not other triggers (Darious et al., 2003). A momvprful example is when proteomics was
used to examine the brains of parkin knockout midthough many proteins were present on
two-dimensional gels, mitochondrial proteins wepedfically represented (Palacino et al.,
2004). These observations led to the idea thatamatiodria may be important in parkin disease,
as well as DJ-1 and PINK1, but specificity is uacleéSuch considerations become much more
complex when we add-syn to the equation. The Dawson laboratory regearticulated these
difficulties by proposing that there are two logicaodels (Von Coelln; Dawson VL. and
Dawson TM., 2004). In the “unifying model,” parkamnd a—syn have differential effects on a
common pathway, whereas in the “distinguishing nh&dRD and recessive parkinsonism have

different pathways (Von Coelln; Dawson VL. and Dawd M., 2004). This centers on whether
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parkin plays an essential roledrsyn disease and vice versa. Alternatively stateslproblem

is: what causes disease in these different comditidVe can be sure thasyn is causal in the
PD/DLBD families, and it is likely that protein aggation underscores the disease process.
What happens downstream of protein aggregatioratsec cell death is less clearSyn has
detrimental effects on both proteasomal (Petrueglal., 2002; Willingham et al., 2003) and
mitochondrial (Hsu et al., 2000; Tanaka et al.,, D0Qunction. Interactions between
mitochondria and proteasomal function were disalisd®ve, but aggregategsyn can inhibit

the proteasomen vitro, suggesting that it might directly affect the UEhyder et al., 2003;
Lindersson et al., 2004). Adding to the confusimitochondrial damage may exacerbatgyn
aggregation, promoting the accumulation of the g@ropost-translationally (Lee et al., 2004).
This leads to many schemes of the pathogenesisDoth@t evoke amplifying circles of
mitochondrial damage, proteasomal dysfunction,@otein accumulation.

If a-syn affects both mitochondria and the proteasontkifamitochondrial/proteasomal genes
cause parkinsonism, does this mean thayn mediates neuronal cell damage in the recessive
diseases@-Syn is a good candidate for being an endogenoessstr, as we know the wild-type
protein can be toxic when present at high leveige @ight imagine that lack of protective gene
products (such as parkin, DJ-1, or PINK1) mightdemsome neurons susceptible to the same
causal agent at normal expression levels. An arguagginst- syn involvement in cell death

is the lack of obvious LB pathology in most parkases, although there are reported exceptions
(Farrer et al., 2001). However, if LB formationnist required for toxicity, as implied by A30P,
then inclusion body pathology might not be needed:fsyn to be toxic. Another argument is
that parkinsonism is a component of diseases cdmgedher aggregating proteins, including
tau mutations (Hutton, 2001). There are severadligds between tau and-syn. Both are

intracellular proteins with a tendency to aggregperhaps co-aggregating (Lee et al., 2004),
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and both proteins can cause cell death (Hardy, 2008refore,a-syn is not the only brain
protein that can aggregate and Kill nigral cellyaugh it is one of the few that aggregates so
readily in its wild-type form; tau is the other ragjone in brain. In the absence @fyn
pathology in parkin, DJ-1, and PINK1 cases, we oaibe certain about the causative agent in
the same way as-syn mutations. However, parkin can protect calisiasta-syn toxicity. This
implies that the pathways triggered by the aggreggirotein must converge at some point on
the positive effects of parkin and other recesgjgre products. A critical set of experiments
will be to compare whether all three recessive ipadnism genes are important in protecting
againsta-syn toxicity specifically, or against toxic pratsiin general. More importantly, we
need to better define the relationships betweendifferent recessive gene products and
understand where their effects are specific andrevtieey only coincidentally affect the same
cellular processes.

Why should we care about the distinction betweenctincept of a single pathway and multiple
roads to the same output, even if it is a tractpbdblem? The most practical benefit from more
fully understanding the nature of cell death in B related disorders is the possibility of
providing new therapeutic avenues. In this senienibt critical whether events are early or late
in the pathogenic process; each is an avenue tenvention. Identifying the earliest and most
specific events that cause neuronal cell losseasdldisorders might also indicate where to aim
strategies with the highest level of specificitydépendent of the underlying cause of cell loss
in parkin-DJ-1-or PINK1-associated diseases, alkdhof genes impact neuronal ability to
survive in the face of stress, and it can be naaidence that all three produce such a similar
phenotype. Perhaps recessive genes tell us whyomeuare damaged in parkinsonian
conditions, but is quite crude at this point. Cialta identifing why different neuronal groups

rely on these proteins more than others may betddkie problem of parkinsonism in many
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diseases. The challenges for the PD field are $ordee in detail the routes that lead to toxicity

and answer whether, or not, these different pathiog@scades overlap.

1.8 PARKIN
1.8.1 AR-JP

The first gene that causes recessive parkinsoniami@entified in 1998 in Japanese families,
and was nameplarkin by Mizuno and colleagues (Kitada et al.,1998). Ehgatients had early-
onset parkinsonism (teens to twenties) with sloagpession and additional features such as
dystonia. They have a good response to L-dopaaeplant and developed L-dopa induced-
dyskinesias, whereas dementia seems to be raren@rwh et al., 2003). Subsequent studies
suggest thatparkin mutations are the most numerous cause of recessady-onset
parkinsonism (average onset before 40 years of. agetification of additional mutations
shows that the phenotype can be expanded to inalades with features more typical of
sporadic PD, such as hyperactive tendon reflexddess frequent resting tremor (Klein et al.,
2000). Pathologically, patients wigharkin mutations display neuronal cell loss in the SNpd a
LC. One discrepancy between parkiisease (typical recessive) and PD is the absencB
(typical of idiopathic disease), although thereme exception: LBs have been demonstrated in
a patient carrying an R275W substitution and ame3adeletion (Farrer et al., 2001). This
suggests that LB formation is not required to evoigral cell death, i.e., that there are other
ways to kill neurons. So parkilisease is a phenocopy of PD, parkinsonism with8utThere

are other forms of parkinsonism with these featuregably exposure to the toxin MPTP
(Langston, 1996). On the other hand, parkin anerséparkin substrates, including-syn,
p38, parkin associated endothelin receptor likeptar (Paelrl) and synphilin-2, were found to
localize to LBs in sporadic disease, leading todtieactive hypothesis that functional parkin

may be required for the formation of LBs (Schlosshea et al., 2002).
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1.8.2 The parkin gene
The gene responsible for AR-JP maps to chromoson25.B-q27, based on linkage

identification to markers D6S305 and D6S253. Th&BE marker was deleted in one AR-JP
patient (Matsumine et al., 1997). By positionalnthg within this microdeletion, Kitada et al.
(1998) used positional cloning to isolate a cDNA&nd of 2960 bp with a 1395 bp open reading
frame, and termed this PARK2. The PARK2 gene issmond largest human gene reported to
date (over 1.3 Mb), with 12 exons. Interestinghe tparkin gene is highly conserved across
species, not only in vertebrates, such as humdn,arel mouse, but also in invertebrates
(Caenorhabditis eleganand Drosophila melanogastgi(Kahle et al., 2000), suggesting that it
plays a common role in various organisms. Mutaticeh as exon deletions, exon
multiplications, or point mutations resulting ingeénse and nonsense changes of parkins have
been reported in AR-JP patients. Parkin mutati@mesunt for about 50% of familial cases and
about 70% of sporadic cases with age of onset yeads (Lucking et al., 2000; Periquet et al.,
2003; Mata et al., 2004). Since parkin-linked Persessively inherited, a deleterious alteration
can be presumed on both alleles, and heterozygotsrs may be unaffected. However, some
studies suggest that a large proportion of thel totanber of cases identified with parkin
mutation had only a single heterozygous mutationcking et al., 2000; Kann et al., 2002;
Periquet et al. 2003; Mata et al., 2004). Moreottes, frequency of same variants in cases and

controls suggests these could be polymorphismerrétian disease-causing mutations.

1.8.3 The parkin protein: structure

The parkin protein consists of 465 amino acids waitmolecular weight of about 52 kDa. Its
unique modular structure can be divided into thraes: the ubiquitin-like domain (UBL) (aa 1-
76) at the N terminus, the RING-box domain closdh® C terminus, and the linker region

containing caspase cleavage sites, which connleetsmo termini. The C-terminal RING-box
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region, a special zinc finger configuration, cots two RING (“really interesting new gene”)
finger motifs, termed RING1, RING2 (aa 238-293 a&i@-449, respectively), separated by a
cysteine-rich IBR (in-between RING) domain (aa 3I4). The whole RING-box is also called

RBR (RING between RING fingers) domain. (Figure)1.7

parkin
- Linker RING1 IBR RING2 465 aa
1 76 238 293 314 377 418 449

Figure 1.7 Schematic representation of the parkin qtein.

The RING-IBR-RING domain is also called the TRIADBRILL domain, which functions by
interacting with ubiquitin-conjugating enzymes (E2suggesting it is the catalytic site of this
class of E3-enzyme family. The RING-IBR-RING maif important in recruiting substrates
and the E2 enzyme (UbcH7 or UbcHS8) that carriesvaietd ubiquitin (see Box 1). RING
fingers are found in a number of E3 ligases anceharying numbers of cysteine (Cys) and
histidine (His) residues that coordinate a strdtyrimportant zinc atom (Marin and Ferrus,
2002) Intriguingly, this RING-IBR-RING type ES3 liga is strongly expressed in brain.

The UBL region of parkin exhibits moderate simiiario ubiquitin, displaying approximately
20% sequence identity. Nuclear Magnetic ResonaN&4R( studies have indicated that the
three-dimensional structure of the UBL domain akparesembles that of ubiquitin (Sakata et
al., 2003). As shown in Figure 1.8, ubiquitin (U®)x small protein with twa-helical and five
B-sheet structures, which arrange in the ordgfeifpap in the secondary structure. Overall,
these structures are conserved in the UBL of pamkdicating that both molecules appear to be
structurally very similar. However, its role is daty unknown. Intriguingly, inspection of
chemical shift perturbation data revealed that Uihds the RpnlO subunit of the 26S

proteasome (see a model in Figure 1.11). On ther dtand, accumulating evidence suggests
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that various proteins harboring the UBL domain,.,el8ad23, Dsk2, and their human
homologues (hHR23a/h and hPLIC1/2, respectivelgyide links between the 26S proteasome
and the ubiquitinylation machinery (Kleijnen et, &000). In this context, it has been reported
that a 50-kDa subunit Rpn10 of the human 26S psotea, originally called S5a, could bind to
polyubiquitin conjugates vitro and, hence, could possibly function as a polyuliguhain-
binding subunit (Kawahara et al., 2000). Rpn10 &lsals the UBL domain of hHR23a/h and
hPLIC-2 (Walters et al., 2002). Thus, it is likehat the UBL domain tethers parkin close to the
proteasome, directing poly-ubiquitinated protemshte latter, contributing to the recognition of

target proteins (Box 1).

Figure 1.8. The tertiary structures of ubiquitin

(left) and the ubiquitin-like domain of parkin (hg.

a-helices an@-sheets are shown in red and yellow,

respectively.
All of these domains appears to be functionallyomt@nt because PD mutations cluster in them
(Kahle and Haass, 2004). Endogenous parkin’s nooslalar location appears to be largely
cytosolic, and it may colocalize to synaptic vessclthe Golgi complex, endoplasmic reticulum
(ER), and mitochondria outer-membrane (Shimurd.efi@99; Kubo et al., 2001; Darios et al.,
2003; Mouatt-Pringet et al., 2004). As many as loak-of the single amino acid substitutions

reported to date appear to alter wild-type parlatutar localization, solubility, and propensity

to aggregate (Cookson et al., 2003; Gu et al., 2008g et al., 2005).
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1.8.4 The parkin protein: function

In 2000 Shimura et colleagues demonstrated thapdhnidn protein is an E3 ubiquitin-protein
ligase, which mediates the covalent attachment lifjuitin to target proteins with a
polymerization step to form a degradation signalaflet al., 2000; Shimura et al., 2000). These
marked polyubiquitinated proteins ultimately argmreled by the 26S proteasome complex. E3
ligases control the key step in the cycle of Ub-iadl hydrolysis of damaged or misfolded
proteins that are degraded via the proteasome.r@&etion promoted by E3 ligases is the
addition of a lysine (Lys)-linked chain of four more Ub molecules to the target protein, which

is recognized by subunits in the proteasome lidk(Bp

Box 1: The Ubiquitin-proteasome system (UPS)
The UPS, is an element of major intracellular maehi whose purpose is to dispose of abnormal
proteins (Ding and Keller, 2001). UPS is capableatflyzing rapidly, timely, and unidirectionally| a
multitude of biological reactions including cellatg progression, DNA repair, cell death (elg.,
apoptosis), signal transduction, transcription,abelism, and immunity (Hershko et al., 2000; Pitkar

et al., 2001; Weissman et al., 2001). In additmmetgulating the functions of divergent protein®3J

>

plays a major role in the stress response anddteipr homeostasis, i.e., protein quality contrait
only in the ER but also in the cytosol of eukargatells: misfolded ER proteins are translocated |nt
the cytosol and then degraded by the proteasonertim et al., 2001; Yoshida et al., 2001).

1. Ubiquitin (Ub)
Ub, consisting of 76 amino acid residues, is algigbnserved small protein that acts as a degraalati
marker for a wide spectrum of cellular proteins andinique molecule of intracellular proteolysis
(Hershko et al., 2000) . It is first activated by ATP-dependent E1 (activating enzyme), forming a
high-energy thioester bond between Ub and an Edi tla activated Ub is then transferred to an| E2
(conjugating enzyme), forming a similar thioestekdge between Ub and an E2. In some cases, E2
directly transfers Ub to the target proteins, thé teaction often requires the participation ofEdh

(ligating enzyme, and thus referred as ubiquitiotgin ligas®é Through a cascade of enzymatic

reactions, Ub is covalently attached through ite@inal Gly residue to theNH2 group of the Lys
residue on the target proteins. Finally, a polyultiq chain is formed by repeated reactions through
which another Ub links a Lys residue at positionwithin one Ub associated with the target protein

(proteasomal degradation requires a chain of &t ear Ub moieties in length) (Figure 1.9). Ub has

seven Lys residues, which are all used for polyma¢ion catalyzed by this Ub-modifying system
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(Pickart et al., 2001; Peng et al., 2003), but lgydmquitin chain formed via Lys48 functions mairdg

a marker for proteolytic attack by the 26S proteasdCoux et al., 1996; Baumeister et al., 1998).

addition, the Lys63-linked polyubiquitination andnoubiquitination without the formation of an Ub

tree has many biological roles other than protésl{Bickart et al. 2001; Weissman et al., 2001

transcriptional regulation, signal transduction, Dkepair, and finally marking substrate proteins for

degradation in lysosomes (Welchman et al., 208&)noubiquitination is involved in endocytosis,

membrane trafficking, histone regulation, and DNepair. Multiple monoubiquitination also plays
role in the regulation of endocytosis.

Ubiquitination is a reversible process. In factkayotic cells contain an unexpectedly large nunufe

deubiquitinating enzymes (DUBs), which are alsdechlJb-specific proteases (USPs) (Figure 1,

=

9).

They belong to a family of cysteine proteases agsified into at least two gene families that are

structurally unrelated; the UCH (ubiquitin C-termimydrolase) family and the UBP (ubiquitin-specif

processing protease) family (Kim et al., 2003UBs may contribute to the production of a functibn

Ub moiety from its precursors as well as disassgmbtegradation intermediates generated by the

26S

proteasome. Indeed, Ub is reutilized, but not digplain the breakdown of ubiquitinated proteips.

DUBs are also thought to catalyze the reversalhef wbiquitination reaction for proofreading |of

incorrectly ubiquitinated proteins or trimming obreormal polyubiquitin structures, which play an

essential role in facilitated proteolysis mediaigdhe 26S proteasome (Wilkinson, 1997).
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Fig. 1.9The ubiquitin—proteasome systemUb, ubiquitin; E1 (Ub-activating), E2 (Ub-conjugas), and E3 (Ub-
ligating) enzymes; DUB, deubiquinating enzyme; USiBiquitin-specific protease; HCH, ubiquitin C-ténal
hydrolase. The 26S proteasome is a eukaryotic Aggeddent, multi-subunit proteolytic complex

To date, it is known that there is a single Elubiguitination, whereas E2 enzymes consist of dlya
of proteins, with over a dozen isoform in mammMsreover, E3s are considered to exist as molec
with a large diversity, presumably in more thandnads or thousands species, because E3 can trg
only target protein(s) but also Ub activated by Bie-E2 coupled reaction, and thus is capabls
catalyzing the successive transfer of Ub to theégimmgFigure 1.9). Thus, in the UPS pathway, E3®
a critical role in the selection of target proteiasdegradation, because each distinct E3 usbailys a
protein substrate with a degree of selectivity dbrquitination in a temporally and spatially regeld
fashion. So far, E3s are classified into severaligs, categorized into four types as shown in Talde
2. E3s enzymes

One is the HECT-type E3 encompassing E3 with a dorepable of binding ub as a thioester bo
termed bHECTQ (Schneffner et al., 1994). The mgjoup of E3s is named RING-type E3, a gen¢
term for ubiquitin-ligases with a RING-finger mdsj consisting of the Cys-rich consensus sequg
flanked by one or two His residue(s) (Borden, 20Dé;kson et al., 2000). The RING-finger motif
capable of binding Z1, and is subcategorized into typical and atypioairs. The typical RING-typ
E3s contain three classes with subtle differencesheir structure: RING-HC @IC,), RING-H2
(CsH2G;), and RING-IBR-RING.These RING-IBR-RING type E3s, which belong to parkare
strongly expressed in brain. The atypical RING-tff3s are structurally somewhat divergent compsé
with the typical types. The third type of E3s halwe U-box domain whose tertiary structure resem
that of the RING-finger domain (Aravind et al., 20@hi et al., 2003), but does not show a bind
potency to ZA", which is probably required for keeping the domstiructure in RING-type E3s. Th
fourth group of E3 consists of very unique E3s [@;AAFII250, (UCHL1)2, and p300] that have

sequence homology to known E3 enzymes. ICPO hascatalytic sites: one RING-HC and anotl
novel HUL-1 motif (Hagglund et at., 2002). TAFII25@s intrinsic E1 and E2 activities within a sin
molecule, and exhibits no homology to other E3saa(Rlet al., 2000). (UCHL1)2 is the dimeric form
UCHL1 (functioning as a de-ubiquitination enzymemonomeric form) and exhibits E3 activity (Liu
al., 2002). p300 exhibits E4-like activity in theepence of Mdm2 E3 ligase (Grossman et al., 20
However, whether the above E3s are truly ubigditjases remains elusive at present. It is of rioat
all E3s except HECT-type E3s are probably not cawly bound to Ub. It is plausible that certe
domains, such as RING-finger or U-box, recruit E2she vicinity of proteins to be ubiquitinated a
thus mediate ubiquitination by facilitating theedit transfer of ub from E2-ubiquitin to the targgs

residue.
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Table 1.2 Classification of E3 ubiquitin-protein lgase

HECT-type: AIP4, Cebl, E6-AP, Herc2, Hul4, HUIS{YD/EDD, Itch,
Nedd4, Pub1/2, Rsp5, Smurfl/2, SU/DX,Tom1, Ufd4,
WWO1, WWP2, etc.

RING-type:

(1) RING-HC (GHC,)-finger: BBAP, BRCA1, (Brel), Cbls, Chfr, DTX3 (Dex3), Efp,
Hakai, HEI10, IAPs, ICPO, IE2, LNX, Mahogunin
(mahoganoid), Mdm2, Mdmx, MID1, Mind Bomb (Mib),
Momo, Neuralized (Neu), Nrdp1l/FLRF, RAG1, Rmal,
RNF2/HIPI-3, Sakura, Siah-1,SINAT5, Staring, TRAF6
etc.

(2) RING-H2 (GH2GC,)-finger: AO7, Apcll, ARNIP, CIP8, DTX1 (Deltex1),
DTX2/Deltex2, EL5, gp78, GRAIL/GREUL1, Hrd1, kf-1
NFX-1, Pirh2, Prajal/PJA1, Rbx1, RLIM, TRCS, Tull,
Ubrl

(3) RING-IBR-RING-finger Dorfin, HOIL-1, Parc, Parkinetc.

(4) Atypical RING-finger: K3/MIR1, K5/MIR2, MEKK1DoalO, Pibl, CNOT4, etc.

U-box type: ARC1, CHIP, CYC4, PRP19, Ufd2, Ufd2bB, etc.

Others: ICPO HUL-1 domain, TAFII250,

(E1+E2 activity), (UCHL1)2, p300, etc.

HECT, homologous to E6-AP carboxyl terminus; RINEally interesting new gene; HUL-1, herpes virus
ubiquitin ligase-1.

3. Proteasome

Most cellular proteins in eukaryotic cells are &tggl for degradation by the 26S proteasome, us
after they have been covalently attached to Uthenform of a polyubiquitin chain functioning a
degradation signal. The 26S proteasome is a eukarpd P-dependent protease responsible
selective degradation of polyubiquitin-tagged pirigelt is an unusually large multisubunit protei
complex, consisting of a central catalytic/coretipbe (equivalent to a 20S proteasome) and
terminal regulatory particles (also termed PA70A 98 complex), which are attached to both enc
the central portion in opposite orientations torfahe enzymatically active proteasome (Coux e

1996; Baumeister et al., 1998) (Figure 1.10). ftexps to act as a highly organized apparatus dsk

ually
5 a
for
y
two
Is of

al.,

ign

for efficient and exhaustive hydrolysis of proteiasd can in fact be regarded as a protein-desgpyi

machine. The 20S proteasome is a barrel-like parfgrmed by the axial stacking of four rings m
up of two outekr-rings and two inneg-rings, which are each made up of seven strucyusathilar o.-
and -subunits, respectively, being associated in tlieoofofBo. Threep-type subunits of each inn
ring have catalytically active threonine residueshair N-terminus (in which op1, B2, andp3 correspond t

caspase-like, trypsin-like, and chymotrypsin-lilatiaties, respectively), and these active sitefthe

interior of the cylinder and reside in a chambemied by the centers of the abuttipigings (Bochtler

ade

O
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et al., 1999). Thus, substrates gain access tadiive sites only after passing through a narroenang
corresponding to the center of theings, while the amino-termini of the subunits form an additional
physical barrier for substrates to reach the adites. Interestingly, the center of theaing of the 20$
proteasome is almost closed, preventing penetratioproteins into the inner surface of tfering
where the proteolytically active sites are locat@skubiquitination is an important step in the

proteasomal degradation of polyubiquitinated preteiJb moieties are necessarily removed from the

substrate protein prior to its insertion into ttegrow opening of the proteasome. On the other hied

lid-complex is thought to be involved in the recitigm of target proteins, deubiquitination for
reutilization of Ub, and interactions with variopsoteins including proteins with an ubiquitin-like

domain or certain E3(s). .

Lysine (K] ___ HM'L@

185

a2 %0
268
Proleasome A0S @ @\
Recycled

Ubiquitin

Pepilides

Figure 1.10 A schematic representation of 26S proasome

Figure 1.11 A parkin-centric view of the ubiquitin proteasome systemUbiquitin is activated by the
enzyme Elyellow), represented here by a red circle around thekldlat of ubiquitin. After activation,
ubiquitin is transferred to an E2 enzynidug), which docks with E3s including parkigréer). Parkin
contains two RING (really interesting new gene) dom separated by an IBR (in-between ring) motif,
and the E2 is probably recruited to this regiorbs$tates ed diamond see text for description of the
different candidates) then bind to the same regibmarkin. For simplicity, substrates are shown
binding to RING1 and E2 to RING2, but as thererar@&lata on how parkin is folded, we cannot be sure
of the exact spatial arrangement of these compendwtivated ubiquitin is transferred from the B2 t
the target and, by analogy to other E3 ligasesetli®mo transfer to parkin itself. This process is
repeated until a string of four or more ubiquitimlecules, linked by lysines to each other and & th
substrate, is formed. This is recognized by theegasome, which degrades the protein into small
peptides and amino acids. During all or some &f giibcess, parkin may be tethered to the proteasome
by interactions of its N-terminal ubiquitin-like @) domain. Prior to substrate degradation, the
polyubiquitin chain is removed and recycled to mmoedc ubiquitin by a series of enzymes including
the ubiquitin C-terminal hydrolases. Parkin is df&®d to participate in further reactions.
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An outline of the reaction scheme catalyzed by ipaik shown in Figure 1.11, where parkin’s
domain structure reflects this role, as descrilizea.

E1

Ubiquitin
C-terminal
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Nevertheless, the precise mechanism by which pgmamotes ubiquitination of its substrates
is not fully defined, in part because the structfr@arkin has not been solved. However, other
E3 ligases that have similar RING domains act a$f@ds to bring the E2-bound ub close to
target lysines on the substrate protein. Thesega3ds are not catalysts as the reaction does not
proceed via a thiol intermediate as on the E3,idblsed on a proximity effect. A by-product
of this reaction scheme is that these E3 enzymetergn autoubiquitination (probably
throughout the activation of the transcription facKinase/Nuclear Factor-kB (NF-kB)), a
phenomenon that is easily seen with parkin. Undgreemental conditions, parkin can
apparently catalyze all modes of ubiquitinationggasting that ubiquitination catalyzed by
parkin is not only Lys48-linked (Doss-pepe at &Q05), thus destined for proteasomal
degradation. Matsuda et al. (2006) developed aitsen&3 assay system using recombinant
maltose-binding protein (MBP)-parkin and revealedttthe mode of ubiquitination catalyzed
by parkin in vitro is multiple monoubiquitination rather than polygbitination. They
demonstrated that if there is an additional fasjdike E4 that cooperates with parkmvivo, it

is possible that monoubiquitination catalyzed bykipa is used as scaffold for further
polyubiquitination and finally for proteasomal dadation. Recent research revealed that parkin
does not necessarily have to deal with proteasamegradation because it can mediate
degradation-independent ubiquitination, implicaiedthe regulation of signal transduction
pathways. On the other hand, it was recently repldttat parkin also catalyzes the formation of
the Lys63-linked polyubiquitination chain, targefiprotein substrates in autophagic and/or
lysosomal degradation (see Box 2). Thus, it is gildla that parkin shares two roles as an E3
ligase: one linked to, and the other independenttiod proteasome. However, much still

remains to be understood concerning parkin-catelybéquitination.
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The abnormal enrichment of Ub in inclusion bodiess\irst reported more than 20 years ago
(Mori et al., 1987; Lowe et al., 1988). This haemeaised as a diagnostic feature of many
neurodegenerative disorders, including Alzheimdisease and PD. At that time, ubiquitination
was equivalent to the proteasomal degradation kignd thus it was natural for many scientists
to think that dysfunction of the UPS contributegte pathogenesis of these neurodegenerative
disorders. In 2006, Matsuda and co-workers revegatlimpairment of the autophagy system
in mouse neurons causes neurodegeneration and sitb#panclusion formation (Hara et al.,
2006; Komatsu et al., 2006). The later discovent tib-binding receptors (p62 and NBR1)
function in autophagic clearance of protein aggegdKomatsu et al., 2007; Pavkin et al.,
2007; Kirkin et al., 2009) made it clear that itpeemature to conclude that “dysfunction of

parkin impairs UPS and consequently predispon@&io

Box 2: Autophagy/Lysosome pathway: a role for ubiquitin

The generic termautophagy comprises several processes by which the lysosmmeaires cytosolig
cargo, with three types of autophagy being disakrime the literature: (1)macroautophagy

characterized by the formation of a crescent-shapedture (the phagophore) that expands to foem th
double-membrane autophagosome, capable of fusitntie lysosome; (2nicroautophagy, in which
lysosomes invaginate and directly sequester cytosmmponents; and (3¢haperone-mediated
autophagy (CMA), which involves translocation of unfolded proteatwsoss the lysosomal membrane

(Mizushima et al., 2008). While autophagosomes ssquester cytosolic material nonspecifically, for

example, as a response to starvation, there iseagyptlence for selective autophagic degradatiop of
various cellular structures, including protein aggtes, mitochondria, and microbes (Xie and
Klionsky, 2007) for CMA. The mechanism of selectaugtophagy is not well understood; however, [the
involvement of Ub in this process is evident: agales to the proteasome, where ubiquitinated cargo i
delivered by Ub receptors (Elsasser and Finley526{usnjak et al., 2008), autophagic clearance of
protein aggregates requires Ub-binding receptos grdl NBR1 (Kirkin et al., 2009; Komatsu et al.,
2007; Pankiv et al., 2007). It is envisaged that dmultaneous binding to both Ub and the
autophagosome-associated Ub-like (UBL) proteins.,(iLC3/GABARAP, parkin proteins), these
molecules can mediate docking of ubiquitinated qirotaggregates to the autophagosome, thereby

ensuring their selective degradation. The attachn@nUb moieties to various cellular cargps
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constitutes a universal degradation signal recaghi®/ two major intracellular proteolytic systertise
proteasome and the lysosome.

What determines whether a given Ub-labeled proseinstrate will enter one or the other pathw.
Classically, conjugation with Lys48-linked polyUthains allows recognition of the proteolyt

substrate by UBD-containing proteasomal receptadsereas the Lys63-linked chains have b

ay"?
ic
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associated with nonproteolytic functions of Ub (@hhan et al., 2005). However, more recently,

Lys63-linkage has been implicated in proteolytigmelation of misfolded and aggregated proté
(Olzmann et al., 2007; Tan et al., 2008; Wootemlgt2008). Given the reported preference of
known Ub-binding autophagy receptors for Lys63+4idkJb chains, Lys63 Ub chain-marked cargo 1

be preferentially targeted to the autophagy/lysadamhegradation pathwan vivo. On the other hand,

p62 competes for ubiquitinated cargo with the étadgproteasome. Although polyUb chains are m
frequently associated with proteolytic degradatimonoubiquitination may be sufficient as a sigmal
selective autophagy. The autophagosome is ablek® tip bulky substrates, ranging from prot
aggregates to membrane-bound organelles, and delieen for degradation in the lysosome, Y
deubiquitination may be involved in autophagy tduee bulkiness of a complex substrate and/o
allow Ub recycling. The autophagosomal membranenidsaged to enwrap structures of varying s
and geometry. This property of the autophagosormsres that highly complex cytosolic carg
including ribosomes and mitochondria, is efficigntlegraded by autophagy, for instance, durin
starvation response (Klionsky et al., 2008).

Ubiquitin in Selective Degradation of Mitochondria

Mitochondria provide an important example of sélectiutophagy of organelles. Damage and los
mitochondrial potential are proposed to lead tgdated autophagic degradation of this organelldy 3
named mitophagy (Elmore et al., 2001). Openinchefrnitochondrial permeability transition pore 4
subsequent rupture of the outer mitochondrial mamdiis likely to cause release of as yet unkn
autophagy-promoting factors.

In the absence of published evidence for a cladefined signal for autophagic targeting of supeisi

or damaged mitochondria, Vladimir et al. (2009) sidered the possibility that induced conjugation
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monoUb/Ub chains to an exposed mitochondrial pnoteay provide the missing link between the

mitochondrion and the autophagosome. E3 ligassegling in or at mitochondrial membranes (Li et
2008; Chu et al., 2009), may regulate this procAfiernatively, induced recruitment of cytosolic
ligases can also be envisaged. Recently, parkin bems shown to be selectively recruited
depolarized mitochondria and to mediate their cuhgpc degradation (Narendra et al., 20(
Moreover, this phenomenon is significant in thehpgenesis of PD, suggesting that the gen
physiological substrate(s) of parkin resides on dbeer membrane of mitochondria (Matsuda et

2010, unpublished data). Selective autophagy isrpho be recognized as a new pathogenetic fa
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in neurodegenerative disease. It remains to berrdigted what the ubiquitinated substrates on |the
mitochondrial membranes are and whether the knowtopaagic receptors, p62 and NBR1, could
provide the mechanistic link between mitochonddapolarization, ubiquitination, and mitophagy.
Interestingly, early studies on mitochondrial degtion in reticulocytes suggested that the prooess|
Ub-dependent (Rapoport et al., 1985). More worhkeisessary to unequivocally demonstrate the role of

mitochondrial ubiquitination in mitophagy.

1.8.5 Putative parkin substrates

There are several targets for parkin’s E3 ligasic These include the septins CDC-rell (a
synaptic vesicle associated GTPase) and CDC-rélan@ et al., 2000; Choi et al., 2003), cyclin
E (Staropoli et al., 2003), p38 transfer RNA systh§p38, a key structural component of the
mammalian aminoacyl-tRNA synthetase complex) (Gatrail., 2003), Paelrl (parkin associated
endothelin receptor like receptor) (Imai et al.02f) synaptotagmin XI (Huynh DP., et al.
2003),0— and p-tubulin, L166P mutant DJ-X)-glycosylated form otx-syn (namedxSp22),
and synphilin-1 (ana-syn interacting protein) (Chung et al., 2001). c8inparkin is
autoubiquitinated, parkin itself can be consideasd substrate (Shimura et al., 2000; Zhang et
al., 2000). It is notable that some of these pnstaire synaptic, as parkin is tethered to synaptic
densities by an interaction with the PDZ proteirsiCéallon et al., 2002). This implies that
parkin could have a role in synaptic function. lnshcases, parkin can ubiquitinate substrates
without additional binding proteins, but parkin daquire an additional protein (hSel10) for
activity against cyclin E (Staropoli et al., 2003bnormal accumulation of one or more of
these substrates due to loss of parkin function¢hwthen leads to cell death of nigral neurons,
may be the cause of neurodegeneration in parkateelparkinsonism. Support for this idea
comes from experiments where over-expression ofptr&in substrate Paelrl (Yang et al.,
2003) produces dopaminergic cell death that carebeued by parkin but not its E3 inactive
mutants. When over-expressed in cells, this recdptals to become unfolded, insoluble, and

ubiquitinatedin vivo. The insoluble Pael-R leads to unfolded proteduced cell death.
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Moreover, the insoluble form of Pael-R accumulatesthe brains of AR-JP patients.
Accumulation of the unfolded Pael-R in the ER opadminergic neurons induces ER stress
leading death of dopaminergic neurons in AR-JPeldksyn, Pael-R has a propensity to
misfold and aggregate. Another substrate, CDC-raldo causes cell death restricted to the
nigrain vivo (Dong et al., 2003). Parkin ubiquitinates and prtes the degradation of CDCrel-
1, whereas its familial-linked mutations impair Ci2C1 degradation. On the other hand,
parkin is tightly bound to microtubules that arelypmers of tubulin o/ heterodimers,
ubiquitinates highly toxic misfolded tubulin monorsegand promotes their degradation (Ren et
al., 2003). It is interesting that ti@&glycosylated form obi—syn @Sp22) becomes a target for
parkin (Shimura et al., 2001). In contrast to ndrpaakin, mutant parkin associated with ARJP
failed to bind and ubiquitinateSp22. ThusaSp22 is a substrate for parkin’s E3 ligase activity
in normal human brain and loss of parkin functi@uses pathologicatSp22 accumulation.
These findings demonstrate a critical biochemieaction between the two PD-linked gene
products and suggest that this reaction undertiesatcumulation ofi—syn ubiquitinated in
conventional PD. Note that non-glycosylatedsyn, the major species in the brain, is not a
parkin substraten vivoor in the brain.

Although direct links between these factors andatlmpergic cell death have not yet been
established, accumulation of substrate(s) for ubigation mediated by parkin is likely to be

critical to our understanding of the pathogeneS&SR-JP.

1.8.6 Parkin-interacting molecules

Parkin may be present as part of a modular comipléRe brain with additional proteins that
act to control substrate specificity. As mentionpdrkin interacts with E2s and Rpn10 (and
hence the 26S proteasome) through the RING-IBR-R#%G@ UBL domains, respectively. At

least one additional protein can also bind to partie Carboxy terminus of Hsp70-Interacting
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Protein (CHIP) (Imai et al., 2002). CHIP interactsth Hsp70 to ubiquitinate misfolded
proteins. Hsp70 and CHIP are important componehteeodecision-making machinery of the
cell to direct either protein refolding in the ER petrotranslocation to the cytosol and
degradation. Recently, it was reported that pafehms a complex with CHIP, Hsp70, and
Pael-R bothin vitro andin vivo (Imai et al., 2002). The amount of CHIP in the pbex is
increased during stress of the ER. CHIP promotesdtesociation of Hsp70 from parkin and
Pael-R, thus facilitating parkin-mediated Pael-Rquliination. Moreover, CHIP enhances
parkin-mediatedn vitro ubiquitination of Pael-R in the absence of Hspittus, CHIP acts as a
mammalian E4-like enzyme that positively regulgdaskin E3 activity. On the other hand, it is
also reported that parkin forms a complex with exjgal poly-GIn protein, Hsp70 and the
proteasome, which may be important for the elimamabf the poly-GIn protein (Tsai et al.,
2003). In addition, Hsp70 enhances parkin binding abiquitination of poly-GIn protein,
suggesting that Hsp70 may help to recruit misfolgesteins as substrates for parkin E3 ligase
activity. A recent study reported that parkin isanponent of an SCF (Skpl, Cullin-1, Rocl,
and F-box protein)-like ubiquitin ligase (Staropeti al., 2003). Indeed, parkin functions in a
multiprotein ubiquitin ligase complex that includiee F-box/ WD repeat protein hSel-10 and

Cullin-1.

1.8.7 Pathogenic mutations

The number of identified mutations of the parkimgeias recently increased in patients with
early-onset parkinsonism, as described above, dimide a single point mutation that causes
Arg-Pro substitution at position 42 of the UBL ddmaand naturally occurringarkin 742,
identified in one family of AR-JP patients (Terregti al., 2001). Intriguingly, the NMR data
also indicate that Arg42 is located in the Rpnli@ding site. It is likely that the UBL domain

tethers parkin close to the proteasome, directinty-pbiquitinated proteins toward their
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proteolysis. The recessive parkin mutation R42Rudts this interaction (Sakata et al., 2003). It
is quite conceivable that this mutation inducesigniicant conformational change in the
Rpn10- binding site of UBL, resulting in impairetbfeasomal binding of parkin, which could
be the structural basis of AR-JP. This mutatedipagtains the ability to bind E2 (UbcH7), but
fails to co-immunoprecipitate ubiquitinated progisuch a®-glycosylatedo-syn (Shimura et
al., 2001), suggesting that the UBL domain fundi@as a module necessary for binding with
ubiquitinated proteins. This finding provides dir@vidence that parkin is linked to cellular
proteolysis, and its dysfunction presumably causBsJP. This is of particular importance,
because even if parkin is an E3 ligase, the pdigithat it has actions other than proteolysis
cannot be excluded. Conversely, RING-box mutardkitg either RING1 or RING2 domains,
e.g. parkin harboring th€161N mutation, or the C termindl415N andT240R substitutions in
RING1, are unable to bind UbcH7 or UbcH8 enzymag, mmantain normal E3 activity,
suggesting that the phenotype is not entirelylaittable to loss of catalytic function. Matsuda et
al. (2006) demonstrated that most PD-relevant mgsenutations, such &161N, K121N,
K211N, RING1 T240R, R256C, R275W, D280N and C289@ariants do not abrogate E3
activity of parkin.In vitro analysis of the E3 ubiquitin- protein ligase aityivwof these parkin
variants revealed that most promoted their ownwibitation as efficiently as wild-type parkin.
Only mutations replacing essential amino acidhe@RING2 domain or truncating this domain
e.g. T415N, G430D, C431F, M434K, C418R and C441Rbolish E3 enzymatic activity,
revealing that not the first but the second RIN@gé&r motif is the catalytic core of parkin
(Figure 1.12). Collectively, the bulk of publishstidies conclude that parkin dysfunction is not
simply attributable to catalytic impairment of ES activity, and that loss of ligase activity is a
minor pathogenic mechanism. However, it is alsosids that some of the missense point

mutations reported are, in fact, polymorphisms wuthpathogenic consequences. This may
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well be the case of th&82E substitution, which affects an amino acid positibat is poorly
conserved throughout evolution. Disease-relevartatimms cause not only attenuation of E3
activity but also a variety of primary defects suab sequestration into aggresome and
dissociation from its partner protein. Possiblyomplex of such defects may eventually lead to
parkin disfunction and AR-JP (Gu et al., 2003; @niret al., 2005). Corti and colleagues
(Hampe et al., 2006) demonstrated that mutatiorte@rRING fingers or in the UBL domains
decreased protein solubility in detergent and mee its tendency to form visible aggregates.
In general, the solubility of the truncated isofassimilar to that of the full-length protein:igt
rather soluble in the case of normal parkin and\88E, K161N, K211N, R256C, and G328E
variants, whereas it tended to be at least asubbohs the full-length protein in the case of the
C289G, C418R, and C441R variants. However, in #se of the R42P and R275W variants,
the truncated isoform was consistently more soltlde the 52-kDa protein. This configuration
is expected for R42P, as its truncated isoform dumscarry the corresponding amino acid
substitution, but is surprising for the RING1 R275%riant. R256C was significantly less
soluble in Triton X-100 than normal parkin, where®®2E tended to be more soluble. In
addition, the relative protein levels of R42P, CR18nd C441R in total cell extracts tended to
be lower than those of the other variants, sugggdtiat the former group had shorter half-
lives. Cells containing aggregates were frequently obskefetowing overproduction of the
R275W, C289G, C418R, and C441R variants. In contR&2P and R256C behaved similar to
normal parkin and A82E, K161N, K211N, R256C, and2&3, which only rarely formed
aggregates in transfected cells. This observat®omrronsistent with a previous attempt to
categorize parkin variants into ‘soluble’, ‘insoletwith low propensity to form inclusions’, and

‘insoluble with high propensity to form inclusion®ang et al., 2005).
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Some parkin mutations compromige protein’s binding to a series of known partr{étsp70,
y-tubulin, proteasomat4 subunit) / substrates (p38, CDCreldttubulin). Staropoli et al
(2003) reported abrogation of the interaction akpawith the F-box protein hSel-10 by the
RING1 T240R mutation, whereas parkin binding to thaperone-like protein 14-3;3was
abolished by the R42P, K161N, and T240R mutationariother study (Sato et al., 2006).
However, in other reports, mutations had littlenoreffect on the interactions between parkin
and selected proteins (Chung et al., 2001; Imail.e2002; Huynh, 2003; Chung et al., 2001;
Shiram et al., 2005). Conflicting results have gealtyg been obtained in attempts to explore the
conseguences of parkin gene mutations. Similaiyn8ra et al. (2000 and 2001) reported the
R42P variant to be inactive, whereas Ko et al. $2@hdSriram et al. (2005) concluded that it
promoted the ubiquitination of synphilin or p38 eveore efficiently than normal parkin.
These descrepancies are based on different apgoashstudy pathogenetic parkin variants.
The mechanisms underlying the pathogenic effectsa aderies of missense parkin gene
mutations that seem to preserve the stability, elitdar distribution, protein interactions, and
enzymatic activity of parkin remain to be elucidaténcreasing understanding of the dynamic
regulation of parkin distribution within the celgf the network of parkin intermolecular
interactions, and of the cooperation between tpesameters in modulating the ubiquitination
capacity of this protein, should help to better ensthnd the functional consequence of parkin
gene mutations. This will also be an essential steyards a fuller comprehension of the

multiple physiological functions of parkin and theglationship with disease.
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Figure 1.12 Schematic diagram of disease relevant mutations angkon mutations of
parkin Note that mutation neighboring the second ringgdin motif (solid circles)
abolished E3 activity of parkin. Conversely, pathioig mutants other than RING 2
mutants retain E3 activities equivalent to thathef wild-type (Matsuda et al., 2006).

1.8.8 Mechanisms of parkin inactivation

There are suggestions that parkin inactivation piay a role in typical PD. A growing body of
evidence indicates thatisfolding andaggregation of parkinis a major mechanism of parkin
inactivation, accounting for the loss-of-functiorngmotype of various pathogenic parkin
mutants. Remarkably, wild-type parkin is also prdanemisfolding under certain cellular

conditions, suggesting a more general role of parkihe pathogenesis of PD. (Box 3).

Box 3. Protein Misfolding and Aggregation
Protein misfolding, which results in the exposuféydrophobic residues normally confined within the

folded proteins, accompanies normal protein syigh@gt can be dramatically enhanced by numerous
stimuli, including ER and oxidative stress, staimat mutation, and heat shock (Goldberg, 2003).
Misfolded polypeptides are recognized by molecudbaperones of the heat shock protein (HSP)
family, which bind to and shield exposed hydroploburfaces from the cytosol while promotipg
protein refolding (Goldberg, 2003). In addition, PtSinteract with Ub E3 ligases, such as CHIP jand
parkin (Imai et al., 2002), which promote substrptdyubiquitination and, thus, prime terminally
misfolded polypeptides for degradation by the pmstene.
Protein aggregation occurs when protein misfoldiggleft unresolved by the chaperone-assisted
refolding or proteasomal degradation. Polymerizatib misfolded proteins is mediated by nonspecific
hydrophobic interactions of partially unfolded po#ptide chains that can lead to the formation of
microscopically visible structures known as inctusibodies and aggresomes (Kopito, 2000) (Figure

1.13). For simplicity, inclusion bodies can be vilxas multiple intracellular foci into which misfield

67



Introduction

protein oligomers are sequestered, whereas theesmge is a structure formed via the retrograde

transport of aggregated proteins on microtubules ianusually found at the microtubule organizin

center (MTOC) (Kopito, 2000) (Figure 1.13). Thelbgical role of protein inclusions is not entirgly

clear. They may play a protective role by sequaxid¢oxic misfolded protein species and providing
cell with an opportunity of delayed protein degtémia (Kopito, 2000; Bjorkoy et al., 2005).

Alternatively, they may inactivate the proteasome aediate cytotoxicity (Bence et al., 2001). The

dual role of inclusions highlights the vital impantce of alternative degradation pathways that wbald

amenable to degradation of bulky substrates. Thsbition of the proteasome potently induges

autophagy, which serves as a compensatory mecharfiiamdegradation of accumulating

polyubiquitinated misfolded proteins.
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Figure 1.13 A Model for the function of p62, NBR1l,and HDACG6 proteins in selective autophagy o
ubiquitinated misfolded proteins. Oligomerized misfolded proteins are ubiquitinated aecognized by the Uh
binding domain of oligomeric p62 and NBR1 proteidsawn as spokes of a wheel (although polyUb charas
depicted, it is possible that monoubiquitinationsigficient for target recognition) (1), which tatgthem for
selective degradation by autophagy (2). Oligomgf2 and NBR1 also mediate formation of proteinagi
inclusion bodies (3). Binding of HDAC6 to ubiquisited proteins ensures their transport along theotoibules
toward the MTOC (4), where excess misfolded prate@n be organized into an aggresome (5). Inclusiolies
(3) and aggresomes (6) may allow autophagic detjcedaf stored misfolded proteins. Closed boxes;HiHaling

g

domains; empty circles, Ub; filled circles, conjtefhLC3/GABARAP proteins
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1.8.8.1 Proteotoxic stress induces misfolding of wild-type parkin

Oxidative stress is believed to be a major pathieger®chanism in PD that contributes to the
selective vulnerability of dopaminergic neurons f{tdan et al., 1999; Beal MF., 2002,
Lotharius and Brundin, 2002) (Box 4). DA metabolideads to the formation of various
reactive species, while DA autoxidation generatesniguinone and quinone radicals,
superoxide radicals, and hydrogen peroxide. Enzgm@gkamination of DA catalyzed by
monoamine oxidase is also a source of hydrogerxroCytotoxic species result from further
reactions: superoxide can be converted into peitxgnin the presence of nitric oxide (NO),
and hydrogen peroxide reacts with ferrous ionsotonfhydroxyl radicals (Fenton reaction).
Reactive oxygen and nitrogen species interfere téhcellular integrity by damaging DNA,
proteins, and lipids. Two groups have recently shdlat exposure to NO alters parkin’s E3
ligase activity (Chung et al., 2004; Yao et al.02D The mechanism involves NO-derived
radical species that attack cys residues in RING4.these cysteines are important in
coordinating the structural zinc molecule, thislwaiffect protein folding and, hence, enzyme
activity. In support of this concept, the E3 ligasgivity of parkin is impaired by nitrosative
stress, and there is indeed evidence for the presgis-nitrosylated parkin in the brains of PD
patients (Chung et al., 2004; Yao et al., 2004pnre study, decreased activity of parkin toward
synphilin-1 was noted (Chung et al., 2004), wheleaseased autoubiquitination was seen in
the other study (Yao et al., 2004). Whether smaferknces in experimental conditions are
responsible for these apparent discrepancies rentaibe resolved. One notable difference is
that shorter exposures to nitrosylating agents ymedincreased activity, whereas longer
exposures inhibit activity. Parkin is nitrosylatedth in human tissue from PD patients and in
the MPTP and rotenone animal models (Chung et28D4; Yao et al., 2004). NO-derived

radicals are important mediators of MPTP toxicDyager and Przedborski, 2003). Even wild-
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type parkin is prone to misfolding under severedative stress (Winklhofer et al., 2003).
Remarkably, insoluble, catechol-modified parkin Idobe detected in the SNpc of patients
suffering from sporadic PD, suggesting a more gamete of parkin in the pathogenesis of PD
(LaVoie et al., 2005). Based on these finding thatdeletion of C-terminal amino acids results
in misfolding and aggregation of parkin, it is obws that the high cys content found in the
RBR domain predisposes parkin to oxidative stredsged inactivation and misfolding.
Interestingly, in comparison to other RBR proteiparkin seems to be uniquely sensitive to
DA-induced inactivation (LaVoie et al., 2007; Woegal., 2007)If proteotoxic stress, typical
for dopaminergic neurons, induces misfolding ofdwype parkin and as a consequence, a
significant fraction of parkin is inactivated bygrggation, parkin aggregates do not accumulate
but are cleared by the proteasome. The sensit¥iparkin to oxidative stress might indicate a
more general role of this protein in the patholgglof PD. An increase in the oxidative burden
combined with a decrease in the capacity to scavesactive species is a characteristic feature
of the aging SNpc; consequently, it is conceivahi parkin dysfunction contributes to the

pathology of sporadic PD.

Box 4.
Oxidative stress in the brain
Why is the central nervous system particularly eudible to oxidative insult? There are several mestqo

its high rate of Cz)utilization, the relatively poor concentrations @éssical antioxidants and related

enzymes present and the high content of polyures@ar lipids, the biomacromolecules most
susceptible to oxidation. In addition, there arghhconcentrations of redox-active transition metals
capable of the catalytic generation of reactivegexyspecies (ROS). Thus, oxidative stress may |be a

common feature of neurodegenerative diseases, wlaenage to neurons can reflect both an increase in

oxidative processes and a decrease in antioxigdanses (Figure 1.14).
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Figure 1.14 Imbalance between ROS production and thdefense mechanisms in diseased brain.

For three different age-related neurodegeneratigeades, Alzheimer’'s disease (AD), Parkinsd
disease, and amyotrophic lateral sclerosis (ALSaddition to the more common sporadic forms, th
are rare familial forms, the hereditary bases oictvttontinue to be defined. The sporadic forms
predominant of unknown origin but are thought tthexet a combination of hereditary, environment
and lifestyle factors. The same is true for mudtigclerosis (MS), a progressive autoimm
demyelinating disease. In contrast, Huntington'sedse (HD) is a strictly autosomal, dominan
inherited, progressive neurodegenerative disor@encerning the etiology, for all these patholog
there is evidence for some component of oxidativess. The central question is whether oxida
stress is a consequence of degenerative procestsated by some other factors or whether oxida
stress is an early event that contributes to tiodogly of the disease. Often both primary and sdeon
oxidative stress components occur simultaneousigedd, it has been relatively straightforward
evaluate an association between oxidative stressnaarodegeneration by finding increased level
oxidative stress markers or immunocytochemical ewvie for oxidative damage to biomacromolect
in affected brain regions. What is still uncleathes nature of the relationship and mechanism ety

oxidative stress and cell death.

Oxidative stress and neurodegenerative disorders

There are four key mechanisms that present ingletsum of neurodegenerative diseases, althoug
every disease has all features. First, there ise&sing evidence of an interaction betws
neuroinflammation and chronic oxidative stress.rdonent years, NO was discovered as a com
second messenger in inflammation; in fact, it isased from macrophages (or activated microgli
the CNS), along with superoxide. High levels ofusfble NO and superoxide give rise to peroxyretr
Peroxynitrite and related reactive nitrogen spe@sS) induce both oxidation and nitration (Alvar
and Radi, 2003), resulting in a condition knowrfragosative stress”. Growing evidence suggests
ROS and RNS act together to mediate damage in degeoerative disease (Floyd, 1999; Chung ef
2005). A second common feature is the accumulatfamfolded or misfolded proteins in brain cel

leading some researchers to refer to AD, PD, HId, AIS as “conformational protein diseases”. T
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third common feature, most prominent in AD, PD, a8, is dyshomeostasis of both redox-acqive
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(e.g., copper and iron) and redox-inactive (e.igckzimetal iongSayre et al., 2005). The last feature i

S a

dysfunction of mitochondria (Lin and Beal, 2006)hieh plays a crucial role in metabolism and

regulates the life cycle of cells (e.g. in medigt@poptosis). Of course, these four features ate

no

independent. For example, small-molecule produttsmlative stress can mediate protein misfolding,

leading to neurotoxicity (Bieschke et al., 2006heTmajor source of intracellular ROS is localized
mitochondria (oxidative phosphorylation), suggestihe presence of a link between mitochond
abnormalities in neurodegenerative diseases anthtisévement of oxidative stress. To protect its
under physiological conditions, the inner membrafemitochondria presents several free rad
scavengers and enzymatic ROS removal systems. Howeéw certain pathological condition
mitochondrial defenses can become compromised taw@ther genetic mutations or an increase
radical production. Although it is difficult to disguish whether mitochondrial defects are the priym
cause of toxicity, or instead, represent a secgncdaliateral damage, there is evidence to inditaat
mitochondrial-derived oxidative stress is a primavent associated with neurodegeneration (Man
et al., 2006). Moreover, the absence of protedtigtones in mitochondrial DNA (mtDNA) and tf
limited repair capacity render mtDNA an easy tafgetROS. AD and PD, in particular, are disease
which there are clear elements in support of anlirmment of oxidative stress (Jenner 2003); in, fi;c

the brain of AD and PD patients hight levels ofmedhetals, particularly iron, have been found.

Oxidative stress and PD

Neurons in the SNpc are particularly sensitive xadative stress-induced damage because of
distinct physiological and biochemical featureschsias the existence of neuronal melanin,
abundance of iron content, and a deficiency in atkie stress and free radical scavenging mechan

in dopaminergic neurons. In the early 1990s, JeandrOlanow (1996) proposed the oxidative st
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hypothesis to account for the pathogenesis of PDarety of discoveries in PD patients and animal

models indicate involvement of oxygen free radicaisl oxidative stress in the pathogenesis of
Many researchers discovered that the concentrafioon and lipid peroxidation (LPO) in the SNpc
PD patients were considerably elevated, whereas atttevity of mitochondrial complex | an
glutathione (GSH) content were reduced. When GShiert was reduced to such an extent thg
could no longer effectively scavenge hydrogen pexron ions at high concentration would conv
hydrogen peroxide to an even more toxic species, thtls inducing LPO to cause oxidative damag

cells. In this context,, DA may be the major cdmitor as it can be generated endogenously by S

neurons (Barzilai et al., 2001; Betarbet et alQ20 An increase in DA may lead to mitochondri

dysfunction and impaired proteolysis via its reastmetabolites, dihydroxyphenylacetic acid and
protein-modifying DA-quinones, or directly due ts oxidative nature (Berman et al., 1996; Bern
and Hastings 1997; Kuhn and Arthur 1998; Stoked.et1999; Khan et al., 2001). Neuronal catech

are subject to spontaneous oxidation and polynzatedn within thecytoplasm to form the primar

PD.
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d
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component of the insoluble, intracellular depositsieuromelanin that give the human SNpc and

LC

their distinctive colors (Sulzer et al., 2000; Zaat al., 2003). The presence of neuromelaninén th

adult human brains shows that the oxidation of Bdd the generation of its reactive metabolites &

in vivo. The neurotoxin 1-methyl-4-phenylpyridinium, a cttage metabolite of 1-methyl-4-phenyl

1,2,3,6-tetrahydropyridine, is a mitocondrial coexll inhibitor and is selectively taken up into

dopaminergic neurons via the DA transporter leadingsevere oxidative damage and neurgnal

degeneration resulting in parkinsonism in rodemsgmates, and humans (Javitch et al., 1985; Ramsay

et al., 1986; Mizuno et al.,, 1987). Metabolism ofA Deads to 6-hydroxydopamine (6-OHDA)
production (Napolitano et al., 1995; Linert et dl996). The toxicity of 6-OHDA is thought to be

mediated by selective uptake through the transpéoteDA. 6-OHDA and the autooxidation of D

generate free radicals (Cohen and Heikkila 1974h@m 1978) and the induction of apoptosig in

catecholaminergic neurons (Walkinshaw and Walt&&41 Mayo et al., 1998). 6-OHDA-induced ¢

death is widely used as an experimental model ofbBfh in vivo andin vitro (Blum et al., 2001

o

Hanrott et al., 2006) since this neurotoxin inducels death of such neurons, as well as symptoms of

the disease (Marti et al., 2002).

Oxidative stress in AR-JP
Takanashi et al. (2001) found that iron staininghie brains of AR-JP patients was stronger thanith

nonaffected individuals and that the distributiaiterns are different between AR-JP and primary

D

PD

patients. Furthermore, the neuronal axons in thpcSHf AR-JP patients showed very intensity iron

staining. They inferred that oxidative stress miglaty a pivotal role in the neurodegenerative psece

in AR-JP. Hung et al. (2003) reported that threkipamutation (Del 3-5, T240R, and Q311X) lead
an elevation of protein and LPO levelsiinvitro cultured NT-2 and SK-N-MC cells and to an incre
in expression of neuronal NO synthases. Palacinal. g2004) recently reported decreases in s€
antioxidant capacity and increased protein and Lieé@xering cells more vulnerable to oxidative sty
in parkin knockout mice. Thus, increasing evidegsgpports the concept that functional defects of

parkin gene is closely related to oxidative stress.

1.8.8.2Pathogenic missense mutations induces misfolding of wild-type parkin

aSe

rum

the

Another observation suggesting parkin may play B ra sporadic PD is the reported

association with promoter polymorphisms (West et2002), although conflicting results have

been reported (Oliveira et al., 2003). Winklhofeak (2008) shown that misfolding of parkin

can lead to two phenotypes: the formation of detetrgnsoluble-aggregated parkin,
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destabilization of parkin resulting in an acceledaproteasomal degradation. Different lines of
evidence indicate that pathogenic parkin mutatresslt in a loss of parkin function. This study
revealed that misfolding and aggregation is charatic for C-terminal deletion mutants of
parkin. Alterations in the detergent solubility gfarkin and formation of parkin
aggregates/inclusion bodies have also been repdoedarious parkin missense mutants
(Cookson et al., 2003; Gu et al., 2003; Wang et28l05; Hampe et al., 200&)jowever, the
propensity to misfold upon C-terminal truncationaswspecific for parkin. This strategy was
based on the commonly held view that RING2 of tfBRRlomain extends into the adjacent C-
terminal region to stabilize its foldd biochemical analysis of different C-terminal dela
mutants revealed that deletion of more than threla@ acids interfered with the native folding
of parkin. Destabilization of parkin is also induced by sonahpgenic missense mutations
within the UBL domain (Henn et al., 2005), which ynexplain the instability of the R42P
mutant. Safadi and Shaw (2007) showed by NMR spsotipy that the R42P mutation causes
the complete unfolding of the UBL. Notably, a sragfiarkin species, which occurs in human
brain attributable téhe presence of an internal initiation site andolhhacks the N-terminal
UBL (AN parkin), is significantly impaired in activatirige nuclear factor-kB (NF-kB) pathway
and thus in protecting cells from toxic insulihis observation is consistent with the finding
that a mutationn the authentic initiation codon of parkin is paglenic (Rawakt al., 2003;
Mata et al., 2004). In this case, the second tiotiaodon is presumably used, giving rise to N-
terminally truncatedfunctionally less active parkin. The internal iatton siteat codon 80 is
only present in human parkin; thus, two parkpecies with different functional activities
coexist in neurons, which might explain why humares particularly vulnerabl® inactivation

of full-length parkin. These data highlight the esdnce of the RING and ubiquitin-like

domains for the correct folding of parkin. The grigy of these domains may also be important
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for protein stability (Muqit et al., 2004). Intetegly, differences in the conformational state
were not be observed for two parkin mutants witlaamno acid substitution within or close to
the second RING finger motif (G430D and T415N). Heer, these mutants did not assemble
into a high molecular weight complex, as does wyjoke parkin when subjected to cellular
stress. That misfolding of parkin can occur in ti@oets, aggregation or destabilization is an
interesting feature which merits further analysianceptually, pathogenic mutations might
induce the formation of different parkin conformenrsmight affect parkin folding at distinct
stages of the folding pathway. Mutations of sevegeales leading to various abnormalities of
cellular signaling pathways, infections, and tox{iMarras et al., 2010) are associated with
neuronal cell loss in the ventrolateral SNpc. Cutitye there is no definitive explanation for
why these abnormalities affect dopaminergic neumarsier and more profoundly than other
cell types. One major common theme for most mutatiand toxins is the impairment of
mechanisms related to cellular energy productiadiley to oxidative stress. It may be that the
selective vulnerability of nigrostriatal cells igtdrmined by their profuse arborization, which
may result in high levels of energy consumption.

1.8.8.3 Post-translational modifications regulate parkin enzymatic activity
Whereas the effects of mutations on the structackfanction of parkin have been intensely
studied, post-translational modifications of parkimd the regulation of its enzymatic activity
are poorly understood. Nitrosylation of parkin wasently found to occur in PD, leading to an
inhibition of its ubiquitin ligase activity (Chungt al., 2004; Yao et al., 2004). The
phosphorylation status of parkin also has an impagts activity (Meffert and Baltimore, 2005;
Yamamoto et al., 2005). Yamamoto et al. (2005) destrated that parkin is phosphorylated
both in non-neuronal and neuronal cell lines. Turadver of parkin phosphorylation is rapid,

because inhibition of phosphatases with okadad &eis necessary to stabilize phosphoparkin.

75



Introduction

Phosphoamino acid analysis revealed that phostmmyloccurred mainly on serine residues,
rather than threonine residues. At least five phopgation sites were identified, including
Ser® Sef®, and Sér* (located in the linker region) as well as 8®and Set’® (located in the
RING-IBR-RING motif). Casein kinase-1, protein ksga A, and protein kinase C
phosphorylated parkim vitro, and inhibition of casein kinase-1 caused a drametluction of
parkin phosphorylation in cell lysates. Unfoldedotpin stress mediated by proteasomal
inhibition or ER stress, but not oxidative stragsluced the overall phosphorylation of parkin.
Proteasomal inhibition with MG-132 also reducedkpaphosphorylation, but less so than ER
stress. Unphosphorylated parkin isolated from eukar cells or purified as recombinant fusion
protein from bacteria showed a small but significaucrease of autoubiquitin ligase activity,
compared with parkin phosphorylatedvivo andin vitro. Thus, this suggests that modulation
of the phosphorylation state of parkin has a ragwyarole on its E3 ubiquitin ligase activity. In
cells exposed to PD-relevant protein folding stréSsasson et al., 2001), overall parkin
phosphorylation decreased. Unphosphorylated pdégds to be more active. These findings
suggest that phosphorylation of parkin contribui@sthe regulation of its ubiquitin ligase
activity upon unfolded protein stress. Although RI&IG-IBR-RING motif is crucial for parkin
ubiquitin ligase function, single site phosphorngatin this domain appears to have no effect on
autoubiquitination. Nevertheless, hydrogen peroxndieiced oxidative stress-mediated overall
phosphorylation of parkin slightly reduced its BE&gmatic activity. The regulation of parkin
E3 activity must be due to multiple phosphorylatsites. Induction of protein folding stress in
cells reduced parkin phosphorylation, and unphogpéted parkin had slightly but
significantly elevated autoubiquitination activityThus, complex regulation of the
phosphorylation state of parkin may contribute e unfolded protein response in stressed

cells.
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How can the inactivation of parkin by misfolding be prevented?
Molecular chaperones interfere with parkin misfolgdi The former are ubiquitous, highly

conserved proteins destined to assist in the fgldinnascent proteins and in the refolding of
damaged proteins (Morimoto et al., 1994; Rutherfetr@l., 1994; Bukau and Horwich, 1998).
In response to environmental stress, the expressiathaperones is increased to counteract
proteotoxic effects. In the aging brain, the levefisseveral chaperones, like small heat shock
proteins and Hsp73 (Hsc70), are constitutively &ed; however, the induction of Hsp72
(Hsp70) is impaired (Fargnoli et al., 1990; Schudtsal., 2001). In combination with a
decreased activity of the UPS, the reduced indltgilof stress proteins might significantly
impair cellular homeostasis, increase neuronal cellilinerability, and promote
neurodegeneration. Molecular chaperones are agsdaiath protein aggregates occurring in a
variety of neurodegenerative diseases, includimgagpc PD, AD, polyglutamine diseases, and
prion diseases, which might reflect a general t@llunechanism to deal with misfolded
proteins (Welch and Gambetti, 1998; Sherman andli&oy, 2001). Several cell culture studies
revealed that chaperones have an impact on theersiam of the prion protein and the
aggregation of polyglutamine proteins (Jana e2800; Wyttenbach et al., 2002). The potential
of chaperones in preventing or reducing the toxicftmisfolded proteins has been established
in animal models where increased expression of Bisfpgether with its co-chaperone Hsp40,
suppressed the toxicity afsyn and polyglutamine proteins (Warrick et al.999Chan et al.,
2000). In a study by Winklhofer et al. (2003), tnethors observed that misfolded parkin co-
localized with Hsp70 which, together with Hsp4Ogngficantly increased the amount of
natively folded parkin. Furthermore, increased egpron of molecular chaperones promoted
folding of the W453Stop mutant and interfered wsthess-induced misfolding of wilde-type

parkin. These observations revealed the propensiparkin to misfold, and suggest that also
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chemically denatured recombinant parkin is strictgpendent on molecular chaperones to
adopt a native conformation. Elucidating timevivo folding pathway of parkin will help to
identify molecular chaperones and cofactors inwblveorder to design strategies to prevent the
misfolding and inactivation of parkin.

Although prevention of parkin misfolding induced Ipathogenic mutations is difficult to
achieve, the inactivation of wild-type parkin inédcby massive oxidative stress might be
amenable to anti-oxidative strategies. Differeeefradical scavengers, suchoa®copherol,
and iron chelators (VVK-28 and M30), exhibited raanotective activity in cell culture (Behl,
2000; Zheng et al., 2005). Unfortunately, a benafieffect of antioxidants has not be
demonstrated conclusively in PD patients so fare Tdilure of anti-oxidative approaches in
clinical trials might be explained by the fact tmuroprotective strategies applied only when
patients already show parkinsonian symptoms. At stiage of PD, 50-60% of dopaminergic
neurons in the SNpc have degenerated. Thus, netesfive drugs should ideally be given in a

preclinical stage, underling the necessity of defrbiomarkers.

1.8.9 What is the functional role of parkin?

A consistenibbservation in cell culture and animal models s tleuroprotectiveapacity of
parkin. Parkin protects culturecklls against death induced by excitotoxicity (k& or
glutamate), mitochondrial disfunction (in partiauli@hibition of complex| of the electron
transport chain, induced by rotenone, and inhibitcd complexlV of the electron transport
chain, induced by 6-OHDA), ER stress, unfolded grotstress mediated by protesome
inhibitors,a-syn, ceramide, manganese, DA, tau or expandedjptdynine fragments (Imai et
al., 2000; Petrucelli et al., 2002; Dariosakf 2003; Staropoli et al., 2003; Higashi et 2004;
Jianget al., 2004; Muqit et al., 2004). Drosophila over-expressionf parkin can suppress

loss of dopaminergic neurons indudada-syn or Pael-R (Yang et al., 2003; Haywood and
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Staveley, 2004). Furthermotentiviral delivery of parkin prevents dopaminergiegeneration
caused by mutanti-syn in a rat model and protects mowsseletal muscle cells against
mitochondrial toxins (Lo Biancet al., 2004; Rosen et al., 2006). Parkin is newteptive
against stresses in which the direct relationshigstsubstrates is unclear.

Because of its unambiguous contribution to domiganherited PD, several laboratories have
examined whether there is a relationship betweayn and parkin. For example, parkin, but
not its E3 inactive mutants, protects cells againgtanta-syn (Petrucelli et al., 2002; Kim et
al., 2003; Chung et al., 2004). Parkin also sumga®snutanti-syn toxicity in Drosophila
models (Yang et al., 2003; Haywood and Staveley)420Demonstrating again that the
difference between wild-type and mutansyn is qualitative rather than quantitative, partan
suppress the toxicity associated with expressiohigifi levels ofo-synin vitro (Oluwatosin-
Chigbu et al., 2003). The simplest explanationtfos observation is that-syn might be a
parkin substrate. The steady-state levetayn is not affected by the expression of parkin in
cell lines (Chung et al., 2001) or Drosophila(Yang et al., 2003). Although there have been
suggestions that-syn levels might respond to proteasome inhibitiowitro, most studies have
not noted any effect. One study found thasyn can be degraded by the proteasome in an
ubiquitin-independent fashion (Tofaris et al., 2)0&hich would not require an E3. There is
also evidence fouo-syn degradation by lysosomal proteases (Paxinal.,eR001; Lee et al.,
2004). There is evidence for a glycosylated formuefyn, sp22, that can be purified from
human brain and is a substrate for parkin (Shinetral., 2001). To date, there are no
replications of this important result, so it is mptite clear whether sp22 is present in some of
the model systems whesesyn is demonstrably toxic and, hence, whether &ion of sp22 is

required foro-syn toxicity.
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Creating knockout models for parkin is one way todel the disease and understand the
pathogenic process. Two groups have produced mitbetavgeted deletion of exon 3 of parkin.
Neither shows loss of nigral neurons, although eéhare subtle changes in dopaminergic
neurotransmission (Goldberg et al., 2003; Itiealet 2003). Recently, mice with an exon 7
deletion have been reported to have loss of neuroiiie LC with attendant behavioral changes
(Von Coelln et al., 2004). Although there is noslag catecholaminergic neurori3tosophila
parkin knockouts show mitochondrial damage and &mip of flight muscles (Green et al.,
2003). Interestingly, one of the knockout mouse edshows deficits in mitochondrial
respiration (Palacino et al., 2004). Non unsurpghbi, the major phenotype reported in parkin
models is mitochondrial. Parkin rather specificaligvents mitochondrial cytochroroeelease
and apoptosis vitro (Darios et al., 2003). This observation has gagredter weight with the

realization that other recessive genes for parkiisso also impact on mitochondrial function.

What is the possible mechanism underlying the broad neuroprotective capacity of

parkin?
Parkin can protect neuronal cells against a renbdykaide array of intrinsic and extrinsic

stressors. Most studies reportimg the protective potential of parkin are consistamcerning
the nature of the stressors tested, and discregsanan bexplained by the fact that high-level
stress conditions inactivaparkin because of its tendency to misfold (Wink#roét al.2003;
LaVoie et al., 2005; Wang et al., 2005; WinklhoéadTatzelt, 2006) (Figure 1.15). In support
of a role of parkin in coping with cellular stressiessors significantly increased the amount of
parkin-specifionRNA in cultured neuroblastoma cells as well aprimary neurons,esulting

in an increased expression of parkin protein (Hehal., 2007). Thesabservations are in line
with a recent publication showing activatiohthe parkin promoter after hydrogen peroxide

treatment (Tan et al., 2005).
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Because of the broad cytoprotective activity okparwas reasoneithat it may have an impact
on a key survival pathway (Figure 1.15). Repoateays specific for stress-inducible pathways
revealed thaparkin stimulates the NF-kB-dependent transcriptionthe courseof several
studies, three lines of evidence have convergsddgesthat activation of the NF-kB signaling
cascade is essential ftme neuroprotective activity of parkin. First, theis a correlation
between the neuroprotective activity of parkin arsdability to activate NF-kB. Pathogenic
parkin mutants impaired in theleuroprotective capacity are also compromised eir thbility

to efficiently stimulate NF-kB-dependent transdopt In thiscontext, it should be pointed out
that pathogenic parkin mutards not show a complete loss of function, at leasind over-
expressionin cultured cells. However, subtle differences e tactivity of parkin may be
pathophysiologically relevant over decadespecially under conditions of increased cellular
stress. Seconavhen the NF-kB pathway is blocked, parkin loseitstectiveactivity. In the
presence of the NF-kB super-repressorAkBor the kinase-inactive IKR mutant IKKB K/A,
parkin no longer protects cells from kainate-inglidexicity. Finally, downregulation of
endogenous parkin by an RNA interfereapproach results in an increase in cell death along
with a decreasen NF-kB signaling in response to stress. Notablysmallemparkin species,
which occurs in human brain attributabletlie presence of an internal initiation site andkdac
the N-terminalUBL (AN parkin), is significantly impaired in activatingeNF-kB pathway and
thus in protecting cells from toxic insults.

The NF-kB pathway is a key pro-survival pathway,ickhis paradigm for the role of
ubiquitination in mediating degradation-dependent and degradaisependentfunctions.
Conventional roles of ubiquitin in the NF-kB pathyiiaclude targeting of IkB for degradation
as well as inducindhe proteasomal processing of the NF-kB precurgd@5 and p100.

Unconventional degradation-independent polyubiqu@hain attachmens essential for the
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activation of the IKK signalosome and involudsiquitination of tumor necrosis factor receptor
associated factors 2, and 6 (TRAF2, TRAFG6) , remejpteracting proteinand IKKy/NEMO
(NF-kB essential modulator), which is an essent@hponent of the Ik8 kinase complex
(Chen, 2005; Krappmann and Scheidereit, 20@05another study, it was reported that parkin
can delay epidermal growth factor receptor (EGFRernalization and degradation via
degradation-independent ubiquitination of Eps1Bréhy promoting phoshoinositide 3’-kinase
(PI3K) /Akt signaling (Fallon et al., 2006).

What might be the role of parkin, particularly in dopaminergic neurons that are exposed

to oxidative and excitotoxic stress even under physiological conditions?

By modulating the NF-kBathway, parkin may initiate a neuroprotective pang undetow-
level and moderate stress. In line with this sdengarkin induces a supra-additive stress
response under conditiorthat only weakly stimulate the NF-kB pathway, irating a
sensitizingeffect. Moreover, parkin is upregulated in respotseellularstress, raising the
guestion of whether parkin itself regulated by NF-kB. Several stress-responsive bgdi
elementsare located in the promoter region of parkin, alto a NF-kB-responsive element
was not identified. In some experimental modelgr-expression of parkin is sufficient to
activate the NF-kBignaling cascade, but the E3 ligase activity okipais regulatedather than
constitutive under physiological conditions (Herirak, 2007). Irthis context, it is interesting
to note that the phosphorylatiatatus of parkin has an impact on its activity (Mefand
Baltimore, 2005; Yamamoto et al. 2008amamoto eal. (2005) demonstrated that the reduced
phosphorylation of parkin in ER stressed cells gbates to the up-regulation of parkin E3
ubiquitin ligase activity, which is believed to fupss cytotoxicity due to unfolded protein

stress.
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Figure 1.15 Model of the functional role of parkin.Under physiological conditions, parkin promotes
regulatory ubiquitination of TRAF2 and IKKduring stress, leading to the activation of NF-KB. a
consequence, transcription of prosurvival genepiggulated. The activity of parkin can be modwate
by stress. Under moderate stress, parkin is upatggll For an immediate response, it is conceivable
that parkin activity can be regulated by post-tlatnsnal modifications. In contrast, severe proveat
stress, for example induced by oxidized dopamiaeses misfolding and thus inactivation of parkin.
Mutations in the parkin gene linked to familial RI3o interfere with the capacity of parkin to stiata

the IKK/NF-kB signaling pathway. TRAF2, tumor neassactor receptor associated factors 2.
IKK y/NEMO,NF-kB essential modulator.
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How can these novel insignts be translated into therapeutic srategies?

The association of parkin with PD and its wide wopuotective activity marks parkin as an
attractive candidate for the development of proptiyt or therapeutic strategies. The
neuroprotective action of parkin point to a linktween parkin function and IKK/NF-kB
signaling, suggesting that dysregulation of thisuroprotective pathway plays a
pathophysiological role in PD. Three approaches @aceivable: first, to increase the
expression of parkin via gene therapy; second,révgmt the inactivation of parkin; third, to
modulate the signaling pathway affected by lacKuwictional parkin. These approaches are
speculative at the present, but might be considaseal component of future strategies to target
specific disease-associated events, such as mndadhbdysfunction and the oxidative stress
response, thereby shifting therapy from symptomatidisease modifying. However, there are
still severe limitations to the development of ribxerapies at the preclinical and clinical stages:
the lack of animal models, the need for biomarkernslentify PD patients in a presymptomatic
stage, and difficulties in designing appropriat@ical studies to accurately monitor the effect

of an intervention on PD progress.

1.9 Concluding perspectives

Recognizing that PD does not result from a singlese but from many interacting factors goes
a long way in explaning the many clinical obsemasi, as well as the plethora of biochemical
abnormalities that have been identified in indinauand experimental systems. Genetic studies
have revealed proteins involved in the initiatidnsome forms of PD, and establishing their
relative roles and interactions should be a pgioMolecular and cellular abnormalities occur
to different degrees in the SNpc of individualshAi®D (Pan et al., 2008; Vila et al., 2008; Brar
et al.,, 2009). DA metabolism seems to interact vaitld enhance these abnormalities, but a

specific sequence of events has not been definedenstanding the vulnerability of the SNpc
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and the mechanism whereby pathology becomes wieled@re primary objectives of basic and
clinical research in PD. In this context, vivo monitoring of nondopaminergic pathways and
their correlation with impairment of DA pathwaysdasymptom progression in the different PD
subtypes should be a priority, in order to bettsmeas degree and pattern of cell loss throughout
disease progression.

New therapeutic avenues

Box 5: TREATMENTS FOR PD

CURRENT SYMPTOMATIC THERAPIES

Oral medications

Levodopa + a dopadecarboylase inhibitor + a cateChmethyltransferase inhibitor
DA agonists, including slow-release formulationsrsas ropinirole, pramipexole
Monoamine oxidase B inhibitors (MAOB): for exampdelegiline, rasagiline
Anticholinergics: for example, trihexyphenidyl

Antiglutamatergics: for example, amantadine

Continuous delivery therapies

DA agonists: subcutaneous or intravenous, sucpasarphine and lisuride
Transdermal patch: for example, rotigotine

Intraduodenal levodopa: for example, Duodopa

Surgical therapies

Deep brain stimulation of the subthalamic nuclelshus pallidum pars interna
Lesions: for example, subthalamotomy, pallidotomy

FUTURE SYMPTOMATIC THERAPIES, INCLUDING ANTI-DYSKINETICS
Partial DA agonists: for example, pardoprunox

Adenosine A2a antagonists

Safinamide—MAOB inhibitor, anti-glutamatergic amatigum-channel blocker
Zonisamide—MAOB inhibitor, glutamate release blacke

MGIuR5 antagonists

Alpha-adrenoreceptor antagonists: for example niigaeole

AMPA antagonists: for example, perampanel, talarapan

5HT2A partial agonists: for example, pimavanserin

PUTATIVE NEUROPROTECTIVE DRUGS IN CLINICAL TRIALS

Pramipexole—DA agonist
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Coenzyme Q10—respiratory-chain enhancer and adtoxi
Creatine—ATP synthesis enhancer

Green tea polyphenol—antioxidant

Inosine—urate elevator

Isradipine—calcium channel blocker

Cogane—GDNF, BDNF synthesis stimulator

Before L-dopa (Box 5), PD was essentially a motisouier. After the arrival of L-dopa, the
development of motor complications and psychiatranifestations, such as hallucinations and
delirium, came to the fore and became the prewaiimical problems in PD for the next two
decades. More judicious use of L-dopa, the intrtidncof DA agonists and of atypical
neuroleptics (clozapine, quetiapine) and the pdggibf treating severely affected individuals
with surgery have reduced the urgency of theselgmod Indeed, there is general agreement
that new PD treatments should tackle two unresolpeablems: moving from symptom-
alleviating to disease-modifying therapies, anduogaly the growing prevalence of non-motor
disease symptoms such as loss of balance, autorgysignction and cognitive impairment,
which are the real causes of disability in longrtdtD.

Transplant: starting in the 1980s, many people with PD recesteidtal grafts from various
sources (fetal tissues, porcine fetal SNpc neuroasytid body cells, and immature retinal
cells). Despite evidence for a beneficial effechasencephalic fetal grafts in some open-label
studies, two double-blind, placebo-controlled &itdiled to show clinical improvement (Freed
et al., 2001; Olanow et al., 2003). The best resudiny transplant study in PD does not surpass
the clinical benefits of either deep-brain stimigat(Box 5) of the subthalamic nucleus or
parenteral delivery of L-dopa and apomorphine (Olaret al.,, 2009). To date, all cell-
replacement studies have used fetal ventral megkalie tissue or paraneural DA cells.

Recently, there has been great interest in hurmean sells, which survive, innervate to some
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extent, and reverse motor dysfunction in rodent maathkey models of PD (Bjorklund et al.,
2002; Redmond et al., 2007; Cai et al., 2009)s Itlear that human embryonic stem cells are
the easiest to manipulate, but they can form terago and have raised ethical concerns
(Bjorklund et al., 2002). The possible applicatafninduced pluripotent stem cells to treat PD
and other disorders (Soldner et al., 2009; Kiskatial., 2010) may address the ethical concerns
and provide a means to deliver cells of autologmigin, eliminating immunological reactions
after transplantation. However, there is no evideyet that pluripotent stem cells cells will be
more efficacious than deep-brain stimulation. Weulddherefore argue that the high hopes for
cell-replacement therapy need to be tempered motie experimental data are available.

Gene therapy: currently, there are four clinical trials testingffefent gene therapy
approaches for PD. One finding common to all oséhstudies is that no serious adverse events
have yet been reported for any of them. One apprases adeno-associated viral vector
serotype 2 (AAV2) to deliver aromatic amino aciccaidoxylase (AADC), the enzyme that
converts L-dopa to DA. The idea is to make thisveorsion more efficient, allowing for optimal
therapeutic benefit with lower L-dopa doses andiding treatment-related side effects. This
procedure has been through a successful phasa {Biierling et al., 2008) and is currently in
phase 2. However, it is difficult to see how theshnique will avoid the tendency of L-dopa to
induce motor complications. A second approach u&éd&/2 to deliver glutamic acid
decarboxylase (GAD) to the STN (Kaplitt et al., ZRDOAs glutamic acid decarboxylase
synthesizeg-aminobutyrate, the main inhibitory neurotransnniite the nervous system, the
underlying idea is that delivering this enzyme wiitrease inhibitory tone. In a sense, this
approach is a gene therapy version of deep-briarukttion, and the advantages of this gene

therapy—based approach over are deep-brian stiowlatclear.
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The third approach (Palfi et al., 2008), whichrigophase 1 trials, involves a tricistronic vector
encoding tyrosine hydroxylase, AADC and GTP cyclirojase hydroxylase—the last one of
which is an enzyme necessary for tetrahydrobiapteginthesis, an essential cofactor for
AADC. Last, AAV2-mediated delivery of neurturin,fanctional analog of glial cell-derived
neurotrophic factor, aims to provide neuroprotextivenefits in addition to symptomatic
improvement. Neurturin provides robust neuropradecand upregulation of DA function in a
variety of rodent (Gasmi et al., 2007) and nonhumamate models (Kordower et al., 2006),
and has completed a successful phase 1 cliniedl(iviarks et al., 2009). However, it is now
known (Siffert et al. 2010) that neurturin failedphase 2 clinical testing. New trials are in the
planning stages.

In this study we propose the use of protein traosda domains (PTD), such as Trans-
activating transcriptional activator (TAT) domaitg, deliver parkin protein. The TAT from
human immunodeficiency virus 1 (HIV-1) is the ficgll penetrating peptide (CPP) discovered,
in 1988. CCPs are short peptides that facilitatiellee uptake of various molecular cargo (from
small chemical molecules to nanosize particles large fragments of DNA) (Crombez et al.,
2008; Esposito et al., 2009). Their function isl&iver the cargo into the cells, thanks to their
ability to translocate across the plasma membra@é®s have typically an amino acid
composition containing either several positivelarged, cationic amino acids (such as lysine or
arginine) or have sequences that contain an atteghpattern of polar/charged amino acids and
non-polar, hydrophobic amino acids. To date, thacexnechanism of CPP’s membrane
translocation is not fully understood and CPP twacton is an area of ongoing research.
Theories of CPP translocation can be classified thiree main entry mechanisms: direct
penetration in the membrane, endocytosis-mediatgdy,eand translocation through the

formation of a transitory structure (Gump and Doyw2y07) (Figure 1.16).
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Figure 1.16: CPPsThe cell penetrating peptides (CPPs) are natunatiges identified as cellular
membrane-crossing molecules, in particular throdigbir potency to carry various kinds of
compounds to the cytoplasm and nucleus of liviftgce

Gene therapy remains a viable and apparently safeegure, particularly if aiming to deliver
neuroprotective molecules. However, its actualicdihvalue is unknown, and further research
is required to draw firmer conclusions.

What are the prospects for neuroprotective treatments? Several molecules have been

proposed (TCH346, CEP-1347), glutamate antagonmtsmitochondrial drugs (coenzyme

Q10, creatine), calcium channel blockers (isradipirand growth factors (such as glial cell-
derived neurotrophic factor) (Schapira et al., 200%wever, none of these molecules has
definitively shown neuroprotective effects in ctial trials (LeWitt et al., 2008). This may

indicate the ineffectiveness of these compounds, rhay also be a consequence of the
limitations of clinical-trial design (Hung et ap08), use of the wrong dose, recruitment of too
broad a patient population or selection of inappedp endpoints (Hung et al., 2008; Olanow et
al., 2008).

Despite these limitations, some PD neuroprotedii@s—pramipexole and ropinirole versus

L-dopa (Whone et al., 2003; Holloway et al., 200@)enzyme Q10 (Storch et al., 2007) and
selegiline (Shoulson et al., 2002) have had pasitbutcomes in terms of reducing the

progression of motor deficits in early PD. Howevérge interpretation of these trials is
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confounded by potential drug modulation of therajgeendpoints, symptomatic (as opposed to
true disease-modifying) effects or trial size (@anret al., 2008; Hart et al., 2009). The results
of the ADAGIO trial using rasagiline in individualsith PD are relevant to some of these
problems. This large (>1,000 subjects), randomizaddcebo-controlled, delayed-start trial
showed that those receiving 1 mg (but not 2 mg)ashgiline, as compared to placebo, had
slower motor progression over 9 months and improwemtor outcome after 18 months
compared to those who started the drug later (Qagtoal., 2009). The ADAGIO design was
intended to avoid confounding symptomatic effects tbe primary clinical endpoints, but
conclusions about rasagiline's real long-term irhpac putative mechanism of action remain
premature.

The management of PD has improved considerablheénplast two decades thanks to new
therapies and better use of old ones. Most affertdividuals now have a relatively good
quality of life for most of the natural history dheir disease. Nevertheless, a better
understanding of the biochemical pathogenesis oisRBe best route to lead us to new disease-
modifying therapies. A breakthrough has remainegdieg, but there is increasing information

about the mechanisms underlying neuronal cell deathregional vulnerability.
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AIM of the study

Parkinson’s disease (PD) is chiefly a sporadic osegenerative disorder affecting about 3% of
the population over 65 years (Di Monte, 2003; F&0Q3). From the neuropathological point
of view, PD is characterized by progressive lossigfostriatal dopaminergic neurons and a
concomitant reduction in the striatal concentrat@indopamine, and by the appearance of
intracytoplasmic, ubiquitin-positive inclusion bedinamed Lewy bodies and Lewy neurites in
surviving neurons (Baba et al.,, 1998). Genetic isgichave contributed greatly to our
knowledge on the etiopathogenesis of PD. To dategeneso-synuclein, LRRK2, EIF4G1,
GBA, parkin, DJ-1, PINK1,UCHL1, others) have bedaritified, as well as several genetic loci
linked to this disease (Hardy et al., 2003; Gosall.e 2006; Lesage and Brice, 200Bhe gene
coding for parkin protein (PARK2) has been linkedat familiar autosomal recessive, early-
onset form of PD (West and Maidment, 2004) andhiaracterised by the absence of Lewy
bodies. As such, the latter is a phenocopy of P&, parkinsonism without Lewy bodies
Shimura and colleagues (Shimura et al., 2000; Zretngl., 2000) have shown that parkin
encodes an E3 protein-ubiquitin ligase. E3 ligas#rols the key step in the cycle of ubiquitin-
mediated hydrolysis of damaged or misfolded pratéivat are degraded via the proteasome.
Numerousn vitro (Oluwatosin-Chigbu et al., 2003; Henn et al., 20879 in vivo (Lo Bianco

et al., 2004)studies have demonstrated a protective effect dfippaagainst various toxic
injuries linked to PD etiopathogenesis (oxidativéress, mitochondrial dysfunction,
excitotoxicity, endoplasmic reticulum stress, pastme inhibition and over-expressionoef
synuclein, tau, or expanded polyglutamine fragme(¥oore, 2006). This opens attractive
prospects to explore parkin as a new target for tREatment, based on endogenous

neuroprotection.
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The present study was designed to investigate itehémical and biological properties of
parkin and its neuroprotective effect against 6rbygdopamine (6-OHDA)-induced
neurotoxicity. Rat adrenal pheochromocytoma PC1Bs,ceaive or induced to develop
phenotypic traits of dopaminergic neurons by expmga nerve growth factor (NGF) will be
utilized as a model in which parkin is given eite&ogenously or over-expressed.

In the first partof this study we will generate frofascherichia coli a recombinant parkin
protein fused to a protein transduction domainwaetifrom the human immunodeficiency
virus-1 transactivator of transcription (TAT) prist€TAT-parkin) to facilitate diffusion across
cell membranes.The fusion protein will be expressed and purifieallofving standard
techniques (Dietz et al., 2004), and subsequeatiied for its ability to prevent cytotoxicity
against 6-OHDA.

The second pamf the project will involve developing an induetdh vitro model of parkin
over-expression in PC12 cells by generating stellolees expressing wild-type and pathogenic
mutated R42P protein, thereby allowing a compar@dhe effect of over-expression of human
wild-type and the R42P mutation on parkin antiortdéunction. Lastly we will evaluate the
protective effect of parkin over-expression agaprsteasome inhibitor or/and macroautophagy
inhibitor-induced toxicity.

If successful, these date may serve to encourateefyin vivo studies in animal PD models to

support the therapeutic potential of parkin in thesirodegenerative disease.
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CHAPTER 2
MATERIALS AND METHODS

2.1 PARKIN: CLONING AND TAT-FUSION PROTEIN GENERATION

2.1.1 Construction of pTAT-parkin bacterial expression vector

The pTAT-parkin plasmid was constructed essentiadlydescribed previously for TAd-syn
(Albani et al., 2004), and was provided by Prof. Alessandro Ng@RIBI, University of
Padova, Italy). A human placenta cDNA library (Gkxh, Palo Alto, CA) was used to amplify
the humarparkin gene by PCR, using a specific primer complemertatpe double-strained
cDNA and based on the published sequence of thehparkin gene. The following primers
were used:

Forward: 5-CTGCTAGCATGATAGTGTTTGTCAGGTTC-3'

Reverse: 5-CTGGAATTCCCTGGAGACACGTGGAACCAGTG-3'

The purified PCR product was cut at tRbel and EcoRIrestriction sites and cloned directly
into the bacterial expression vector pRSETB indame restriction sites (plasmid pParkin). A
PTAT vector was constructed as reported for the Pph&magglutinin expression vector
(Becker-Hapalet al., 2001) and the sequence pdrkin was cloned after the TAT sequences
between theNhel and EcoRlrestriction sites (plasmid pTAT-parkin). To generghe fusion
protein TAT-parkin, the sequence containing sixtitise residues and the minimal
translocation domain of the HIV-1 protein TAT (YGRRRQRRR) was inserted in-frame
before the N-terminus of the corresponding parkbiNA. All clonings were verified by
sequence analysisihe fusion protein was then expressed and purifiddpting standard

recombinant techniques (Dietz et al., 2004).
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2.1.2 Expression and purification of TAT-parkin

BL21(DE3) pLysSEscherichia coliwere transformed with the pTAT-parkin plasmid. Two
liters of cells were grown in LB/ampicillin brothith shaking at 37°C until reaching an
absorbance of Ofgy = 0.6. Protein expression was induced by addir® 8@ isopropy-I{3-
thiogalactoside. After 3 h the cells were harvedigdtentrifugation, washed with phosphate-
buffer saline (PBS) pH 7.4, and lysed by sonicationdenaturing conditions with 6 M
guanidinium-HCI, pH 8.0. The lysate was clearedcbgtrifugation (20 min at 11,0@¢) and
then loaded onto a pre-equilibrated Ni-nitrilotetic-acid (NTA) agarose column (Quiagen,
Hilden, Germany). The column was exhaustively weshiégh 6 M guanidium-HCI/8 M urea,
pH 8.0 and the TAT-parkin fusion protein was elutéth 8 M urea and 250 mM imidazole, pH
4.5. The recovered protein was further purifiednfrimidazole and urea, using a gel filtration
G25 column (Sephad&% G-25 M, GE Healthcare Bio-Sciences AB, Uppsala, G
conditioned by a buffer containing 10 mM Tris/H2Q% (v/v) glycerol, 274 mM NaCl, 0.1 %
pluronic acid, and 0.02% Tween 20, pH 10.0. Theceatration of the eluted protein was
determined by measuring absorbance at 280 nm. Uihty pf TAT-parkin was evaluated by
10% sodium dodecyl sulphate-polyacrylamide gel tedgtioresis (SDS-PAGE) and stained

with Coomassie brilliant blue.

2.2 CELL CULTURES

2.2.1 Coating of flasks, multiwall plates and chamber slides
Poly-D-lysine (100X, MW 30-70 kDa, Sigma Aldrich Cd&t. Louis, Missouri, USA) was

dissolved in HO at 2 mg/ml final concentration and filter stes@d through a Millipore filter,

0.22um pore size, and stored at 4°C.
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Cell cultures were plated at the appropriate densi25 or 75 criflasks (Becton Dickinson,
Franklin Lakes, NJ, USA) or 24-multiwell! (24 well; Falcon, Oxnard, CA, USA) coated with

500 uL of 20 ug/mL poly-D-lysine, at 37°C for 30 min, washed WHIaO and let dry. Plates

were then maintained at 4°C until used.
Chamber slides were coated with 250 of 20 ug/mL poly-D-lysine solution at 37°C for 30

min. The coating solution was then removed, washit H,O and let dry. Chamber slides

were then maintained at 4°C until used

2.2.2 PC12 cell line

Rat adrenal pheocromocytoma cells (PC12) were argan gift from Professor Maria Speranza
Desole, University of Sassari, Italy. PC12 cellsaveultured at 37°C in a 5% GO5% air
incubator in Dulbecco’s modified Eagle’s medium/Fi2dium (InVitrogen, Carlsbad, CA,
USA) supplemented with 10% horse serum (Eurocldvian, Italy), 5% fetal calf serum
(Euroclone), 100 IU/mL penicillin and 1Q@y/mL streptomycin solution (InVitrogenyowth
mediun). Cells were seeded in 25 tftasks or dishes (Becton Dickinson) coated withygdt
lysine at 2 x 10cells/cnf and were routinely split by removing medium froonfluent flasks.
After washing with PBS to remove any trace of ser(ihat inhibits trypsin), cells were
incubated with a minimal volume of trypsin/EDTA stbn (500uL/25 cnt flask) (InVitrogen)

for 2 min at 37°C. Trypsin was inhibited by addmgiL of fresh medium and cells were seeded
in the appropriate flasks or dishes. When necessatls were counted by a Burker chamber.
For this purpose, 1@L of cell suspension were pipetted in the chambet eounted; the
average number of cells was calculated countingetlimdependent squares. For experimental
treatments, cells were seeded into 24-well disbesed with poly-D-lysine, at a density of 2 x

10* cells/cnf.
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PC12 cells differentiation: Neuronal-like cell differentiation was induced &yituring cells

in 24-well plates at 1 x f@ells/cnf for 5 days in the presence of 50 ng/mL recombihamtan
nerve growth factor (rhNGF) (Sigma Aldrich), in Decco’s modified Eagle’s medium /F12
medium supplemented with 1% horse serum and 10@nlLUpenicillin and 100ug/mL
streptomycin solutiondffferentiation medium All experiments were carried after 5 days of
incubation with rhNGF, at which time 90% of the cells had developed at least one reuirit

two cell body diameters in length (Figure 2.1).

Figure 2.1 Images of PC12 cells differentiated with50 ngfhIGF.

2.2.3 CHO cell line

Chinese hamster ovary (CHO) cells were culture8i7aC, 5% CQ in Ham’s F12 nutrient mix
supplemented with 10% fetal calf serum, 2 mM L-gihaine (Invitrogen), 100 IU/mL penicillin,
and 100ug/mL streptomycin solutiorc@ilture mediuth Cells were seeded in 75 tfiasks at 2

x 10* cells/cnf and routinely split by trypsinization and extemsjwdissociated by pipettinip
reduce the formation of cell clumps. Cells weredsegeon 12 mm diameter glass coverslips
(flamed with absolute ethanol and then transfetoesterile 24-well platgsplaced in 24-well
dishes at a density df x 10" cells/cnf and transfected with pmito-green fluorescent pmnote
(pmito-GFP) (Nunnari etl.,1997) using Lipofectamine Plus reagent (InVitmgeSpecific

methods are described in detail on page 109.
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2.2.4 Cell freezing and thawing

» For freezing, cells were seeded in 252¢iaisk, coated with poly-D-lysine as described
for PC12 cells, and grown until confluence was heac Cells were subsequently
washed with PBS, trypsinized and re-suspended imiLGf growth/culture medium.
The cell suspension was transferred in a 15-mlilsterhe and centrifuged at 900 rpm
for 5 min in a 5415R centrifuge (Eppendorf AG, Hamd) Germany). The pellet was
re-suspended in 5 mL of cold medium containing 1di%ethyl sulfoxide (DMSO)
(Sigma Aldrich) and transferred into 5 criovialsafyene Company, Rochester, New
York). Vials were subsequently placed in a criolidbalgene Company, Rochester,
New York) and pre-frozen at - 80°C for one nightdoe storing in liquid nitrogen (-
196°C).

» To thaw cells, the frozen vial was incubated atG3#r 1 min. The cell suspension was
immediately transferred to a 15-mL tube containlf®@gmL of growth/culture medium

and centrifuged at 900 rpm for 5 min in a 5415Rtakige. The cell pellet was re-

2
suspended in 5 or 10mL of growth/culture medium tadsferred a 25 or 75 ciitask

(coated with poly-D-lysine as for PC12 cells).
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2.3 GENERATION OF PC12 STABLE CLONES EXPRESSING WILD- TYPE
HUMAN PARKIN AND THE PATHOGENIC PARKIN MUTANT R42P
(PARKINR#2P)

2.3.1
Human parkin full-length cDNA was cloned into theQINA3.1 vector (InVitrogen) and fully

sequenced. To generate the mutated form pafina GeneTailor Site-Directed Mutagenesis
System kit was used (InVitrogen) was used, usiegdhowing primers:

PARK2 Forward: 5-ATG TTG CTATCA CCATTT AAG GG 3

PARK2 Reverce: 5-AGA ATT GGC AGC GCA GGC GGC ATG' -

The presence of the R42P mutation in exon 2 ofpdr&in was analysed by genomic DNA

extraction and denaturing high performance liquicbmatography (dHPLC).

2.3.2 Stable transfection

Transfection is the process of introducing nuckes into cells by non-viral methods. There
are various methods of introducing foreign DNA ietdkaryotic cells; a very efficient technique
is the incapsulation of the nucleic acid to begfacted into liposomes that are able to fuse with
biological membranes, releasing their cargo ineoctil. If it is desired that the transfected gene
remains in the genome of the cell and its daugh#dis, a stable transfection should be
performed. To accomplish this, we generated PC128 stably expressing wild type parkin
protein and parki#*?" using Lipofectaming" 2000 (InVitrogen) as transfection agent, using the
following protocol:

the day before transfection, PC12 cells were plated0 cm @ dishes (Becton Dickinson), to
obtain 70-80% confluency nexday. The pcDNA3.1-wild-type parkin vector (4), and
pcDNA3.1-R42P mutant parkin vectornu@) (InVitrogen) weremixed with liposomes (4.) in
serum-free Optimem (InVitrogen) and incubated f6¥3D min at room temperature to allow

complex formation. Culture medium was exchangedth WitnL Optimem and the mixture was
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added to the cells and incubated for 4 h at 37°CthA end of the incubation, medium was
changed. At about 16 h post transfection, the B8ele@agent Geneticin G418 (500 ng/mL)
(Sigma Aldrich) was added. Medium with selectioergwas changed twice a week and after
about 4 weeks, at which time isolated colonies begaappear. Individual clones were picked
up by pipetting and seeded in a 24-well plate abatgh poly-D-lysine. At confluence, each
clone was split and progressively expanded in 8Zdishes (Becton Dickinson). Some clones
were subjected to Reverse Transcription-PolymeCdsen Reaction (RT-PCR) for detection of
MRNA expression, while Western blotting was usedagssess target protein expression.
Positives clones were expanded in 25 @lasks at 2 x 1bcells/cnf; non-expressing clones

were discarded.

2.4 RNA ANALYSIS: RT-PCR

RT-PCR is a highly sensitive and specific methadlie detection of mMRNA expression levels.

The general steps of a RT-PCR experiment are tleviogs:

2.4.1 Total RNA extraction

TRIZOL® Reagent (InVitrogen) was used for total RNA isaatifrom cells grown in
monolayer or in suspension, according to the matwifar's instructions. The reagent is a
monophasic solution of phenol and guanidine isafaoate, which maintains RNA integrity
during sample homogenization while disrupting celiel dissolving cell components. Cells
were pelleted by centrifugation (2@pfor 5 min), and lysed in TRIZGLReagent by repetitive
pipetting. After homogenization, samples were iratad for 5 min at room temperature to
permit the complete dissociation of nucleoproteomplexes. Two hundred microlitres of
chloroform per 1 mL of TRIZOP were added, the samples shaken manually for 15sdae-

incubated at room temperature for a few minutesa@es were then centrifuged at 11,800
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for 15 min at 4°C to separate the mixture into ag@s: a lower red, phenol-chloroform organic
phase containing proteins, an interphase contaiDiNg, and a colorless upper aqueous phase
containing RNA. The aqueous phase was transfeaedftesh vial and RNA precipitated by
mixing with an equal volume of isopropyl alcohol50mL of isopropyl alcohol per mL of
TRIZOL® Reagent, approximately). Samples were incubatdd@for 15 min and centrifuged
at 12,00@g for 15 min at 4°C. RNA appeared as a gel-likdgbebnd the supernatant was
removed. RNA was washed with 75% ethanol in RNAse-fwater (1 mL ethanol per mL
TRIZOL®) and centrifuged at 11,089 for 15 min at 4°C. The RNA was then briefly aifed,
then dissolved in RNAse-free water (0.01% (v/v)tlippyrocarbonate (DEPC), autoclaved

distilled water in RNAse-free glass bottles) aratexti at -80°C.

2.4.2 Preparation of RNA samples prior to RT-PCR

Duplicate tubes were prepared, as positive andtivegeeverse transcriptase (RNA) samples
were to be used in the amplification reaction. Voih DNA contamination all samples were
treated for 15 min at room temperature with dedomuclease |, amplification grade (DNase I,

Amp Grade) (InVitrogen). To a RNase-free, 0.5-microcentrifuge tube were added the

following:
17uL RNA sample
2 uL 10X DNase | reaction buffer (200 mM Tris-HCI pE4820 mM MgC},
500 mM KCI)
1 uL DNase I, Amp Grade, 1WL
10uL 0.01% (v/v) diethylpyrocarbonate-treated water

DNase | was inactivated by the addition ofu2 of 25 mM EDTA solution (pH 8.0)
(InVitrogen) to the reaction mixture. DNase was ptetely denatured by heating at 70°C for 15

min.
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2.4.3 Agarose gel electrophoresis of RNA for quality determination

Agarose (ultrapure, electrophoresis grade, Ing#rg was dissolved in boiling 1X Tris-
acetate-EDTA buffer (40 mM Tris-acetate, 1 mM EDPA 8.0) (TAE) . The gel was then cast
on a gel bed with a suitable comb using a horidaygh apparatus. The gel was placed in an
electrophoresis tank containing 1X Tris-acetate-BDduffer (40 mM Tris-acetate, 1 mM
EDTA, pH 8.0). buffer to a level just above the galface. For gel electrophoresis, to each
RNA sample was added 0.62 mM Ficoll 400 (Sigma lgr a highly branched sucrose and
epichlorohydrin copolymer that acts as a electeoltiabilizer, and dg/mL Orange G sodium
salt (Sigma Aldrich), as tracking dye for gel eteptoresis of nucleic acids. Electrophoresis
was carried out applying an electrical potentidfedence of 6 V/cm to the gel. The gel was
placed on a 3UV transilluminator for viewing. A gia fluorescent band near the loading lane
represents high molecular weight RNA, while a fegment smear directed to the anode suggests

partial or total RNA degradation.

2.4.4 RNA spectrophotometric quantification

The spectrophotometric,8/Azgoratio was determined and used to asses purity il of the
RNA sample. Asp should be higher than 0.15, with an absorbancd amhit at 260 nm
corresponding to 4Qg RNA per ml. This relationship is valid only foreasurements at neutral
pH. The concentration of purified RNA was calcuthtssing the following equation:

[RNA] in pg/ul = (Azso X D)/1000

Where 1 optical density unit is equivalent tqugQu single-stranded RNA and D is the dilution

factor.
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2.4.5 Reverse transcription reaction
First-Strand cDNA Synthesis

Retrotranscription reaction mixture was prepared ifinal volume of 2QuL. The following
components were added to a nuclease-free micrdcgettube:

2 pb 75 ngful random hexamers

1 uL 10 mM deoxyribonucleotide triphodphates (ANTPsx K10 mM
each dATP, dGTP, dCTP and dTTT at neutral pH)

10uL  total RNA
The mixture was heated to 65°C for 6 min for priraenealing and incubated on ice for at least

1 min. To the tubes was then added:

4 pL  5X first-strand buffer (250 mM Tris-HCI, pH 8.375 mM KCl,
15 mM MgCbh)

1 uL 0.1 M dithiothreitol (DTT)

1 uL Recombinant Ribonuclease Inhibitor (RNase OUT whitsfu);
storage buffer: 20mM Tris-HCI, pH 8.0, 50 mM KCI,.50mM
EDTA, 8 mM DTT, 50% (v/v) glycerol.

1 uL SuperScript” Il reverse transcriptase (200 unif}/ storage
buffer: 20mM Tris-HCI, pH 7.5, 100 mM NaCl, 0.1 mEDTA, 1
mM DTT, 0,01% (v/v) Nonidé&tP-40, 50% (v/v) glycerol.

Retrotranscription reaction was performed at 506€ 70 min and inactivated by heating at

75°C for 15 min. cDNA was used as a template fopldmation in PCR.

2.4.6 PCR Reaction
cDNA samples were amplified using HotStarTag® DNélymerase (5 unitgl) (Quiagen;

storage and dilution buffer: 20mM Tris-HCI, pH 9100 mM KCI, 0.1 mM EDTA, 1 mM
DTT, 0,5% (v/v) Nonidét P-40, 0,5% (v/v) Tweét20, 50% (v/v) glycerol) in a MX 3000P
thermal cycler (Stratagene, La jolla, USA). All cean mixtures were prepared in an area
separated from that used for DNA preparation, aispasable tips containing hydrophobic

filters were used to minimize cross-contaminati®@R mix composition:
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0.25 uL 25 mM MgChb

0.25 pL dNTPs mix (10 mM of each)
500 nM forward prime’\F

500 nM reverse primér

2.5 units/reaction HotStarTag® DNA polymerase
1 uL cDNA
11.5 uL 0.01% (v/v) DEPC
A negative control containing RNA instead of cDNAasvusually performed to rule out

genomic DNA contamination and to evaluate accideetgent contamination.

Each PCR program started with an initial activatgiep at 95°C for 15 min and a final
extension step at 72°C for 7 min. The cycling pangrwas obtained for each template target
and primer pair.

* RT-PCR primer pairs

Forward primer : 5-AGCCACATCAGCATTCACAG-3’
Reverse primer : 5-AGAAGGGAGCCACCTGATTT-3

PCR products were identified by subjecting sampde$.5 % agarose gel for electrophoresis

(See earlier section 2.4.3 for details).

2.5 BIOCHEMICAL ANALYSIS

2.5.1 Protein extraction

Cell extracts were prepared by lysing cells in pprapriate volume of lysis buffer (50 mM
Tris-HCI pH 7.4, SDS 0,5%, 75 mM NaCl, 10 mM EDT2&% (v/v) Triton X100), in the
presence of a broad-range protease inhibitor co¢&gma Aldrich) (1:100) to obtain a total
protein extract. Lysates were then boiled at 10fiCG min and centrifuged at 12,0apfor 5

min at room temperature. Protein concentration aedsrmined as describe below.
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2.5.2 Protein quantification

Protein extracted from bacterial and cellular lgsatvere quantified using the BCA Protein
Assay Reagent Kit (Pierce Inc., Rockford, llindi$SA). This method combines the reduction
of Cu™ to Cu by a protein in an alkaline medium with the caloeiric detection of the cuprous
ion (Cu") by bicinchoninic acid (BCA). The first step castsiin the chelation of copper by a
protein in an alkaline environment to produce #tliglue-to-violet compound. In the second
step, two molecules of BCA react with one*Gon to form a purple-colored compound. The
intensity of the colour developed is proportional the protein concentration and may be
measured at any wavelength between 550 nm and &/0ra perform the assay, 28 of
cellular lysate (diluted 1:5 or 1:10 in,@) is added to a microplate well. A fresh set aftpin
standards is prepared by serially diluting bovimeus albumin (BSA) stock solution (2
mg/mL). A 200uL reaction mix, prepared by mixing 40 parts of B&agent A with 1 part of
reagent B, was then added to each well and incdliate30 min at 37°C. The absorbance of the
final solution was read at 570 nm using a VERSAmagroplate reader (Molecular Devices,
Sunnyvale, CA, USA).

2.5.3 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis

Protein lysates were re-suspended in either 1X Ealoading buffer (50 mM Tris-HCI pH 6.8,
2% SDS, 10% glycerol, 0.1% bromophenol blue, 5%)(2/mercaptoethanol) or 1X Laemmli
sample buffer (125 mM Tris-HCI pH 6.8, 10%, SDSIL &M DTT, 10% glycerol, 0.006%
bromophenol blue) and denatured at 100°C for 5 Bgual amonts of protein (25-3@/lane)
were separated by 10% SDS-PAGE according to Laeuadimmli, 1970).

10% Resolving gel (5 ml) compositum

19 mL distilled water
1.7 mL 30 % (w/v) acrilamide-N,N’-methylenebisaarniide
1.3 mL 1,5 M This-HCI PH 8.8
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0.05 mL 10% (w/v) SDS
0.05 mL 10% (w/v) ammonium persulfate ((NE6,0s)
0.002 mL N,N,N’,N’-Tetramethylethylenediamine (TENE

5% Stacking gel (3 ml) compositum:

21 mL distilled water

05 mL 30% (w/v) acrilamide-N,N’-methylenebisacnilale
0,38 mL 1 M This-HCI PH 6.8

0,03 mL 10% (w/v) SDS

0,03 mL 10% (w/v) ammonium persulfate

0,003 mL N,N,N’,N’-Tetramethylethylenediamine (TEMED)

Molecular weight markers (Full Range Rainbow MolacuVeight Markers, GE Healthcare
Life Sciences, Milan, Italy) were also loaded, @ne gel run in 1X running buffer (10% Tris-
glycine, 1% SDS) at a constant current of 25 mAN{MPROTEAN® electrophoresis cell unit
(Biorad Laboratories Inc.,,Hercules-CA, USA). Pmasewere stained with Coomassie brilliant
blue (see Figure 3.2 in Chapter 3) or transfersedrbelectric field to a sheet of a nitrocellulose

blotting paper for Western blotting analysis, asadéed below.

2.5.4 Western blotting

2.5.4.1 Evaluation of TAT-parkin cellular half-life
TAT-parkin-treated PC12 cells (naive or differeted and CHO cells after different times

were washed twice with PBS, scraped off the plate PBS, and pelleted by centrifugation at
12,00g for 5 min at room temperature. Proteins were desdtby boiling for 5 min at 100 °C
in 1X sample loading buffer and then analyzed o BDS-PAGE gels. The gel was run in 1X
running buffer 1X for about 2 h at 25 mA in a MIRROTEAN® electrophoresis cell unit.
Proteins were then transferred in transfer buffeis(Glycine 10%, SDS 1%, Methanol 20%) to
a nitrocellulose membrane (Bio-Rad, Hercules-CAAYSsing a Mini Trans-blSt apparatus

(Biorad Laboratories Inc.) applying a constant entrof 350 mA for 75 min. Blots were pre-
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incubated with 3% BSA (Sigma Aldrich) overnightethprobed with a mouse monoclonal anti
his(6)tag antibody (1:3000) for 1 h at room tempee followed by 3 x 10 min rinses with
Tris-buffered saline/1% BSA (TBS: 50 mM Tris-HCI, 5@ mM NaCl, pH 7.5).
Immunoreactivity was visualized by incubation wéh alkaline phosphatase-conjugated anti-
mouse secondary antibody (1:300, Sigma Aldrich¥f®min and developed using 5-bromo-4-
chloro-3-indolyl phosphate dipotassium/ nitrotetdazm blue chloride, pH 9.8 (Roche
Molecular Biochemical, Mannheim, Germany).

2.5.4.2 Evaluation of expression of human parkin

PC12 cells (un-transfected, transfected with pcDNARSitd-type parkin and pcDNA3.1-R42P
mutant parkin), protein extracts were denaturedhdsgting for 5 min at 95°C in 1X Laemmli
sample buffer and resolved by 10% SDS-PAGE as ibesor the preceding section. Proteins
were transferred to a nitrocellulose membrane higdlatter then blocked with 5% non-fat-dry
milk (Sigma Aldrich) in Tris buffer saline with 1%ween-20 (T-TBS) for 1 h at room
temperature, as describe in the section on Webtetting. The membrane was then incubated
with the primary anti-parkin rabbit polyclonal dmdidy (Cell Signaling Technology, MA, USA),
diluted 1:1000 in 5% non-fat-dry milk in T-TBS at@ overnight. Membrane was washed 2 x
15 min in T-TBS to remove unbound antibody, foll@wby incubation for 1 h at room
temperature with a peroxidase-conjugated secondatypody (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). The membrane was next wa8hedO min in T-TBS before detection
with Immobilion Western Chemiluminescent horseradigeroxidise substrate (luminal)
(Millipore Corporation, Billerica-MA, USA). The ogation of luminal by horseradish
peroxidise was detected using the ChemitJo¥RS instrument (Biorad Laboratories Inc.),
designed to capture chemiluminescence images y&x &@mera without using a photographic

darkroom and analyzed with Biorad Quantity One®vgafe.
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2.5.4.3 Evaluation of protein ubiquitination

PC12 cells (un-transfected, transfected with pcDNARBIitd-type parkin and pcDNA3.1-R42P
mutant parkin), were processed as describe abow&/éstern blotting, and blots probed with a
primary anti-ubigitin rabbit polyclonal antibody @RoCytomation, Denmarkgiluted 1:200 in
5% non-fat-dry milk in T-TBS at 4°C overnight, folled by a rabbit peroxidase-conjugated
secondary antibody, diluted 1:200.

2.5.4.4 Evaluation of autophagy pathway activation
PC12 cells (un-transfected, transfected with pcDNARBIitd-type parkin and pcDNA3.1-R42P

mutant parkin), were processed as describe abow&/éstern blotting, and blots probed with a
primary anti-LC3B rabbit polyclonal antibody (Abcam, Candge, UK),diluted 1:2000 in 5%
non-fat-dry milk in T-TBS at 4°C overnight, followeby a rabbit peroxidase-conjugated
secondary antibody, diluited 1:5000.
For all Western blotting signal quantification weesried out by densitometry, using National
Institutes of Health software (ImageJ, version X)38
Primary antibodies
The following primary antibodies were used for Véestblotting:

e anti-polyHistidine mouse monoclonal antibody (1:8p(5igma Aldrich);

e anti-parkin rabbit polyclonal antibody (1:1000) (C&ignaling Technology, MA, USA);

e anti-a-tubulin mouse monoclonal antibody (1:5000) (Abc&ambridge, UK);

e anti-ubiqitin rabbit polyclonal antibody (1:200) #koCytomation, Denmark);

e anti-LC3B rabbit polyclonal antibody (1:2000) (Almca

107



Materials and Methods

2.6 IN VITRO UBIQUITINATION ASSAY

CHO cells were treated or not (control cells) wit0 nM of TAT-parkin, washed twice with
PBS, scraped off the plate into PBS, and pelletedentrifugation. Cell pellets were sonicated
in 100ul PBS for 20 s, and then centrifuged for 5 min @0ODXg. Thein vitro ubiquitination
assay was performed according to Imai e(2003) and Matsuda et al. (2001, 2005). Briefly,
extracts from CHO cells were incubated at 32°C2fbrin a reaction buffer (50 mM Tris-HCI, 2
mM DTT, 5 mM MgCL and 4 mM ATP, pH 8.8) containing 1.@/ml of recombinant mouse
ubiquitin-activating enzyme E1, 2@ of the ubiquitin-conjugating E2 enzyme His-Ubcldiad
50 ug His(6)ubiquitin/ml (Sigma Aldrich) (total volun&0 ul). The reaction was terminated by
adding 25uL of SDS-PAGE sample buffer and boiling for 5 mamd then 20L was subjected
to 10% SDS-PAGE and immunoblotting, as describedveb Ubiquitinated proteins were

visualized with mouse monoclonal anti(his)6tag laudiy(1:3000).

2.7 CELL IMAGING: IMMUNOFLUORESCENCE

2.7.1 Evaluation of TAT-parkin cellular translocation in PC12 cells.

Cells were incubated with 100 nM TAT-parkin for B4followed by fixation with 4% (w/v)
paraformaldehyde (Sigma Aldrich). After rinsing WiPBS, the cells were permeabilized (0.1%
Triton X-100 in PBS) and blocked with 3% (w/v) B$MS. Cells were then incubated for 1 h
with a primary antibody (anti-parkin polyclonal grady, 1:1000, Santa Cruz Biotechnology) at
room temperature. After extensive washing with P8Sgcondary antibody (AlexaFluor 488-
conjugated goat anti-rabbit; 1:1000, InVitrogen)swadded for 1 h at room temperature. The
cells were then washed extensively with PBS andmealiusing Mowiol mounting medium
(Sigma Aldrich). Cells were analyzed using a flsoence microscope coupled to a digital
camera (Leica Imaging Systems, Leica DMI4000, ptextoera Leica DCF480) with “Leica

Application Suit” Software, version 2.8.1 (Leicadvbisystems GMS Gmblt, Germany.).
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2.7.2 Evaluation of TAT-parkin cellular translocation in CHO cells.

Cells were seeded at a density of 1 x 104 cellsl/oam22 mm diameter glass coverslips (flamed
with absolute ethanol) in 24-well plates, and tfacied with pmito-GFP, using Lipofectamine
Plus™ Reagent (InVitrogen). The CHO cells were plated dag before transfection so as to
obtain 70-80% confluency the following day. pMit¢-B& (0,4 ug) was mixed with the
liposomes (4uL) in serum-free Optimem and incubated for 15-3@ iai room temperature to
allow complex formation. The mixture was addedh® tells and incubated for 4 h at 37°C. At
the end of the incubation, medium was exchangekl fnesh culture medium and incubated for
48 h. Cells were then treated with or without (cohtells) 100 nM TAT-parkin for 4 h. After
this time cells were washed with PBS and fixed % Raraformaldehyde. Cells treated with
TAT-parkin only were permeabilized using 0.1% Tmit&-100 in PBS. All cells were then
incubated for 1 h at 37 °C with a primary antib@gdyouse monoclonal anti his(6)tag antibody)
diluted 1:300 in 1% BSA. Cells were washed twicéhviRBS, followed by incubation for 1 h at
37°C with a monoclonal anti-mouse rhodamine-corgmjssecondary antibody (Santa Cruz
Biotechnology, CA, USA) diluted 1:100 in 1% BSA.t&f extensive washing with PBS, cells
were mounted with Mowiol (EMD Bioscience, La Jol&gn Diego, CA, USA). Immunostained
cells were visualized with an inverted fluorescemseroscope (Axiovert 100, Zeiss), equipped
with a computer-assisted CCD camera (AxioCam, JXeiss

2.7.3 Evaluation of expression of human parkin

Differentiated PC12 cells (un-transfected, transfécwith pcDNAS3.1-wild type parkin, and
pcDNA3.1-R42P mutant parkin) were seeded at a tleosl X 10 cells/cm2 on poly-D-lysine
-coated plastic chamber slides, fixed with 4% paratldehyde for 15 min and permeabilized
using 0.5% Triton X-100, 0.2% fetal calf serum B3for 10 min. After washing with PBS (2-
3 times for 5 min each) non-specific binding siesre blocked with 5% horse serum in PBS.

Cells were then incubated overnight at 4°C with ranary anti-parkin rabbit polyclonal
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antibody (Cell Signaling Technology) diluted 1:100 in 1% $&erserum/PBS, followed by a
FITC-conjugated secondary antibody (AlexaFluor 488jugated goat anti-rabbit; Jackson
Immuno Laboratories, West Grove-PA, USA) dilute8QD in 1% horse serum/PBS for 1 h.
Cells were washed with PBS for 5 min and labelledhw8 ng/ml 4’,6-diamidino-2-
phenylindole (Boehringer, Mannheim, Germany), tenitify nuclei, diluted 1:500 in PBS for 5
min. Cells were washed twice with PBS and analyagd a fluorescence microscope coupled
to a digital camera (Olympus Corporation, Toky@aly.

2.7.4 Evaluation of protein ubiquitination

PC12 cells (un-transfected, transfected with pcDNAG&IId type parkin, and pcDNA3.1-R42P
mutant parkin) were labeled using the primary abiguitin rabbit polyclonal antibody
described earlier, diluted 1:200 in 1% horse seRBfy, followed by a FITC-conjugated
secondary antibody (AlexaFluor 488-conjugated guat-rabbit) diluted 1:500 in 1% horse
serum/PBS. Cells were analyzed with a fluorescemceoscope coupled to a digital camera.

2.7.5 Evaluation of autophagy pathway activation

PC12 cells (un-transfected, transfected with pcDNARIId type parkin, and pcDNA3.1-R42P
mutant parkin) were labeled using a primanti-LC3B rabbit polyclonal antibody (Abcam)
diluted 1:200in 1% horse serum/PBS, followed by a FITC-conjudasecondary antibody
(AlexaFluor 488-conjugated goat anti-rabbit) ditite500 in 1% horse serum/PBS. Cells were
then analyzed with a fluorescence microscope cdupl@ digital camera.

Primary antibodies

The following primary antibodies were used for inmmoaytochemistry:
e anti-polyHistidine mouse monoclonal antibody (1:B(Bigma Aldrich);
e anti-parkin rabbit polyclonal antibody (1:100) (C8ignaling Technology);
¢ anti-ubiqitin rabbit polyclonal antibody (1:200) #koCytomation);

e anti-LC3B rabbit polyclonal antibody (1:200) (Abcam
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2.8 CELL VIABILITY ASSAYS
2.8.1 3-(4-5-dimethyl-2-thiazolyl) 2,5-diphenyl-2H- tetrazolium
bromide (MTT) assay

Cell viability was measured 2 h after initiatingatment of differentiated PC12 cells using 3-(4-
5-dimethyl-2-thiazolyl) 2,5-diphenyl-2H- tetrazafiu bromide (MTT) assay, as described by
Denizot and Lang (1986). MTT is a tetrazolium safion reaction with mitochondrial
dehydrogenases in living cells is reduced to a fdumazan. The formazan product is dissolved
and the resulting color spectrophotometrically eatdd. Once treatments were completed,
culture medium was replaced with fresh medium daimtg MTT (0.176 mg/ml in PBS). After

2 h of incubation at 37°C, the MTT-containing mediwas replaced with 300L of DMSO.
The absorbance was measured with an automatic phateoreader (Titertek ELISA multiscan)

at As7o and Aszp. Results are expressed as percentage of control.

2.8.2 CellTiter 96® Aqueous One Solution Cell Proliferation Assay

Cell viability was measured 2, 4, 6, 12 and 24thrahitiating treatment of differentiated PC12
cells using the CellTiter 96® Aqueous One Solutell Proliferation Assay. The CellTiter
96® Aqueous One Solution Reagent contains a tdismza@ompound [3-(4,5-dimethylthiazol-
2-yl-)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophengy-tetrazolium] inner salt (MTS) and an
electron coupling reagent (phenazine ethosulfat8}P€Eell viability is assessed by measuring
the level of cellular conversion of the reagent iatwater-soluble formazan product. The assay
is performed by adding the reagent (10% v/v) diyetct the culture medium, incubating for 1-4

h and then recording formazan absorbance at 49thatis directly proportional to the number

of living cells.
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2.9 CELL TREATMENTS

2.9.1 6-OHDA treatment and evaluation of toxicity

A) 6-OHDA solutions were prepared in 0.9% saline/0d$6orbic acid, fresh before use and
kept on ice in the dark. PC12 cells were platec (0 cells/cnf ) in a poly-D-lysine-
coated 24-well plate, and differentiated with 5@nmig rhNGF for 5 days. The cells were
then incubated for 2 h with 6-OHDA diluted to gifieal concentrations of 5, 10, 25, 50,
100, 200, and 30QM. The medium was changed immediately after 6-OHiDgatment
and the number of viable cells was determined lgyNAI T assay. Values are given as
means + SEM of at least three experiments.

B) 6-OHDA solutions were prepared as described alddmdransfected PC12 cells, PC12 cells
transfected with either pcDNAS3.1-wild type parkinpcDNA3.1-R42P mutant parkin were
plated in a poly-D-lysine-coated 24-well plate (1L&¢ cells/cnf), and differentiated with
50 ng/mL rhNGF for 5 days. The cells were then batad with 50 or 7pM 6-OHDA for
2,4, 6, 12 and 24 h. Culture medium was changededmately after 6-OHDA treatment
and the number of viable cells was determined byTd@er 96® Aqueous One Solution
Cell Proliferation Assay. Values are given as mea8&M of at least three experiments.

2.9.2 Evaluation of intracellular reactive oxygen species

Intracellular ROS were evaluated using fluoresqaatbe 2’,7’-dichlorofluorescein diacetate

(DCFH-DA). This molecule is cleaved intracellulartyy non-specific esterases to 2',7'-

dichlorofluorescin which leads to the fluorescemoenpound 2’,7’-dichlorofluorescein upon

oxidation by reactive oxygen species. The methdidviothat described by Wang and Joseph

(1999). Un-transfected PC12 cells, PC12 cells femtsd with either pcDNA3.1- wild-type

parkin or pcDNA3.1-R42P mutant parkin were platead ipoly-D-lysine-coated 24-well plate at

1 x 1¢ cells/cn?, and differentiated with 50 ng/mL rhNGF for 5 dafi$ien cells were pre-
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incubated with 10QuM DCFH-DA (Sigma Aldrich) for 30 min at 37°C in thaark. The cells
were then twice PBS and treated with 50 oruRb 6-OHDA for 2, 4, 6, 12 and 24 h. The
fluorescence was evaluated in a microplate fluomELX-800 at an excitation wavelength of
488 nm and an emission wavelength of 543 nm. Toe#ase in fluorescence for each treatment
was calculated as the relative fluorescence of gaatment compared with un-treated cells and
normalized to the number of cells as determinethbyMTT assay (Goldshmit et al., 2001).
2.9.3 TAT-parkin treatment and evaluation of TAT-parkin toxicity
rhNGF-differentiated PC12 cells were plated in &4 lysine-coated 24-well plate at 1 x“0
cells/ cnf, and incubated with TAT-parkin solution dilutedgive final concentrations of 100-
500 nM. After incubation for a further 24, 48, ar@l h, viable cell number was determined by

MTT assay. Values are given as means = SEM ofat aree experiments.

2.9.4 Oxidative stress and TAT-fused protein treatments: evaluation of TAT-
parkin protective effect against 6-OHDA induced cytotoxicity

rhNGF-differentiated PC12 cells were plated in &4 lysine-coated 24-well plate at 1 x“0
cells/ cnf, pre-incubated with 100 nM TAT-parkin for 24 h,dathen treated with 5QM 6-

OHDA for 2 h. Upon removel of the 6-OHDA solutiooglls were incubated in fresh
differentiation medium = 100 nM TAT-parkin for d#fent periods of time. Cell viability was

determined by MTT assay. Values are given as me&tsM of at least three experiments.

2.9.5 Evaluation of parkin over-expression against treatment with
proteasome/ autophagy drugs

N-(benzylloxycarbonyl)-leucinyl-leucinyl-leucinalfZeu-Leu-Leu-al] (MG132) (Sigma
Aldrich), a specific proteasomal inhibitor, was stived in DMSO and used at a final
concentration of 2..uM. 3-methyl-adenine (3-MA) (Sigma Alderich), a sgiecinhibitor of

autophagy, was made up in water and used at aclmalentration of 10 mM.
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Un-transfected PC12 cells, and PC12 cells trarsfiesith either pcDNA3.1- wild-type parkin
or pcDNA3.1-R42P mutant parkin were plated in ayfgdllysine-coated 24-well plate at 1 x
10" cells/cnf, and differentiated with 50 ng/mL rhNGF for 5 dayben cells were then treated
with 2.5uM MG132 or/and 10 mM 3-MA for a further 16 h. Altatively, other group of cells
were treated with 5QM 6-OHDA + 2.5uM MG132 or 50uM 6-OHDA + 10m M 3-MA. The
number of viable cells was determined by CellTig8® Aqueous One Solution Cell

Proliferation Assay. Values are given as means M $Eat least three experiments.

2.10 STATISTICAL ANALYSIS

At least three replicates per group were used ioh eaxperiment. Results shown are
representative of three independent experimentgnifitiance was tested using one-way
ANOVA or two-way ANOVA followed by Bonferroni’s Muiple Comparisorpost-hoctest, or

Dunnett's or Tukey'post-hoctest.Differences were considered significanpat 0.05.
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CHAPTER 3
REULTS

3.1 Expression of TAT-parkin
The TAT fusion protein strategy is well suited fiwe intracellular translocation of proteins

(Dietz and Béhr, 2007; Gump and Dowdy, 2007). Tie &nd a cell-permeable parkin fusion
protein was produced by constructing an expressemtor bearing the TAT-parkin gene in
place of the TAT-cyano fluorescent protein (CFRyusmce (Figure 3.1). This plasmid encoded
the parkin protein whose N-terminal portion wasefiigo a sequence of six histidine residues,
which permitted protein purification by immobilizedetal ion affinity chromatography. A
parkin plasmid lacking the TAT gene was construcéed control. Figure 3.2 shows the
expression of His6-parkin and TAT-parkin on Coonasdue-stained SDS-PAGE gels before
(left panel) and after (right panel) purificatiorhe His6-parkin protein was evident as a band at
52 kDa, while the TAT-parkin fusion protein presahtas a slightly larger, 54 kDa band

accounting for the 11 amino acids of the TAT segeen
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G i oxitis AT  EP w6 o EE—TT— O

EcoRI EcoRI

MRGSHHHHHHGMAR G e ) :GARLMIVFVRFNSSHGFPVEVDSDTSIFQLKEVVAKRQGVP
ADQLRVIFAGKELRNDWTVQNCDLDQQSIVHIVQRPWRKGQEMNATGGDDRNAAGGCEREPQSLTR
VDLSSSVLPGDSVGLAVILHTDSRKDSPPAGSPAGRSIYNSFYVYCKGPGRYQPGKLRVQCSTCRQATL
TLTQGPSCWDDVLIPNRMSGECQSPHCPGTSAEFFFKCGAHPTSDKETRMMLIATNSRNITCITCTDVR
SPVLVFQCNSRHVICLDCFHLYCVTRLNDRQFVHDPQLGYSLPCVAGCPNSKELHHFRILGEEQYNRY
QQYGAEECVLQMGGVLCPRPGCGAGLLPEPDQRKVTCEGGNGLGCGFAFERKEAYHEGECSAVFE

ASGTTTQAYRVDERAAEQARWEAASKETIKKTTKPCPRCHVPVEKNGGCMHIKCPQPQCRLEWCWN
CGCEWNRVCMGDHWFDV

Figure 3.1: Schematic organization of the TAT-parkin expressiorvector. The amino acid sequence
of the fusion protein is shown in the lower portiohthe panel. HHHHHH six histidine residues.

YGRKKRRQRRR 11 amino acids of the TAT sequence. See texXuftiner details.

His6-parkin
TAT-parkin

kDa

His6-parkin
| TAT-parkin

67 -

47 - S I

36 - 7“
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Figure 3.2: SDS-PAGE of His6-parkin and TAT-parkin expressed inBL21(DE3)pLysS before

(left panel) and after (right panel) purification. The gel was stained with Coomassie brillant blue.

Molecular weight markers are indicated on the left.
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3.2 Transduction of PC12 and CHO cells with TAT-parkin
To examine the stability of transduced TAT-park@12 and CHO cell lysates were prepared

after 2, 4, 8, 24, and 48 h incubation with 100 mMT-parkin. Western blot analysis using an
anti-His tag antibody showed that TAT-parkin quicklansduced both cell types and remained
inside for: at least 48 h (the longest time examtjina naive PC12 cells (Figure 3.3(A)); 24 h,
in rhNGF-differentiated PC12 cells (Figure 3.3(Bhd CHO cells (Figure 3.3(C)). The
efficient transduction of TAT-parkin in rhNGF-diflentiated PC12 cells was confirmed by
immunocytochemistry (Figure 3.4). The confocal m$mopic image shown demonstrates that
TAT-parkin readily entered rhNGF-differentiated PCdells. However, because of the relative
difficulty in observing a detailed intracellularcalization of the fusion protein in PC12 cells
due to their size, the assay was repeated utili@H® cells. The latter cells were transfected
with pmito-GFP (to selectively label mitochondrem)d then treated without or with 100 nM
TAT-parkin (Figure 3.5). The images show that TAdrpn diffuses inside CHO cells at the

nuclear, cytoplasmic (Figure 3.5, panel B) and afitmdrial (Figure 3.5, panel C) levels.
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Figure 3.3 (A) TAT-parkin translocation in naive PCL2 cells. Undifferentiated PC12 cells were
seeded into poly-D-lysine-coated 24-well dishes? at 10 cells/cnd, then incubated without (CTRL,
control cells) or with 100 nM TAT-parkin for themis indicated. Cell lysates were then prepared and
subjected to Western blot analysis with a mouse ational anti-his(6)tag antibody. Recombinant
TAT-parkin was loaded in the far left lane (molenulweight 54 kDa). Note that parkin
immunoreactivity is detectable up to at least 4§the longest time examined)B) TAT-parkin
translocation in differentiated PC12 cellsPC12 cells were seeded into poly-D-lysine-coateavel
dishes, at 1 x TOcells/cnf, with 50 ng/ml rhNGF for 5 days, and then incubatéthout (CTRL,
control cells) or with 100 nM of TAT-parkin for thémes indicated. Cell lysates were then prepared
and subjected to Western blot analysis with a maoseoclonal anti-his(6)tag antibody. Recombinant
TAT-parkin was loaded in the far left lane. Notattparkin immunoreactivity is detectable up to 24 h
(C) TAT-parkin translocation in CHO cells. CHO cells were seeded into 24-well dishes, at1D'x
cells/cnt, and incubated without (CTRL, control cells) orttwil00 nM of TAT-parkin for the times
indicated. Cell lysates were then prepared andestdal to Western blot analysis with a mouse
monoclonal anti-his(6)tag antibody. Recombinant Tgérkin was loaded in the far left lane. Note that
parkin immunoreactivity is detectable up to 24 hunibers under each lane indicate relative band

intensity with respect to alpha-tubulin (not shdi@npurposes of simplification).
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Figure 3.4.Fluorescence microscopic image of rhNGF-differentid PC12 cellsPC12 cells were
cultured for 5 days in 24-well plates dhfferentiation mediunand then incubated with 100 nM TAT-
parkin for 24 h. Cells were fixed with 4% PFA angessed for parkin immunocytochemistry as
described in Materials and Methods. The image blesows entry of TAT-parkin into the cells. Cells
not treated with TAT-parkin, or TAT-parkin-treateells in which primary antibody was omitted,

displayed no immunoreactivity above background &namwn).

pmito-GFP pmito-GFP + TAT-Parkin

Figure 3.5. Intracellular localization of TAT-parkin in transduced CHO cells.CHO cells were
cultured in 24-well plates and transfected with forgireen fluorescent protein (GFP), then incubated
with 100 nM TAT-parkin for 4 h. Cells were fixed thi 4% PFA and processed for parkin
immunocytochemistry as described in Materials arethdds. Panel A) shows transduced pmito-GFP
within CHO cells. Panel B) shows transduced fugiootein in the nucleus and cytoplasm. Panel C)
merge of panels A and B, where is clearly visithle trasduced of fusion protein in mitochondria. n,

nucleus; *, cytoplasm.
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3.3 In vitro ubiquitination assay
Parkin consists of two functionally distinct domsinhe C-terminal RING-finger box, which

recruits a specific ubiquitin-conjugating enzyme (ElbcH7), and the N-terminal UbL domain
required for recognition of a target substrate gimgtdesignated “X”, for ubiquitination before
proteasomal degradation (Shimura et al., 2Q6@ure 3.6, left panel). Rankin et al. (2001)
reported that glutathione S-transferase-taggedrpatkified fromE. coli possesses E3 activity.
In order to demonstrate directly that TAT-parkisahas E3 activity, we devised anvitro
assay for ubiquitination utilizing lysates from CHslIs treated or not (control cells) with
TAT-parkin (100 nM) purified fromE. coli. Cell lysates were incubated with E1 ubiquitin-
activating enzyme, the E2 ubiquitin-conjugatingyene UbcH7, his6-ubiquitin and ATP, in the
presence of recombinant B¥", a mutant DJ-1 purified fror&. coli that is incorrectly folded
and highly susceptible to ubiquitination, thus agumptive substrate "X". Cell lysates were
then subjected to immunoblotting with a monoclcenati-polyhistidine antibody. As Figure 3.6
(right panel, land) shows, transduction of TAT-parkin into CHO celsults in activation of
the fusion protein (presumably being folded by anéllular chaperones), leading to the

appearance of ubiquitinated higher molecular wesgigicies: D3°°"

undergoes ubiquitination
as evidenced by an increase in its molecular wefghth 25 to 33 kDa for the first
ubiquitination (accounted for by the molecular weigf about 8 kDa for ubiquitin), from 33 to
41 kDa for the second ubiquitination and so on,luhe A" ubiquitination. Yet higher
molecular laddering was also observed, indicatimegdresence of polyubiquitinated species. In
contrast, untreated (control) CHO cells, incubateder the same conditions, did not show

evidence of polyubiquitination (Figure 3.6 rightned lanea). Taken together, these results

confirm that TAT-parkin acts as an E3 ubiquitiralsg.
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Figure 3.6.1n vitro TAT-parkin ubiquitination assay. Left panel schematic of the parkin-directed
ubiquitination pathway. Ub, ubiquitin; E1, ubiguitactivating enzyme; E2, ubiquitin-conjugating
enzyme (Ubch7); UBL, ubiquitin-like domain; RINGBR-RING2, RING-finger box; substrate ‘X',
presumptive substrate proteRight panel:CHO cells were treated or not (laagwith 100 nM TAT-
parkin, lysated, then added to the ubiquitinatissag buffer (50 mM Tris-HCI, 2 mM dithiothreitol, 5
mM MgCl, and 4 mM ATP, pH 8.8, 1.Aag/ml E1, 20ug ubcH7 enzyme, 50g/ml his6-ubiquitin) in
the presence of the DJ-1 mutant1%F used as a target substrate (substrate “X”) (arrd#iggh
molecular weight ubiquitinated signals were detdiy immunoblotting with anti-poly-histidine-tag
antibody and are designated Ubl, Ub2, Ub3, Ubdk¥dreads) and (Ub)n (parenthesis) on the right.

Molecular weight markers are indicated at left.
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3.4 6-OHDA toxicity in PC12 cells
6-OHDA is believed to cross cell membranes via Dptalke transporters and to inhibit

mitochondrial respiration with subsequent genenatb intracellular reactive oxygen species
(Blum et al., 2000). In order to establish the wyati concentration for 6-OHDA cytotoxicity to
rhNGF-differentiated PC12 cells, a concentratiospose study was first carried out. High
concentrations_(200 uM) of 6-OHDA induced approximately 80% cell deaften2 h, while

50 uM 6-OHDA induced about 45% cell death (Figure 3.The latter concentration of 6-
OHDA was used in all subsequent neuroprotectioreexents. rhNGF-differentiated PC12
cells were used, as these cells take on chardatered catecholaminergic sympathetic neurons
and represent a useful vitro system for neurobiological studies (Greene andhles, 1976).

Interestingly, naive PC12 cells were resistant-@HDA toxicity (data not shown).
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Figure 3.7: Dose-response curve of 6-hydroxydopamine (6-OHDADxicity in differentiated PC12
cells. PC12 cells were seeded into poly-D-lysine-coatddwv@ll dishes, at 1 x fOcells/cnf, and
differentiated with 50 ng/ml rhNGF for 5 days. Theells were incubated for 2 h with increasing
concentrations of 6-OHDA (5-3@M), after which time cell viability was determinédy MTT assay.
Data are expressed as a percentage of vehicledreantrol cells, and are the mean + S.D. of 32
determinations from 4 independent experiments muduiplicate. Statistical significance was evaluated

by one-way ANOVA followed by Bonferrorpost-hocMultiple Comparison Test. *p <0.01 and **p

<0.001vscontrol.
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3.5 Effect of TAT-parkin on viability of differentiated PC12 cells
Treatment of rhNGF-differentiated PC12 cells wititreasing concentrations of TAT-parkin

for 24, 48, and 72 h caused significant reductionsell viability only at higher concentrations
(300 to 500 nM) at all incubation times (Figure)3i&aching maximum effect at the longest
incubation time (72 h). While 150 nM TAT-parkin wagtotoxic only after 72 h, the lowest
concentration of TAT-parkin (100 nM) was not cytatoup to 72h. The latter concentration of

TAT-parkin was used in all subsequent neuroprateatixperiments.

24 h 48 h 72 h
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Figure 3.8: Dose-response curve of TAT-parkin toxicity indifferentiated PC12 cells.PC12 cells
were seeded into poly-D-lysine-coated 24-well distat 1 x 16 cells/cnd, and differentiated with 50
ng/ml rhNGF for 5 days. Cells were then incubatéith wcreasing concentrations of TAT-parkin (100-
500 nM) for 24, 48, and 72 h, after which timed e@&bility was evaluated by MTT assay. Data are
expressed as a percentage of vehicle-treated taetts, and are the mean = S.D. of 80 determinatio
from 10 independent experiments run in duplicatatiSical significance was evaluated by one-way

ANOVA followed by Bonferronipost-hocMultiple Comparison Test. *p < 0.05 and **p < 0.0s

control.
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3.6 TAT-parkin protective effect against 6-OHDA-induced cytotoxicity
in differentiated PC12 cells
The potential protective effect of TAT-parkin aggtircytotoxicity induced by 6-OHDA was

evaluated in rhNGF-differentiated PC12 cells (Feg3t9). Cells were pre-incubated for 24 h
with 100 nM TAT-parkin followed by a 2 h exposue30uM 6-OHDA in the absence (Fig.9,
open bars) or continued presence (Figure 3.9, shaake solid bars) of 100 nM TAT-parkin. At
the end of the treatment, PC12 cells were placéagh medium without (Figure 3.9, open and
shaded bars) or with (Figure 3.9, solid bars) 100 RAT-parkin, and cell viability was
determined by MTT immediately (time 0), and aftefuather incubation for 2, 4, or 6 h. In
PC12 cells treated with only 6-OHDA viability wasduced by approximately 40% already at
time 0, and increased with post-incubation timehesy a maximum of 70% at 6 h (Figure 3.9,
open bars). This time-dependent increase in 6-Oldiadtoxicity could, conceivably, be due to
accumulation of intracellular ROS resulting fromur@oxin-induced mitochondrial complex |
dysfunction, which was not prevented by pre-incudmetvith TAT-parkin. The ability of TAT-
parkin to protect PC12 cells against 6-OHDA cytatdy required that the fusion protein be
present both during and continually following toxarposure; delaying readdition by even 2 h
renderd TAT-parkin ineffective (Figure 3.9, shadkeals). However, when post-incubation was
performed in the presence of TAT-parkin, the pritvecaction was maintained at all post-

incubation times (Figure 3.9, solid bars).
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Figure 3.9: TAT-parkin protection of differentiated PC12 cells against 6-OHDA cytotoxicity.
PC12 cells were seeded into poly-D-lysine-coaev@i-dishes, at 1 x f@ells/cm2, and differentiated
with 50 ng/ml rhNGF for 5 days. rhNGF-differentidteells were pre-incubated with 100 nM TAT-
parkin for 24 h before treatment with p® 6-OHDA for 2 h in the absence (open bars) or @nes
(shaded and solid bars) of 100 nM TAT-parkin. Cellsre then reincubated in fresh differentiation
medium without (open and shaded bars) or withitiqdmars) 100 nM TAT-parkin for 2, 4, and 6 h.
Cell viability was determined by MTT assay. Data axpressed as a percentage of vehicle-treated
control cells, and are the mean = S.D. of 32 dateations from 4 independent experiments performed
in duplicate. Different superscript letters indeatatistically significant differences (p < 0.@he-way

ANOVA followed by Bonferroni’spost-hocMultiple Comparison Test).
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3.7 Generation of PC12 stable clones expressing human parkin wild-
type and the pathogenic parkin mutant R42P (parkink42P)

In order to verify the extent to which parkin prete PC12 cells from oxidative damage, we
over-expressed human parkin protein by stable fieatisn of cells. We generated PC12 stable
clones expressing wild-type (WT) human parkin ahd pathogenic parkin mutant R42P
(parkim*?h. The parkin PD-linked mutation R42P is localizedeixon 2 and resultes in a
conservative amino acid substitution of argininegmline at position 42 (Terreni et al., 2001).
The mutation occurs in the UBL domain at the N-ietm of the protein. It is likely that the
UBL domain tethers parkin close to the proteasodiegcting poly-ubiquitinated proteins
toward their proteolytic end. The recessive parkintation R42P disrupts this interaction
(Sakata et al., 2003), resulting in impaired preteaal binding of parkin, which may be a
contributing factor in AR-JP pathogenesis.

Following transfection, expansion and screeningpaes for WT parkin were isolated, together
with 5 clones for parkin mutant R42P. These clomere tested for expression of human parkin

gene by RT-PCR and Western blotting.

3.7.1 RT-PCR analysis
RT-PCR analysis showed the presence of mMRNA-pestignes among the stably transfected

PC12 cells, compared with control (un-transfected)12 cells. We selected those clones
displaying a more intense band: clone 1 for cemdfected with pcDNA3.1-R42P mutant

parkin and clone 9 for pcDNA3.1- WT parkin (Figl&4.0).

3.7.2 Western blotting analysis
The increased expression of the respective parRiNAwas confirmed at the protein level by

Western blotting. Cells lysates from clone 1 arahel9 were subjected to Western blot analysis

using an anti-parkin antibody. Both clones exhibigesignificant, 5 fold higher level of parkin
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protein expression than un-transfected cells, adirooed by densitometric analysis (Figure
3.11(A,B)). Interesting, PC12 cells stably expregdiuman WT parkin and parfitf", but not
un-transfected cells, displayed 52- and 38-kDa-pautkin-immunoreactive bands (Figure
3.11(A)). In fact, and in accord with Kahns et @002, parkin is cleaved during apoptosis by
caspase-mediated proteolysis, generating a 38-kBern@nal fragment and a 12-kDa N-
terminal fragment, with cleavage occurring at AQ6/Eer-127. While this 38-kDa fragment
may be a product cellular stress, one cannot nuiehat the process of cellular transfection per
se contributed to generation of this fragment.

3.7.3 Parkin expression was also assessed by immundeytocal means. As shown in Figure
3.11(C), fluorescence staining was more intenseasig the two PC12 cell clones, whiteun-
transfected PC12 cells only a faint sigmas detectable. Moreover, parkin was predominantly
located in the cytosol, in accord with Shimura let 2999; Darios et al., 2003; Kuroda et al.,

2006.

pc12 PCDNA3 mutant R42P parkin pCDNA3 parkin WT
N 1 2 3 4 11 8 9 11 12

+ +

MB - + -+ -+ - 4+ - 4+ - + - + - +

Figure 3.10: Parkin (WT) and ParkinR42PcIone screening by RT-PCR analysidigital image of an
agarose gel assessing human parkin mRNA positameesl PC12 cells were transfected with plasmid
pcDNA3.1- carrying either human-WT or -R42P mutgatkin full-length cDNAs as described in
Materials and Methods. Following selection total MR was extracted, reverse-transcribed and
amplified to detect human-parkin (305 bp band).varker. B: No template control (blank). +: RT
positive. -: RT negative. PC12 N: PC12 un-trangfedells.
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Figure 3.11: Parkin WT and ParkinR42F> clone screening by Western Blot analysid2C12 clones
were subjected to Western blot analysis to quanpéykin protein expression. PC12 cells were
transfected with plasmid pcDNA3.1- carrying eitheman-WT or -R42P mutant parkin full-length
cDNAs as described in Materials and Methods. Fdhgvelone selection un-transfected PC12 cells and
the PC12 stable cell clones were seeded in 24phaks at 1 x 10cells/cnt, and differentiated with 50
ng/ml rhNGF for 5 days, after which time cells wé@rvested and lysates prepar@y). Western blot
showing parkin protein level in un-transfeced PGH¥ls (PC12 N, control cells) and in PC12
expressing WT human parkin (clone 9) and humanip&¥k (clone 1). All parkin stable clones show
an higher level of human parkin, compared to contrd@ ubulin immunoreactivity was used to control
for equal protein loading(B) Bar graph showing the values normalized dadubulin and is
representative of one of 3 independent experim@mt8 for each group). Statistical significance was
evaluated by one-way ANOVA followed by Tukeysst-hoctest. **p<0.01.

PC12 N: un-transfected PC12 cells. PC12 R42P: Rl stably transfected with pcDNA3.1-R42P
mutant parkin (clone 12C12 Parkin WT: PC12 cells stably transfected witBPNA3.1-WT parkin
(clone 9).

(C) Immunocytochemistry of human parkin expression (WT and mutant R42P) in stably
transfected clones.Un-transfected PC12 cells and PC12 stable celiedovere seeded on poly-D-
lysine-coated plastic chamber slidesiat 10 cells/cnt, and differentiated with 50 ng/ml rhNGF for 5
days. Then cells were fixed with 4% paraformaldeh{iFA) and stained with a primaayti-parkin
rabbit polyclonal antibody1:100) as described in Materials and Methods. phetomicrographs in
PC12 N ( un-transfected PC12 cells) is indicati#éasal (endogenous) parkin. The photomicrographs
in panels PC12 R42P and PC12 Parkin WT show parkimunoreactivity in PC12 cells stably
transfected with pcDNA3.1-R42P mutant parkin (clabeand PC12 cells stably transfected with
pcDNA3.1-WT parkin (clone 9) respectively. Note tgesater intensity of immunostaining in these

cells compared to control PC12 cells.
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3.8 Effect of WT parkin and mutant R42P expression on cell viability
after treatment with the dopaminergic neurotoxin 6-OHDA

In order to investigate the effect of parkin ovgpwession on PC12 cell survival under
conditions of oxidative stress-induced damage hy dopaminergic neurotoxin 6-OHDA,
rhNGF-differentiated PC12 cells, transfected witiDplA3.1-R42P mutant parkin (clone 1) and
with pcDNA3.1-WT parkin (clone 9and rhNGF-differentiate@C12 un-transfected cells were
treated with 50 and 7hM 6-OHDA for different times. As Figure 3.12 shows]lcviability
was reduced in all cells under all treatment cooulitHowever, the PC12 parkiff expressing
clone (cyano bar) and un-transfected PC12 cellan@ bar) showed heightened sensitivity
compared with PC12 WT parkin expressing cells (llag. There was, in fact, a statistically
significant reduction in cell viability already fro 2 h for both un-transfected PC12 cells
(orange bar) and for PC12 transfected with mutatARparkin (cyano bar). In contrast, PC12
transfected with WT parkin (blue bar) showed a ofidm in cell viability which became
statistically significant only from 12 h. In thigwsation, PC12 WT parkin expressing cells (blue
bar) showed a cell viability about 30% higher conepawith PC12 parkitt" expressing cells
(cyano bar) and control group (orange bar), fottiede points, while no significant difference
was detectable between PC12 pdtdhexpressing (cyano bar) and control cells (oraragg. b
Thus, WT parkin appears to protective, while the2R4&ubstitution may adversely affect the

parkin physiological function, including its prote® activity.
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Figure 3.12: Protective effect of WT parkin over-epression in PC12 cells against 6-OHDA-
induced cytotoxicity. Un-transfected PC12 cells and PC12 stable celleslomere seeded in poly-D-
lysine-coated 24-well plates &tx 10" cells/cni, and differentiated with 50 ng/ml rhNGF for 5 days

Differentiated control PC12 cells (orange bar), \parkin cells (blue bar) and parl?iﬁpcells (cyano
bar) were treated with 50A) and 7%B) uM 6-OHDA for 2, 4, 6, 12 and 24 h. Cell viabilityas
assessed by MTT assay. All results are expressdbeapercentages the group without 6-OHDA
(corresponding vehicle control values), and are itmean + S.D. of 4 independent experiments
performed in duplicate. Statistical significance swavaluated by two-way ANOVA followed by
Student-Newmarpost-hoctest and one-way ANOVA followed by Dunnefpisst-hoctest. * p < 0,05;

** p < 0.01vscontrol group

PC12 N: Un-transfected PC12 cells (control cellsange bar). PC12 R42P: PC12 cells stably
transfected with pcDNA3.1-R42P mutant parkin (cldnecyano bar)PC12 Parkin WT: PC12 cells
stably transfected with pcDNA3.1-WT parkin (clonebfue bar).

3.9 Evaluation of intracellular levels of reactive oxygen species

The cytotoxicity of 6-OHDA is thought to involve @éhproduction of reactive oxygen species
(ROS) (Blum et al., 2001). In order to assess wdretihe observed protective effect of parkin,
was mediated by decreased levels of intracellul@SRwe examined 6-OHDA-induced
production of free radicals at the same time paistd to measure 6-OHDA toxicity. Oxidative
stress, induced by treatment with pl 6-OHDA increased in a time-dependent manner and

was statistically significant already after 2 h. idover, this behaviour was seen in both the WT

R42P
parkin clone (Figure 3.13, blue bar), and the Parki clone ( Figure 3.13, cyano bar), as well
as in control cells (Figure 3.13, orange bar). praective effect of parkin is thus not due to a

lower production of ROS.
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Figure 3.13: Intracellular levels of reactive oxyge species (ROS)
Un-transfected PC12 cells and PC12 stable celledomere sedeed in poly-D-lysine-coated 24-well
plates, at 1 x 0cells/cni, and differentiated with 50 ng/ml rhNGF for 5 dayBifferentiated un-

transfected PC12 cells (orange bar), WT parkinscidlue bar) and park?ﬁzpclone (cyano bar) were
treated with 50 and 76M 6-OHDA for 2, 4, 6, 12 and 24 h. Intracellular B@vere determined using
the fluorescent probe DCFH-DA. Values of ROS getm@nawere normalized to the number of viable
cells at the same time-point measured as MTT reatuchll results are expressed as the percentage
the group without 6-OHDA (corresponding vehicle ttohvalues), and are the mean + S.D. of 3
independent experiments performed in duplicatetisiitzal significance was evaluated by one-way
ANOVA followed by Dunnett'spost-hoctest. ** p <0.01; *** p < 0,00vscontrol group

PC12 N: Un-transfected PC12 cells (orange bar).2PR42P: PC12 cells stably transfected with

pcDNA3.1-R42P mutant parkin (clone 1, cyano bex312 Parkin WT: PC12 cells stably transfected
with pcDNA3.1-WT parkin (clone 9, blue bar).
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3.10 Evaluation of protein ubiquitination

3.10.1 Western blotting analysis
Shimura and colleagues (Shimura et al., 2000) detraied that parkin is an E3 ubiquitin-

protein ligase that polyubiquitinates abnormal @irig. These polyubiquitinated proteins
ultimately are degraded by the 26S proteasome @m@ls assessed by Western blotting
(Figure 3.14(A)), the PC12 WT parkin expressingnel® was more immunoreactive to the
antibody against ubiquitin, showing a greater legklhigh molecular weight ubiquitinated
proteins compare to un-transfected PC12 cells (P)Land even more so compared to the
PC12 parkifi**expressing clone 1. Quantitatively, PC12 cells esging WT parkin contained
about 20% more of the protein than control, undfacted cells (PC12N) (Figure 3.14(B)).
Conceivably, this increase could explain the inseglasurvival and protection against 6-OHDA
in the former cells. Furthermore, ubiquitinatedtpnos levels were reduced about 30-fold and

50-fold, respectively, in control (PC12 N) and &rlin®**"

expressing. This result suggests that
the presence of the R42P substitution may affeet giotein’s physiological behaviour(s),

including biological activity.

3.10.2 Immunocitochemical analysis
Immunocitochemical analysis confirmed a more intesignal in PC12 clones expressing WT

parkin, and showed that ubiquitinated inclusionsengispersed throughout the cytoplasm and

distributed in the perinuclear region (Figure 3Q}(
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Figure 3.14.: Over-expression of WT parkin increasg protein ubiquitination. (A) Western blot

assessing the amount of high molecular weight utiigted proteins in un-transfected PC12 cells, and

in the WT parkin and park?ézpclones. Un-transfected PC12 cells and PC12 stadileciones were
seeded in poly-D-lysine-coated 24-well platesiat 10" cells/cnd, and differentiated with 50 ng/ml
rhNGF for 5 days, then harvested and lysates peepfor Western blot analysiéB) Western blot
guantification. Values are normalized to ponceaainsig and are rapresentative of one of 3
independent experiments (n=3 for each gro().High molecular weight ubiquitinated proteins were
also evaluated by immunocytochemistry. Un-trangf@d®C12 cells (PC12 N) and PC12 stable cell
clones (PC12 R42P and PC12 Parkin WT) were seetd@alg-D-lysine- coated plastic chamber slides
at 1 X 10 cells/cnf, and differentiated with 50 ng/ml rhNGF for 5 daybe cells were then fixed with
4% PFA and stained with a primaayti-ubiquitin rabbit polyclonal antibodfi:200) as described in
Materials and Methods.

PC12 N: Un-transfected PC12 cells. PC12 R42P: R12 stably transfected with pcDNA3.1-R42P
mutant parkin (clone 1PC12 Parkin WT: PC12 cells stably transfected WwitBPNA3.1-WT parkin

(clone 9).
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3.11 Evaluation of autophagy pathway activation

To understand whether the observed protective teffieparkin, correlated with an increase in
autophagy, we evaluated the activation of this wath by Western blotting and
immunocitochemical detection of LC3, a protein tloaializes to autophagosomal membranes
(Figure 3.15). During autophagy, the cytoplasmitrfdLC3 I) is processed and recruited to the
autophagosomes, where LC3 Il is generated by pe#eHsc proteolysis and lipidation near the
C-terminus. The hallmark of autophagic activatiom thus the formation of cellular
autophagosome punctae containing LC3 Il, while pluhgic activity is measured biochemically
as the amount of LC3 Il that accumulates in theeabs or presence of lysosomal activity.
Tracking the conversion of soluble LC3-I to lipiddnd LC3-II is indicative of autophagic
activity. Immunoblotting of LC3 usually reveals twmands: LC3-1 (18 kDa) and LC3-1l (16
kDa). The antibody can detect both forms of LC3e Bmount of LC3-1l correlates well with
the number of autophagosomes. We took advantatigsatharacteristic conversion of LC3-I to
LC3-1I to monitor autophagic activity. Western bkmalysis showed a clear increase in LC3 I
protein level due to over-expression of WT parkifig(3.16(A)). There was a statistically
significant, approximate 40% increase of LC3 lirmalized to LC3 I, when compared to both
control (un-transfected) and parkfi” PC12 cells (Figure 3.16(B)). This result couldoals

contribute, at least in part, to the protectiveetfiof WT parkin
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Figure 3.15 a) Representative stages of autophagyThe isolated membrane/phagophore traps a
portion of the cytosol to become an autophagosdrhe. autophagosome fuses with the lysosome to
become an autolysosome and its contents are dehigdehe LC3 reaction pathway LC3 translated
from mRNA is called pro-LC3 and possesses an urasacg C-terminal tail. Subsequently, Atg4
protease cleaves the tail sequence to generatel fo@8, which has a C-terminal glycine. Form-1 LC3
is activated by Atg7 (E1) to become a high-enelljp-ester intermediate conjugated to Atg3 (E2)
enzyme. Atg3-LC3 conjugate is recruited to the siteere lipidation occurs by directly binding to
Atgl6L complex, and the C-terminus of LC3 forms amino bond to the head group of
phosphatidylethanolamine (PE), generating fornktdrm-Il LC3 becomes membrane-bound. Form-I|
LC3 is then cleaved at the PE by Atg4 to regenduoate-I.
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Figure 3.16: Over-expression of WT parkin increasedasal activation levels of autophagy. (A)

Western blot assessing the basal autophagic expmelevel in PC12 un-transfected cells (PC12 N),

and in WT parkin clone 9 and parﬁ?ﬁp clone 1. Un-transfected PC12 cells and PC12 stailelones
were seeded in poly-D-lysine-coated 24-well platesl x 10 cells/cmi, and differentiated with 50
ng/ml rhNGF for 5 days, then harvested and lysptepared for Western blot analys{B) Western
blot quantification: bar graph showing the valuesrnmalized to LC3-II/LC-3-1 ratio and is
representative of one of 3 independent experim@m8 for each group). Statistical significance was
evaluated by one-way ANOVA followed by Tukeysst-hoctest. ** p < 0.01vs control group (PC12
N). (C) LC3 immunoreactivity. Un-transfected PC12 cells {R@) and PC12 stable cell clones (PC12
R42P and PC12 Parkin WT) were seeded on poly-Diysbated plastic chamber slideslaX 10'
cells/cnd, and differentiated with 50 ng/ml rhNGF for 5 day#e cells were then fixed with 4% PFA
and stained with a primamnti-LC3B rabbit polyclonal antibodfd:200) as described in Materials and
Methods. For un-transfected PC12 cells (PC12 N)fancach clone (PC12 R42P and PC12 Parkin
WT), the first frame illustrates basal expressiéh@3, while the second image represents the letel
LC3 after 16 h of treatment with 10 mM 3-MA.

PC12 N: Un-transfected PC12 cells. PC12 R42P: R12 stably transfected with pcDNA3.1-R42P
mutant parkin (clone 1PC12 Parkin WT: PC12 cells stably transfected WwitBDNA3.1-WT parkin

(clone 9).

3.12 Effect of WT parkin over-expression on cell viability after
proteasome or/and lysosomal pathway inibition

Having established that stable expression of WKipas characterized by an increased level of
ubiquitinated proteins and basal autophagy, we déecito evaluate which pathway was
involved in the parkin neuroprotection effect inrarellular model. We selectively blocked
macroautophagy with 3-MA (10 mM) or the ubiquitirofeasome system (UPS) with MG132
(2.5uM), for a further 16 h, and then evaluated cellwiability by MTT assay. The results are
shown in Figure 3.17his experiment confirmed the increase in cell Wighbin our PC12 WT
parkin expressing clone (clone 9, blue bar), comgbdao un-transfected cells (PC12 N, orange
bar) and to the PC12 parRiti" expressing clone (clone 1, cyano bar) after treatméth 50

uM 6-OHDA. It was also apparent that clone 9 exsibenhanced survival when
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macroautophagy is inhibited, rather than the psueee, with a statistically modest reduction in
cell viability only when 6-OHDA treatment was combd with either MG132 or 3-MA.
Moreover, PC12 un-transfected (orange bar) and R@tkdr***"cells (cyano bar) treated with
6-OHDA, MG132 or 3-MA all showed statistically sifjoant increases of cell toxicity. On the
other hand, PC12 un-transfected and PC12 parkirPRA4&Hs did not differ significantly from
each other, except for PC12 parkin R42P incubaidd&®OHDA + 3-MA, where cell viability
decreased (Figure 3.17(A)). Whereas the UPS andcultephagic pathway are the two main
routes of protein and organelle clearance in ewltarygells, the protective effect seen in cells
expressing WT parkin might simply reflect pathwadundancy, whereby the autophagic
pathway remains active when the UPS pathway iditgd, and vice versa. This interpretation
is supported by the observation that inhibitinghbpathways by combined treatment with
MG132 plus 3-MA decreased cell viability about 708oun-transfected PC12 cells (orange
bar), as well as in both clones (cyano and blus)baeutralizing the protective effect of WT

parkin over-expression (Figure 3.17(B)).
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Figure 3.17: (A) Protective effect of WT parkin ove-expression against toxicity of MG132 or 3-
MA treatment. Un-transfected PC12 cells and PC12 stable celledlamere seeded in poly-D-lysine-
coated 24-well plates, at 1 x“6ells/cni, and differentiated with 50 ng/ml rhNGF for 5 dayn-
transfected PC12 cells (orange bar), parkin WTgldar) and parkin R42P (cyano bar) were treated
with 50 uM 6-OHDA, 2.5uM MG132, 10 mM 3-MA, 50uM 6-OHDA + 2.5uM MG132, 50uM 6-
OHDA + 10 mM 3-MA for a further 16 h. Cell viabijitwas assessed by MTT assay. All results are
expressed as the percentagéhe group without treatments (corresponding vehidntrol values), and
are the mean = S.D. of 4 independent experimentsmpaed in duplicate. Statistical significance was
evaluated by one-way ANOVA followed by Bonferrgrast-hocMultiple Comparison Test. * p < 0,05;
** p <0.01; ** p < 0,001vscontrol group

(B) The protective effect of WT parkin over-expresi®on is cancelled by the combined treatment
with of proteasome and autophagy inhibitors Un-transfected PC12 cells and PC12 stable celleslon
were seeded in poly-D-lysine-coated 24-well pla@s]l x 18 cells/cn, and differentiated with 50
ng/ml rhNGF for 5 days. Un-transfected cells (oer), parkin WT (blue bar) and parkin R42P
(cyano bar) were treated with 2u81 MG132 + 10 mM 3-MA for a further 16 h. Cell vidity was
assessed by MTT assay. All results are expressekeagercentages the group without treatments
(corresponding vehicle control values), and are iean + S.D. of 4 independent experiments
performed in duplicate. Statistical significance swavaluated by one-way ANOVA followed by
Tukey'spost-hodest. *** p < 0,001vs control group.

PC12 N: Un-transfected PC12 cells (orange bar).2PR42P: PC12 cells stably transfected with
pcDNA3.1-R42P mutant parkin (clone 1,cyano b&¢12 Parkin WT: PC12 cells stably transfected
with pcDNA3.1-parkin WT (clone 9, blue bar).
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CHAPTER 4
DISCUSSION

A milestone in PD research was the discovery okgdhat are responsible for familial variants
of this disease. Sporadic and familial variant®bfshare important pathological features, most
notably the demise of dopaminergic neurons in tdeGonsequently, insights into the function
of PD-associated genes may facilitate a betterrmstateding of the pathomechanism not only of
hereditary PD, but also of sporadic PD. In thistegt) the parkin gene (PARK2) seems to play
a prominent role accounting for the majority of aattmal recessive PD cases (Mata et al.,
2004; West and Maidment, 2004). A consistent olzerw in cell culture and animal models is
the neuroprotective capacity of parkin. Parkin hagen shown to protect cultured cells against
death induced by kainate, proteasomal inhibitiorsyn, ceramide, manganese, DA, and
unfolded protein stress (Imai et al., 2000; Pettueeal., 2002; Darios et al., 2003; Staropoli et
al., 2003; Higashi et al., 2004; Jiang et al., 2004uqgit et al., 2004). IrDrosophilg over-
expression of parkin can suppress loss of dopagimeéeurons induced by-syn or Pael-R
(Yang et al., 2003; Haywood and Staveley, 2004)tHeumore, lentiviral delivery of parkin
prevents dopaminergic degeneration caused by matayn in a rat model and protects mouse
skeletal muscle cells against mitochondrial toXins Bianco et al., 2004; Rosen et al., 2006).
The mechanism(s) underlying parkin’s protectiveaaactemains to be elucidated. As it turns
out, parkin is an E3 ligase (Shimura et al., 208aY parkin ability to protect cells from various
cellular toxic stimuli, including proteasome intidms (Mugit et al., 2004), appears to depend on

its E3 ubiquitin-protein ligase activity.
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To gain insight into the mechanism underlying thaall neuroprotective capacity of parkin, we
investigated a possible role of parkin in the stiesponse pathway. We analyziedvitro, the
protective activity of parkin in a cellular modet oxidative stress using the dopaminergic
neurotoxin 6-OHDA. Oxidative stress-induced cytatity is believed to play a major role in
neurodegenerative disorders, including PD. 6-OHBAfen use to produce an vivo animal
model of PD (Beal, 2009). Parkin involvement in thetioxidant response has been
demonstrated by its over-expression, which comslgtositively with a pro-survival outcome.
In this project we focused on the protective po#&tnof parkin by two routes: first, by
exogenous addition of a TAT-fusion protein; secobyg, up-regulating its expression via
generation of stable transfected clones.

In the first part of this study, a TAT-parkin fusigrotein was designed, synthesized, and
purified. TAT-parkin efficiently transduced iv@ or NGF-differentiated rat adrenal
pheocromocytoma PC12 cells and CHO cells, withlipagon to the nucleus, cytoplasm, and
mitochondria. TAT-parkin exhibited ubiquitinationctevity in vitro and, importantly, at
nanomolar concentrations protected NGF-differeatiaPC12 cells against 6-OHDA. As
mentioned in the Introduction, fusion of parkin {@ia to the TAT peptide allowed diffusion
through neuronal cell membranes. This vehicle isy uenportant because the delivery of
therapeutic proteins into tissues and across thermambrane and the blood-brain barrier is
severely limited by the size and biochemical progsrof the respective proteins. The blood-
brain barrier is a major handicap in CNS drug dewelent and is probably the single most
important factor limiting the future growth of netinerapeutics (Pardridge, 2005). The protein
transduction domains derived from the TAT-proteirHdV-1, the antennapedia homeodomain

of drosophila, and the simplex herpes virus VP22gin (Leifert et al., 2003) are all capable of
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crossing the blood-brain barrier and deliveringidospeptides and proteins into the brain
parenchyma. In particular, the TAT protein can ratglheterologous protein passage across the
plasma membrane in nearly all eukaryotic cells ¢&ote et al., 2000). Indeed, in recent years,
protein transduction technology has found utilizati in numerous paradigms of
neurodegeneration (Dietz et al., 2002; Wheelet.e2@03; Dietz and Bahr 2004, 2005; Nagel
et al., 2008).

After synthesis and purification of the recombingmbtein, and in order to verify protein
intracellular availability through this route of ldery, we first performed Western blotting to
determine the kinetics of TAT-parkin availabilityside cells. Immunoblot analysis showed that
TAT-parkin had a half-life of 24-48 h, dependingoupthe cell type transduced. The shorter
half-life in CHO cells (approximately 24 h) compadr® PC12 cells may reflect differences in
metabolism between the two cell types, with faskegradation of TAT-parkin in CHO cells.
The mechanism by which TAT-linked proteins entdisceemains unclear. The TAT motif can
be dissected functionally into two parts: GRKKRsaa$ a potential nuclear localization signal,
whereas the RRR sequence appears to be criticardtein translocation (Vives et al., 1997).
Hauber et al. (1989) and Ruben et al. (1989) reddtiat TAT-GFP localized predominantly in
the nucleus, especially within the nucleolus. Urlgysiological conditions endogenous parkin
is largely cytosolic in location or associated witle ER or mitochondria (Shimura et al., 1999;
Darios et al., 2003; Kuroda et al., 2006).

While immunocytochemical analysis showed that TAafkn entered PC12 cells, its
subcellular location was not clear. Repeating th&ap with CHO cells demonstrated that the
fusion protein displayed a nuclear and cytoplasdigtribution, in agreement with earlier
reports (Hauber et al., 1989; Ruben et al., 1980prder to investigate further the subcellular

localization of TAT-parkin, a plasmid encoding n@BP was transfected into CHO cells. At 48
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h post-transfection cells were treated with TATkoarfor 4 h, fixed, and processed for parkin
immunocytochemistry. pMito-GFP in control cells (OHells not treated with TAT-parkin)
was evident within mitochondria, while TAT-parkinaw predominantly located in the nucleus
and cytoplasm, resulting in a very strong fluorescggnal (Figure 3.5, panel B), consistent
with earlier reports for TAT fusion proteins (Hawbet al., 1989; Ruben et al.,, 1989). In
contrast, CHO cells treated with TAT-parkin but ngpbrocessed for parkin
immunocytochemistry (Figure 3.5, panel A) showedly dhe plasmid pmito-GFP, similar to
pmito-GFP control cells. These results demonstitaé¢ TAT-parkin successfully transduced
cellsin vitro, indicating that the state of TAT-parkin folding mot critical for this process and
suggesting that TAT-mediated delivery of proteinstsas parkin may be a viable therapeutic
approach.

Recentin vitro (Oluwatosin-Chigbu et al., 2003; Henn et al., 2087din vivo (Lo Bianco et
al., 2004) studies have attributed a protective fof parkin in DA neuron survival. Parkin can
protect cells against a wide array of stressorsoff@02006). Parkin acts as an ubiquitin-protein
isopeptide ligase, and loss-of-function mutatiomshe gene encoding parkin (Kitada et al.,
1998; Imai et al., 2000; Zhang et al., 2000) compse its neuroprotective activity. Substrates
destined for proteasomal degradation via parkinhinigus conceivably accumulate in parkin-
deficient cells, and constitute a factor mediathig-JP. The E3 ubiquitin-ligase activity of
parkin appears to be an important aspect of itsapeatective action in PD models, although
the mode of parkin-catalyzed ubiquitination remaipsorly understood. We tested the
enzymatic activity of TAT-parkin using an vitro ubiquitinationassay system. Ubiquitin is a
small, covalent modifier that forms a poly-ubigaitthain on proteins, which constitutes a
degradation signal for the 26S proteasome (Cowt.e1996; Hershko et al., 1998). The poly-

ubiquitin chain is synthesized by a reaction casd¢adolving E1 (ubiquitin-activating enzyme),
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E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitgating enzyme), the last acting as a
substrate-recognition molecule (Hochstrasser, 1996rshko et al., 1998) (see Box 1,
Introduction). With regard to parkin in AR-JP, theesence of carboxy-terminal two RING-
finger motifts, which are suggested to interacthvi2 (Lorick, 1999; Moynihan et al., 1999;
Joazeiro et al.,, 1999; Xie and Varshavsky, 199®9mmted us to investigate TAT-parkin
function as an E3 ligase. Recombinant TAT-parkiavfates the advantage of a protein free
from other contaminating E3 enzyme(s) (Matsuda lgt 2006). Although many putative
substrates for parkin have been reported, thedaekgoodin vitro substrate makes it difficult
to check the intrinsic E3 activity of the fusiorofein. We thus chose the recombinant'fJ, a
mutant DJ-1 purified fronk. coli, as a pseudo-substrate to monitor the E3 actofity AT-
parkin. D¥*°®" is incorrectly folded and should be highly susitBetto ubiquitination. Our
results suggest that when TAT-parkin is transducedHO cells it becomes active presumably

6P as a substrate. This

being folded by intracellular chaperones, and ig &b recognize D
was evident by an increase in molecular weightctviiemained unchanged in CHO cells not
incubated with TAT-parkin (Figure 3.6). TAT-parkinyhich is purified under denaturing
conditions and is incorrectly folded, was unableutmiquitinate D3°°" in vitro (data not
shown). These observations demonstrate that TARkpaonce transduced in cells, possesses
E3 activity.

In this context, we evaluated whether TAT-parkiered a protective effect against 6-OHDA-
induced cytotoxicityin vitro. The mechanism of 6-OHDA toxicity involves inhibih of
mitochondrial complexes | and IV, generation ofractllular reactive oxygen species, and
apoptosis of catecholaminergic neurons (Blum et28l00). As already mentioned, oxidative

stress is believed to be a key feature in mediatiegronal cell damage in PD. NGF-

differentiated PC12 cells become post-mitotic adeton characteristics of catecholaminergic

148



Discussion

neurons (Greene and Tischler, 1976), and displasitbaty to 6-OHDA toxicity in a
concentration- and time-dependent manner afterGiven concurrently, TAT-parkin limited 6-
OHDA-induced cell death only at time O of post-ibation. Efficacy in the post-incubation
period required the fusion protein to be presenbuphout that period. Most studies on the
protective potential of parkin report consistentlfngs concerning the nature of stressors tested
although discrepancies, when observed may be @eegolaby the fact that robust stress
conditions inactivate parkin because of its tengielocmisfold (Winklhofer et al., 2003; La
Voie et al., 2005; Wang et al., 2005; Winklhofedaratzelt, 2006). Thus, one explanation for
our findings is that the proteotoxic stress indubgd-OHDA (to which dopaminergic neurons
are highly sensitive) (Winklhofer et al., 2003) irvéd misfolding of parkin, leading to a loss of
protective activity with time. This is consistenithvthe possibility that TAT-parkin undergoes
auto-degradation (data not shown). Moreover, mdédeahaperons, such as Hsp70 and Hsp40,
interfere with the misfolding and aggregation ofkpa (Winklhofer et al., 2003) and may
account for their neuroprotective action (Nagelakf 2008). In fact, chemically denatured
recombinant parkin is strictly dependent on molacuthaperones to adopt a native
conformation.

These experiments suggested the antioxidant effediAT-parkin is not long-lasting, as a
nearly continuous administration was required. $&eond part of this study was thus designed
to explore the protective effect of parkin in callger-expressing human parkin. Two different
stable PC12 cell clones were generated: PC12 huiikrparkin and the pathogenic parkin
mutant R42P. These cell lines were then used tluaeathe cytoprotective activity of parkin
when subjected to three stressors relevant to Riely oxidative stress (induced by 6-OHDA,
at the same conditions of the previous experimeritis Tat-parkin), proteasome inhibition

induced by a specific inhibitor (MG132), and autag¥ inhibition with the selective inhibitor
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3-MA. Multiple studies indicate that abnormalitiesthe autophagy-lysosome pathway and the
UPS are involved in the development of PD (see MgNaught et al., 2001, 2006). These
authors reported decreased proteasomal activitha@nSN of patients with sporadic cases of
PD. It is therefore possible that dysfunction af tHPS is a common pathogenetic trigger in
both familial and sporadic PD. When challenged b®HDA-induced oxidative stress, we
found that the parkin R42Ransfected cells were more susceptible to thentmxcomparison to
both un-transfected PC12 cells and also the WTipadll clone. These data thus confirmed
the involvement of WT parkin in the antioxidantlao&dr response and suggested that one effect
of parkin inactivation by genetic alterations (gomutation or deletion) is to impair its
protective effect against oxidative stress, thusoskig dopaminergic neurons to an increased
level of ROS, whether of exogenous or endogenouginpras well as to exogenous or
endogenous harmful stimuli. In fact Hyun et al. @2Ppfound that abnormal proteins such as
mutated parkins impact on the UPS, leading to dridastress and excessive NO production.
This in itself is not sufficient to kill the cellgt least in short-term culture, although it may
render them more sensitive to other insulisder this condition the pathogenic parkin mutant
R42P showed a reduced neuroprotective capacityircong that the N-terminal UBL domain
of parkin plays an important role in neuroproteatimterestingly, Henn and colleagues (2007)
showed that a smaller parkin species lacking theerhinal UBL-domain AN parkin) was
impaired in protecting cells from stress-inducedtde Conceivably, the survival-enhancing
nature of the PC12 WT expressing clone is duesdER ubiquitin ligase activity, allowing
parkin to bind cellular protein substrates thatargd ubiquitination before degradation by the
26S proteasome. Indeed, our Western blot analysisvesd an increase in the amount of

ubiquitinated proteins in PC12 WT expressing celisnpared to control cells, while PC12

R42P
parkin cells displayed a reduced level of ubiquitinatedbt@ns. This underlies the
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importance of the N-terminal UBL-domain. Shimuraaét (2000) demonstrated that mutant
parkin lacking the UBL domain and naturally occogri parkir? 42Pfailed to co-
iImmunoprecipitate ubiquitinated proteins, suggestihat the UBL domain functions as a
module necessary for binding with ubiquitinatedtemws. Moreover, biochemical and cellular
data demonstrate that deletion of the UBL domanogditesn vitro andin vivo ubiquitin ligase
activity and binding of some parkin substrates (letaal., 2000, 2001; Shimura et al., 2001).
Collectively, these results indicate that parkinréguired for this ubiquitination, possibly
through its function as an E3. The loss of parkinfitnction may underlie AR-JP. At the same
time, our results appear to contrast with a previstudy of Kahns and co-workers (2002) who
described proteolysis of human parkin after AspI#gierating a 38-kDa C-terminal fragment
and a 12- kDa N-terminal fragment. The 38- and kRa bands are seen in also our
immunoblots (Figure 3.11(A)). Proteolysis of hunparkin after Asp126 will liberate the UBL
domain from the remaining large polypeptide contenthe RING-box domain, which is
incompatible with a functional parkin enzyme. Gtali data demonstrate that a single missense
mutation in the UBL domain, R42P, or in-frame deletof exons 2 and 3 results in the loss of
amino acid residues 3-137, causing early onset RRsla consequence of parkin dysfunction
(Lucking et al., 2000; Shimura et al., 2000). Oesults agree with Petrucelli and co-workers
(2002) who demonstrated that over-expression dofipatecreases sensitivity to proteasome
inhibitors in a manner dependent on parkin's uliigiprotein E3 ligase activity, and showed
that R42P was ineffective against insult by thetgasome inhibitor lactacystin. In fact, our
results suggest that treatment with the proteasohbeitor MG132 did not change significantly
the already low survival of PC12 parkin mutant £elis we blocked the proteasome whose

binding is already compromised by the loss-of-fiorcimutation. Thus, neither 6-OHDA nor
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MG132 treatment significantly affected PC12 par&itf" cell viability, except for 3-MA
treatment. Rather, we showed that PC12 WT exprgsseils were also characterised by an
increase in the basal activation level of autophadych might explain its positive outcome on
cell survival. As described in the Introductione trotein degradation machinery in eukaryotic
cells consists of two main systems, one mediatethé&ybiquitin-proteasome and the other by
the autophagy-lysosome. These two degradation megbs are interrelated, with ubiquitin
functioning in both systems. However, recent workggests that parkin can catalyze
degradation-independent ubiquitination (Lim, 200Here is a controversy concerning whether
ubiquitination catalyzed by parkin is destined pooteasomal degradation. In fact, parkin acts
on mitochondria and is involved in mitochondriagdedation. In 2008, Youle and colleagues
(Narendra et al., 2008, 2009) reported that parksr selectively recruited to
depolarized/damaged mitochondria and leads it ¢padiation by selective autophagy. Because
mitochondria are too large for proteasome degradatthese results again suggest that
ubiquitination catalyzed by parkin functions as ignal for proteolysis not only by the
proteasome, but also by the autophagic and/or #smsémal systems. Parkin may
simultaneously ubiquitinate proteins involved intechondrial dynamics and induce a pro-
fission state by Lys48 ubiquitination and degramatiand tag unidentified mitochondrial
proteins for autophagosome recruitment by Lys63qubnation (Tanaka, 2010). These
considerations posit that there are various moélebiquitination such as mono-ubiquitination
and Lys63-linked poly-ubiquitination that are natsentially associated with proteasomal
targeting, and that ubiquitination is relevanthe autophagic system. Our observed protective
effect of WT parkin over-expression after inhibiti@of proteasome or macroautophagy was

greater than would have expected. In the case ofpafkin expressing cells, inhibiting the
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proteasome remains leaves unaffected the autoppatiievay for degradation, while inhibiting
the autophagy system parkin remains able to degradabstrates via the UPS pathway (Figure
3.17(A)). This observation is supported by the cwrent treatment with proteasome and
autophagy inhibitors neutralizes the protectiveeeffof WT parkin over-expression (Figure
3.17(B)). A comparable result was obtained inhilgitonly macroautophagy in the R42P mutant
parkin clone. This result is in contrast with Yagigal. (2008) who showed that inhibiting the
proteasome together with macroautophagy in human) gAsyn and mutant (A30P) PC12 cells
did not have an additive effect in promoting apsgoMany studies showed that proteasome
inhibitors, such as epoxomicin, lactacystin, and 18& promote apoptosis (Rego and Oliveira,
2003), and that 3-MA, a macroautophagy inhibitéspancreased the apoptosis ratio (Yang at
al., 2009). Proteasome and autophagy pathway gathay thus antagonize apoptosis (Cheng et
al., 2008). Accelerating apoptosis is one mecharasmducing and promoting PD provoked
by proteasome or macroautophagy inhibitors. Inlubitof proteasome/autophagy accelerates
cell death that manifests the hallmarks of apoptosicluding chromatin condensation
margination, karyopyknosis, nuclear fragmentation cells, cytoplasmic vacuolation, and
activation of casapse (Gonzalez-Polo, 2005; Yangl.e 2009). The same phenomena were
observed by Chen and colleagues (2005), who fohatd RC12 cells treated with lactacystin
underwent apoptosis, but that stable over-expressigoarkin distinctly reduced lactacystin-
induced apoptosis. A report from Darios et al. @08lso supports this finding. Parkin over-
expression inhibited cell death, delayed mitoch@hdswelling and cytocrome release, and
reduced caspase-3 activation induced by cerammdgating that parkin may play an important
role in the mitochondrial-dependent apoptosis pathvDther studies have demonstrated that

ubiquitin-protein ligases with Ring finger struatsr such as the inhibitor of apoptosis protein
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family, inhibit apoptosis, and may bind and degredspases (Suzuki et al., 2001). Whether the
anti-apoptotic effect of parkin is due to its ratedegradation of one or more proteins in the
apoptosis pathway requires further research. Basdtlese observations, we can say that over-
expression of WT parkin protects PC12 cells from & or 3-MA-induced toxicity through
an anti-apoptotic mechanism. Using Hoechst fluaese staining, Yang et al., (2009)
demonstrated that following treatment with lactéicysthe number of apoptotic cells in their
parkin over-expressing cell lines was significaritiwer than in cells transfected with empty

vector. Unfortunately, in our study we have beeahl® to detect any morphological changes in

the PC12 cell clones, perhaps becaysg giamidino-2-phenylindole nuclear staining west
sufficient, and would have required other approad¢heassess the execution phase of apoptosis,
such as measuring caspase-3 activation and/oseetdacellular lactate dehydrogenase into the
culture medium.

The specific function of the UPS pathway in apojstas still controversial (Naujokat, 2002),
and the mechanisms by which inhibition of autophawy favour cell death are not entirely
clear. Other investigations also demonstrated thleggiending on the cellular context and
stimulus, apoptosis is preceded by and even depantlte occurrence of autophagy (Xue et al.,
1999; Cui et al., 2007). Some studies have repdhatautophagy prevents or halts apoptosis
(Bauvy et al., 2001). Thus, the differences betwpeblished findings and our study may be
related with different cell lines, as well as diffat stimuli and their intensity. Faced with the
same situation, multiple connections between apapémd proteasome/autophagic processes
may converge to seal the fate of cells. Clearlg tklationships between autophagy, the
proteasome system and apoptosis are very compljcailh many factors participating.

As PD is the second most prevalent neurodegenerdisorder, analysis of parkin is clearly

important from a global health perspective. Indeetarge number of articles on parkin have

154



Discussion

been, and continue to be published. In this stadyAT-parkin fusion protein was synthesized
which effectively transduced cells. TAT-parkin fe&d ubiquitin ligase E3 activity, and
protected against cytotoxicity mediated by the daipargic neurotoxin 6-OHDA. We further
demonstrated that parkin over-expression protempsmhinergic cells against the toxicity of 6-
OHDA. These results are in agreement with thosertép in the first part of the study and
concerning a role of this TAT- recombinant fusiaiotpin in the antioxidant response. Over-
expression of parkin increases the accumulationb@juitin-protein conjugates. Finally, over-
expression of parkin protects cells from inhibitofghe proteosome and autophagy, addressing
the question of whether impairment of the UPS erattophagy-lysosome pathway predisposes
individuals to neurodegenerative disorders suchPBs Incidentally, mutation of parkin, in
which parkin protein has lost its ubiquitinationpaaity, results in loss of neuroprotective
activity: the pathogenetic mutant form R42P of paskas no longer able to protect against the
same toxic stimulus.

What might be the implications of these findings RD? First, these observations strengthen
the concept of applying protein transduction dontachnology as a therapeutic approach to
deliver neuroprotective agents, with emphasis orkipafor PD. Second, thén vitro data
highlight the importance of parkin function in céeracting oxidative stress and proteasomal or
autophagic system dysfunctions, paving the wayéw pharmacological interventions. Parkin
may be a new target for a specific neuroproteaiviherapeutic approach to prevent or halt the
loss of dopaminergic neurons. For this purposélitbg& important in future studies to examine
the neuroprotective capacity of parkin utilizingeats potentially involved in the early phases of

PD, for examplex—syn, as well as parkin neuroprotection in animatiei® of PD.
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