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Introduction



Chapter 1
1.1 Parkinson’s Disease

In the Western countries Parkinson’s Disease (BIHe second most
common neurodegenerative disorder after AlzheimBrsease (AD).
The World Health Organization estimates around aoméion of
affected persons in Europe. The estimated prevaldéribe disease in
the world is 1-2% in people aged more than 65 yandsit rises with
age. The incidence of PD seems to be slightly mighenen than in
women (lifetime risk 2,0% versus 1,3%, respectiye{idutt and
Wooten, 2005; Weintraub et al., 2008).

In general the age of onset is in the early 60siever, in up to 10%
of the cases, PD symptoms could appear also inO4Qears old
persons (Weintraub et al., 2008). Considering tmeeat increase in
life expectancy, PD will have a growing social awbnomical impact

in the future.

1.1.1 Clinical aspects of PD

PD was first described as "shaking palsy” by Jarmaskinson, in
1817. Further studies led to a better definitioriha clinical features
of this progressive neurodegenerative disorder. afays, the
diagnosis of PD is linked to the presence of attl@aof the following
main clinical signs: tremor at rest (involuntaryakimg that is reduced
during voluntary movements), rigidity and bradylsizakinesia

(slowness/failure in initiation and execution o thovements).
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Other common manifestations of PD include the pastimstability

(due to impairment of postural reflexes), difficedt in maintaining the
balance, in walking, in talking. Together with motmpairments, PD
affects also the autonomic function, cognition abdhaviour,

indicating an involvement not only of dopaminergloyt also of

noradrenergic, cholinergic and serotoninergic patysy (Jankovic,

2008; Nutt and Wooten, 2005; Weintraub et al., 2008

The onset of PD is often unilateral and mild, sonsbmes it is

difficult to define exactly the beginning of thesdase. The tremor is
in general the first symptom that is perceivedumto 70% of the

affected patients (Weintraub et al., 2008). Rigigihd bradykinesia
often appear later. In general clinical observaisosufficient to make
diagnosis; however, Positron Emission TomographgT(jPand the

Single Positron Emission Computerized TomograpEST) have

proven as a useful help to the clinicians for défdial diagnosis.

1.1.2 Pathological features of PD

The typical neuropathological hallmark of PD, ahé tause of the
motor dysfunctions in the affected, is the progkessloss of
dopamine-producing neurons located in the pars ectapof the
substantia nigra. The substantia nigra is part@raplex of neuronal
structures, called basal ganglia, involved in thentwl and
coordination of movements and connected to theegpthe thalamus
and other brain areas (Weintraub et al., 2008). [&ble of dopamine
production interferes with the regulatory functiaighe basal ganglia

(Fig.1).
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During the progression of the disease, neurons fsthrar brain areas

become affected, giving rise to the large spectmimsymptoms
(including the not-motor ones) observed in thegrdas (Braak et al.,
2003).
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Figue 1. Schematic representation of the neuronal circuits of the
basal ganglia in physiological conditions (A) and in PD (B). Black
arrows indicate inhibitory signals, while white arrows indicate
excitatory signals. SNc/r: substantia nigra pars compacta/reticul ata;
GPe/i: globus pallidus external/internal segment; VL: ventral lateral
nucleus of the thalamus;, STN: subthalamic nucleus (Adapted from
http://mwawww.unifr.ch/biochem).
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It was calculated that the clinical symptoms of B&come evident

only when at least 60% of the neurons in the sultistaigra are lost
and the striatal levels of dopamine are reducedB®} (Harrison,
Principles of Internal Medicine, McGraw-Hill, 15" ed., 2002).
Post-mortem examination of PD patients usually absvéhe presence
of intracytoplasmic inclusions in the surviving mews of the
substantia nigra and in other areas of the brahes@& inclusions
develop as spindle- or thread-like Lewy neuritidN)Lin cellular
processes or in the form of globular Lewy bodieB)(lin neuronal
perikarya (Forno, 1996; Pollanen et al., 1993).drB spherical, 8-30
um in diameter, protein aggregates with a periphieasd of radiating
filaments and a dense core of granular materiadr{@V et al., 2004).
Their main components are insoluble fibrils of @ggynuclein, a
neuronal pre-synaptic protein (Polymeropoulos etl@97; Spillantini
et al., 1997). LB contain also a variety of otheotpins, such as
neurofilaments (Schmidt et al., 1991), ubiquitirefiibox et al., 1989),
synphilin-1 (Wakabayashi et al., 2000), componeftthe ubiquitin-
proteasome system (li et al., 1997; Lowe et al90)9heat shock
proteins (Auluck et al., 2002) and centrosome-eelafproteins
(McNaught et al., 2002a).

It's important to mention that LB have also beeponted in other
neurological disorders, such as dementia with LeWwgdies
(Spillantini et al., 1998), multiple system atropfBurn and Jaros,
2001), Alzheimer's disease (Giasson et al., 200@) aven Down
syndrome (Raghavan et al., 1993), grouping sonthevh under the
term “synucleinopathies”. Moreover, LB can be foundhe neurons

of the substantia nigra of 10-15% over 65 yearsimdividuals who
9
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died without any evidence of neurological illneBsa@k et al., 2003;

Gibb and Lees, 1988).

1.1.3 Aetiology of PD

Idiopathic PD is sporadic in 90% of cases, withca well-defined
aetiology. It is thought to be the result of a camabion of
environmental factors or toxins, genetic suscelgibiand the aging
process (Weintraub et al., 2008).

Genetic mutations are responsible for 10% of cat@P (Lesage and
Brice, 2009). The SNCA gene, coding for alpha-sjgin¢ was the
first one to be unequivocally associated with faathiparkinsonism
(Polymeropoulos et al., 1997). In addition to thpeent mutations, a
group of families with PD were shown to carry doptions or
triplications of the wild-type gene (reviewed inrdg et al., 2009).
More than ten years after the identification of firat monogenic
form of parkinsonism, clinical studies, genome-witidkage analysis
and positional cloning led to the discovery of sal/éoci and genes
linked to inherited forms of PD (Tab.l). Among themix are
established causative genes for PD (PARK1/4, PARK, %, 8 and
9), while the relevance to the disease of the etliemot yet well
defined (Lesage and Brice, 2009).

Genetic forms of PD are seen more frequently inngeonset PD
(Simuni T. “Diagnosis and management of Parkinsddisease”
Medscape Neurology, Aug. 2007).

Secondary forms of parkinsonism can be caused bgicatgons,

central nervous system infections, toxins, strutlgsions (such as
10
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stroke), trauma or vascular/metabolic disorders i(iv@ub et al.,

2008).

Table 1: current list of genes and loci for parkinsm

A. Loci and genes implicated in PD with conclusivevidence

Locus Map position Gene Inheritance
PARK1/4 4921-923 alpha-synuclein dominant
PARKS8 12p11-q13 LRRK?2 dominant
PARK2 6025-927 Parkin recessive
PARKG 1p36-p35 PINK1 recessive
PARK7 1p36 DJ-1 recessive
PARK9 1p36 ATP13A2 recessive
B. Loci identified in genome-wide linkage screens
PARK3 2p13 unknown dominant

PARK10 1p32 unknown unclear
PARK11 2036-q37 unknown unclear
PARK12 Xq unknown unclear
Pending 2035-036 unknown dominant

C. Genes proposed to be implicated in PD

PARKS 4pla UCHL1 unclear
PARK13 2p12 Omi/HtrA2 unclear
Pending 1921 GBA unclear
Pending 2022-923 NR4A2 (NURR1) unclear
Pending 5023 synphilin-1 unclear

Table adapted form: Bonifati, 2007.

1.1.4 Molecular pathogenesis of PD

Genetic studies of familiar PD cases, together witle useful

information coming from the post-mortem examinasicand thein

vivo and in vitro models of PD shed light on the molecular

pathogenesis of the disease. Nowadays, five maitmological

mechanisms are thought to be responsible for Pbcoordinated and

synergic way:. mitochondrial

dysfunctions,

11

impairgenof the
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Ubiquitin-Proteasome System (UPS), oxidative siressitotoxicity

and protein aggregation (Fig.2)

|LRRK2? | Iu-Synuﬂein\

7 Ubiquitin /
DJ-1 \ L -

Misfolding

Proteasomal Proteasome
dysfunctlons

Excitotoxicity

tca®* = nmpa
receptor

Mitochondrial

dysfunctions datlve

St S/—u‘

En&\ g

depletion \

«-\

&

-

L Aggregation
(Lewy body)

. &
Neurodegeneration

Figure 2: Schematic representation of the molecular pathogenetic
mechanisms of PD. Red arrows indicate gain of function mutations,
while green arrows indicate mutations leading to gain of toxic
function (Adapted from www.hih-tuebingen.de).

Mitochondrial dysfunction:

The first hints of the involvement of mitochondnmathe pathogenesis
of PD came from the discovery of parkinsonian sym in people

exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydragige (MPTP). In

fact, its metabolite 1-methyl-4-phenylpyridinium B¥) is a specific

inhibitor of the complex | of the mitochondrial pasatory chain

(Langston et al., 1983)

Later, it was discovered that also the expositmrother complex |

inhibitors, such as the pesticides rotenone andqoat (reviewed in

12
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Cicchetti et al., 2009), together with aging, irmges the risk to

develop PD (Thiruchelvam et al., 2003).

Moreover, a significant reduction of the activit/tbe complex | of
the mitochondrial respiratory chain has been oleskrin brain,
muscles and platelets from PD patients (Schapial. e1990; Parker
et al., 1989).

Finally, several studies reported mutations in getwding for either
mitochondrial protein or protein involved in mitaoidrial function
(such as Parkin, PTEN-induced kinase-1, DJ-1 and/Hdmz2) in
familiar PD cases (Kitada et al., 1998; Valentalet2004; Bonifati et
al., 2004; Strauss et al.,, 2005), further suggegsta role of

mitochondrial impairments in PD.

Excitotoxicity:
The term excitotoxicity defines the excess of agtigf the excitatoriy

amino acids neurotransmitters abnormally releasegbathological
conditions, causing a calcium-dependent neurodegewe process.

Glutamate-mediated excitotoxicity might occur viaot different
mechanisms in PD. The ‘fast mechanism’ hypothesggeasts that
glutaminergic projections from the subthalamic Buesl to the
sbstantia nigra pars compacta (SNc) are overacteacing to
increased glutamate release and over-activationNd¥lethyl-D-
Aspartate (NMDA) receptors that are present on dopergic
neurons (Bergman et al., 1990).

The ‘slow mechanism’ hypothesis proposes that impamt of
complex | activity in the SNc leads to loss of ATieyersal of the

Na'/K* ATPase and loss of resting membrane potentials Thises
13
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partial depolarization of dopaminergic cell memleramd relieves the

voltage-dependent blockade of NMDA receptors by*Mgausing
these neurons to become susceptible to damagequ@meo normal
physiological levels of glutamate (Beal, 1998; Gmee and
Greenamyre, 1996).

Dysfunctions of the Ubiquitin-Proteasome System$UP

The main function of UPS is to prevent the accummhaof abnormal
proteins in the cells. It performs a continuous i@rimg activity on
the newly-synthesized proteins in order to preextesses of protein
from being damaged. Moreover, it degrades the pretgh abnormal
structures due to biosynthetic mistakes, misfoldiog post-
translational aberrant modifications (Jung et200Q9).

The proteasome is a multi-subunit enzyme complexéd by a
cylindrical catalytic 20S core bound on each sma t19S regulatory
protein. It specifically recognises and degraddy thre proteins that
have been previously tagged with a short chain nwdde 76 amino
acid protein, called ubiquitin. A group of protesamed E1, E2 and
E3 are responsible for the recognition and forubiguitination of the
targets (Cook and Petrucelli, 2009).

In a process that requires energy (ATP), taggetem® are unfolded
and fed into the inner chamber. The proteins age thigested into 6
to 9 amino acids long peptides and released. Thedes can then be
recycled (Cook and Petrucelli, 2009).

The evaluation of human post-mortem brain tissue peovided
considerable amount of evidence implicating pratessd dysfunction

in PD. A significant decrement in proteasomal atstiwas detected in
14
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the substantia nigra of PD patients, when compévealge-matched

controls (Furukawa et al., 2002; McNaught et ab02 McNaught
and Jenner, 2001; Tofaris et al., 2003). In addljt@mccumulation of
ubiquitinated proteins and components of the UPSHwen detected
in LB (li et al., 1997; Lennox et al.,, 1989; Lowe al., 1990;
McNaught et al., 2002b; Schlossmacher et al., 2002)

Treatment with the proteasomal inhibitor lactagystbse-dependently
leads to the degeneration and to the formation yoludein- and
ubiquitin-positive inclusions in cultured neuronglcNaught et al.,
2002b). Moreover, a behavioural and pathologicalengitype
reminiscent of PD was observed also in rats aftgstemic
administration of proteasomal inhibitors (McNauggtt al., 2004;
Schapira et al., 2006; Zeng et al., 2006).

The link between proteasomal dysfunctions and P vather
solidified by genetic studies of inherited formsRID. In particular,
mutations in the genes coding for Parkin (an Euibin lygase) and
UCH-L1 (a Ubiquitin-C terminal Hydroxilase necesséor ubiquitin
recycling), found in rare familiar forms of PD, pide further support
for a central role of UPS dysfunction in the aedithywgenesis of PD
(Leroy et al., 1998; Kitada et al., 1998).

Oxidative stress:

Reactive Oxygen Species (ROS) and free radicals readly
dangerous, since they can irreversibly damage ipsgtBNA and the
lipids of the membranes.

Several signs of oxidative stress were observegdost-mortem PD

brains: in particular, increased levels of lipidrgpadation, protein
15
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nytrosylation (Andersen, 2004) and depletion ofadants (Sian et

al., 1994) were reported in the substantia nigr&Of patients. Also
elevated levels of iron (leading to production gidfogen peroxide
through the so-called Fenton’s reaction) were foumthe substantia
nigra of affected people (Sofic et al., 1991; Gehleet al., 1997).
Moreover, loss-of-function mutations in DJ-1, atpio that has anti-
oxidant properties, have been described in infle® cases, further
suggesting a role of oxidative stress in PD (Bdnétal., 2004).
Finally, it is important to remind that the oxidagiload of the neurons
of the substantia nigra is normally higher thaneothrain regions,
since the physiological enzymatic metabolism antb-axidation of

dopamine involves free radical productions (Grahh978).

Protein aggregation:

The involvement of protein aggregation in the pgdmesis of PD is
obviously supported by the presence of LB and LNPih brains and
by the evidence of PD-causing mutations in alphaiskein as well

(see above). In fact, alpha-synuclein has a phygichl tendency to
aggregate (Wood et al., 1999) and it forms inclusinot only in PD,
but also in other neurological disorders, generedfierred as alpha-
synucleophaties (reviewed in Recchia et al., 2004).

In PD patients, there is no evidence of an incraasize mMRNA levels
of any aggregate-prone protein, not even the anasdfin LB. (Hill et

al., 1993; Kingsbury et al., 2004). Rather, as menin the above
paragraphs, several research groups reported ssctesevel of
oxidative stress, dysfunction of the UPS and ofontibndria, which

could trigger and enhance the mechanisms of pratginegation.
16
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Indeed, it has been shown that free radical attaccknacromolecules

is an important cause of protein damage, misfoléing aggregation
(Grune et al., 2004) and also pharmacological itibib of

mitochondrial function can induce alpha-synucleggragation in
various models (Betarbet et al., 2000; Fornai gtZ4l05; Lee et al.,
2002b). In addition, as mention above, proteasasgafunction has
been shown to enhance protein aggregation inimotitro andin vivo

studies.

In conclusion, protein aggregation is more likety represent an
indirect secondary effect due to the combinationtber dysfunctions
and abnormalities observed in PD than a primaryseanf PD. A
growing amount of publications suggests that themétion of
inclusions bodies could have a protective role @kanet al., 2004;
Tompkins and Hill, 1997; McNaught et al., 2002b).

17
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1.2 Autophagy

Autophagy is an evolutionary conserved pathway Ivea in the

degradation and turnover of protein, organelles @xagromolecules
in the lysosomes, apart from the already-mentiorgdS. It

encompasses at least three pathways, all of thedmgnn the

lysosomes: microautophagy, chaperone-mediated laagop and
macroautophagy, also referred as autophagy (redieweMartinez-

Vicente and Cuervo, 2007). Microautophagy takesgtaonstitutively
and it is characterized by a direct engulfment oftipn of the

cytoplasm in the lysosomes via encocytotic-like hatsms.
Chaperone-mediated autophagy is responsible foddgeadation of
unfolded proteins: they are carried to the memltwaf¢he lysosomes
by specific chaperones and then inside the lysosotheugh the
Lamp2a receptor. It is enhanced under stress donslit
Macroautophagy is thought to be responsible fordegradation of
aggregates and organelles (Rideout et al.,, 2004gluding

mitochondria. It involves the formation of doublembrane vesicles,
called autophagosomes, which fuse with lysosomes faon

autophagolysosomes, where the content is degradiéattifiez-

Vicente and Cuervo, 2007) (Fig.3).

Autophagy is regulated principally via two signadji pathways: the
class | and Il phosphatidylinositol 3-kinases (RI3pathways; the
first one, which involves the kinase mammalian €a@Qf Rapamycin

(mTOR), promotes normal cell growth but it has pressive effect on

18



Chapter 1
autophagy, while the second is essential for awgphinduction

(Todde et al., 2009)

Microautophagy

Autophagosome

Chaperone-mediated
autophagy

Q)
3

Lampsz . Chaperone

h Unfolded
substrate

O Permease

Lysosomal
hydrolase

Cytoplasm

~“ . Autophagolysosome

Figure 3. Schematic overview of the autophagic pathways (adapted
from Mizushima et al., 2008).

Growing evidence proposes that impairments of dagp-related
catabolic mechanisms could be involved in the pg¢hesis of PD.
For example, loss-of-function mutations in the B@mmal ATPase
ATP13A2 have been recently described in an autosoet@ssive
form of an early-onset parkinsonian syndrome wiggaeheration and
dementia (Ramirez et al., 2006). Furthermore, it wWlamonstrated
that the suppression of basal autophagy in mice sudicient to
induce neurodegeneration and deficits in motortiong accompanied

by the presence of inclusion bodies in neuronsdtéaal., 2006).

19
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1.3 Synphilin-1

Synphilin-1 is a 919 amino acid protein predomihaeipressed in
neurons, mainly at the pre-synaptic terminals (l€riig2004). In
human brain, synphilin-1 is mainly found in Purlenjnigral and
pyramidal neurons (Engelender et al., 2000; Ribeitoal., 2002;
Murray et al., 2003). It can be detected predontigass a 90 kDa
isoform; however, some variants with different nool@r weight
(120, 65 and 50 kDa) are also detectable, suggetienpossibility of
alternative splicing or post-translational procegsiof synphilin-1
(Murray et al., 2003).

Several domains have been identified in synphilirsttucture,
including six ankyrin-like domains, a coiled-coilbmain and an
ATP/GTP-binding motif (Krtiger, 2004). The physioicg function
of synphilin-1 is still unknown. It has been iddéie as an alpha-
synuclein-interacting protein by using yeast twdihy screenings
(Neystat et al., 2002; Engelender et al., 1999) amelport suggested
that it may play a role in the control of vesialafticking, possibly by
mediating the interaction of alpha-synuclein wikie tnembranes of
the synaptic vesicles (Ribeiro et al., 2002). A eptil role of
synphilin-1 in modulating the proteasomal functisas suggested by
a study reporting a direct interaction of synphilinvith the regulatory
S6 subunit of the proteasome (Marx et al., 200The©Omembers of
regulatory components of the proteasome were pusiyiamplicated

in other neurodegenerative disorders, i.e. spastiaplegia and ataxia

20
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(SCA3) (Hazan et al., 1999; Doss-Pepe et al., 2MEsumoto et al.,

2004).

The identification of synphilin-1 as a substratetlod PD-associated
ubiquitin E3 ligase Parkin (Chung et al., 2001) itsrdegradation by
the proteasome (Chung et al., 2001; Lee et al.2&080stablished the
first link of synphilin-1 with the pathogenesis BD. Furthermore, it
has been shown that synphilin-1 can be ubiquitthaiso by other
three E3 ligases: dorfin, SIAH-1 and SIAH-2 (ltoa¢t 2003; Nagano
et al.,, 2003; Liani et al., 2004). Interestinglyi, these ligases (and
Parkin as well) are components of LB in the brdi®D patients and
therefore they may be related to neurodegeneréBohlossmacher et
al., 2002; Ito et al., 2003; Liani et al., 2004).

In addition, synphilin-1 itself is present in theajority of LB in PD
brains (Wakabayashi et al., 2000) and it can speaasly form LB-
like inclusions also when it is overexpresseditro (O'Farrell et al.,
2001) andnvivo (Nuber et al., 2010).

Besides protein aggregates, transgenic overexpresdi synphilin-1
in mice caused also neuronal degeneration and hutarial
abnormalities, together with significant reductioinboth motor skill
learning and motor performance (Nuber et al., 2010)

The amino acid substitution R621C of synphilin-lhieth was
identified in two German PD patients, was relatedah increased
susceptibility to cellular stregs vitro (Marx et al., 2003) and to a
more severe pathological phenotype vivo (Nuber et al., 2010).
Moreover, recent studies focused on the aggregatexig properties
of synphilin-1 showed that the ankyrin-repeat domarbouring the

21
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R621C substitution is critical for the aggregatioh the protein

(Zaarur et al., 2008).

However, subsequent genetic studies observed the sare variant
also in healthy controls, allowing no firm confirima of the
relevance of the mutation in PD pathogenesis (Mghia., 2008).

22
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1.4 Mitochondrial morphology, fission and fusion

The central nervous system has an intense demanditechondria:
the human brain consumes 20% of resting metabolezgy while
comprising only 2% of total body mass (Silver armedinska, 1998).
More than 95% of ATP used by the brain is produded
mitochondria. In neurons, ATP is needed for esakfunctions, such
as the maintenance of ionic gradients, neurotratesmsynthesis,
synaptic vesicle mobilization, release, and reoggliand local protein
translation and degradation (Yang and Lu, 2009).

Mitochondria exhibit dynamic structural changesvivo: in addition
to the classical kidney bean shape of individuabationdrion, they
are commonly found as extended reticular and tuboktworks.
These elaborate mitochondrial networks are extrgnminamic,
undergoing frequent processes of fission and fusioorder to serve
the needs of the cells and to respond to the emwiemtal cues
(Okamoto and Shaw, 2005).

Fission and fusion of mitochondria require distioohserved GTPase
proteins and their binding partners acting at ntowrial membranes
(Fig.4). In mammals, the key molecules for mitoathaed fission are
hFisl and Drpl (dynamin-related protein 1). Theasmy process,
mitochondrial fusion, is controlled by mitofusinglfq) and OPA1 in
mammalian cells. Mfn1 and Mfn2 localize on the outeembrane of
mitochondria and may directly mediate mitochondrialter-
membrane fusion. OPAL resides in the intermembspaee and it is

essential for inner-membrane fusion (Chan, 2006).

23



Chapter 1

Inner membrane
Outer membrane

Figure 4: Schematic overview of the processes of mitochondrial fusion
(A) and fission (B). (Adapted from Youle and Karbowski, 2005).

OPAL1 has further been implicated in maintaining ¢hstae structure
in mitochondria, by forming a complex including wole and
membrane-bound forms of OPA1 at the cristae junsti@riparic et
al., 2004).

Nevertheless, the physiological advantages of a amhm
mitochondrial population are still unclear. It wapeculated that
fission facilitates mitochondrial biogenesis, prdeso the
compartmentalization of mitochondrial functions (\gaand Lu, 2009)
and facilitates mitochondrial transport in axon aetdrites (Misgeld
et al., 2007). Fusion is thought to promote intéochondrial
cooperation, such as the transmission of membratential and the
exchange of mitochondria contents (Yang and Lu920@ particular,
mitochondrial DNA (mtDNA) exchange between mitoctina could
lead to complementation of mtDNA lesions (Ono et @001).

24
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Moreover, two key functions of mitochondria, electrtransport and

regulation of apoptosis, are affected by disruptimin molecules
involved in mitochondrial fusion and fission (Ch&006).

The importance of fission and fusion mechanismpe@ally for the
neurons, is confirmed by several genetic studiesided on their
molecular regulators. In particular, mutations dPA1l have been
linked to an autosomal-dominant optic atrophy, Wwh&characterized
by loss of visual acuity caused by degeneratiometihal ganglion
neurons (Delettre et al., 2000). Waterham and cikers recently
identified a lethal mutation in the Drpl gene ineavborn human with
microcephaly, lactic acidemia, and optic atrophyafévham et al.,
2007). Deficiency of the Drosophila homologue afsion molecule
Drpl caused a severe loss of presynaptic mitociendin

neuromuscular junctions, leading to neurotransimisdailure after
intense stimulation (Verstreken et al., 2005). Bnamutations of
Mfn2 are implicated in the Charcot-Marie-Tooth @ise-subtype 2A
(CMT2A) neuropathy, characterized by aggregation afonal

mitochondria in the peripheral nerves (Verhoeveal.e2006).

25
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1.5 HtrA2/0Omi

High temperature requirement A2 (HtrA2)/Omi is a ld9a nuclear
encoded serine protease that localizes principatty the
intermembrane space of mitochondria. Small amoahtdtrA2/Omi
are found also in the nucleus and in the endoplaseticulum (Gray
et al., 2000; Kuninaka et al., 2007; Martins et2002).

It was first isolated in yeast two hybrid screemingsing Mxi2, a
splice variant of the stress-activated kinase p3&ait (Faccio et al.,
2000). HtrA2/0Omi is a member of a well-conservedifg (called
HtrA) of serine proteases which are found in magtaeyotes and
prokaryotes (Koonin and Aravind, 2002; Sagan, 1967)

HtrA2/Omi is expressed as a pre-peptide with tHivdieng domains
(Fig.5): a C-terminal mitochondrial targeting seogces a putative
transmembrane domain, a protease catalytic dommairaaPDZ (Post
synaptic density protein PSD95, Drosophila discgdartumour
suppressor DIgA and Zonula occludens-1 protein )zgfotein

interaction domain.

IBM
V.
mts] T[] N "
1 31 105125 166 342 364 445 458
A141S S276C G399S R404W

Figure 5: Schematic overview of the domain structure of HtrA2/Omi.
Arrows indicate the PD-associated mutations described by Strauss,
Bogaerts and colleagues and the mutation identified in the mnd2 mice.
MTS. Mitochondrial Targeting Sequence; TM: TransMembrane
domain; IBM: Inhibitor of apoptosis proteins Binding Motif.
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The amino acids Tyrl47, Phel49 and Phe256 corestitat

trimerization motif responsible for the trimericréle-dimensional
structure of the protein, necessary for its actiilii et al., 2002).

The activity of the protease domain appeared tmbdulated by the
PDZ domain (Li et al., 2002; Wilken et al., 200%he transmembrane
domain is cleaved off during the proteolytic matima process,
revealing a highly conserved inhibitor of apoptogisteins (IAPS)
binding motif (IBM) in the mature HtrA2/Omi (Li etl., 2002).
Apoptotic stimuli that involve mitochondria (such mcreased G
ROS or decreased mitochondrial membrane potengal) to the
release of HtrA2/Omi from the intermembrane spacéhe cytosol.
Once in the cytoplasm, HtrA2/Omi is known to cleas@me anti-
apoptotic proteins, including the IAPs, promotirgpgtosis in both a
caspase-dependent and -independent way (Kroermakr 2007).
However, recent evidence shed light also on theniatl protective
effects of HtrA2/Omi. It has been reported that theeraction of
HtrA2/0Omi with the mitochondrial Mpv17-like proteiprotects the
mitochondria against cellular stress, reducing R@S8els and
stabilizing the mitochondrial membrane potentiati¢K et al., 2008).
On the other way round, loss of HtrA2/Omi causesuawlation of
misfolded proteins in the mitochondria, defectivespiration,
increased ROS an eventually neuronal cell deathigdilet al., 2009).
The role of HtrA2/Omi in the protein quality contravithin
mitochondria is also supported by a further studipwsng that
HtrA2/Omi plays a role in the clearance of accurtingga misfolded
proteins upon inhibition of the proteasome (Radka.¢ 2008).
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A first link between HtrA2/Omi and neurodegeneratibas been

established by the identification of Omi/HtrA2 aspeesenilin-1-

interacting protein in yeast two-hybrid assays (@uet al., 2004).
Mutations in presenilin-1 are responsible for inieel forms of early-

onset Alzheimer's disease. Furthermore, HtrA2/Onaisvehown to
interact with the AD-associated amyloid precursatgin (Park et al.,
2006; Huttunen et al., 2007). Recent evidence sigdelso a link of
HtrA2/Omi with Huntington’s disease (Inagaki et, 2008).

The characterization of the mnd2 mouse model ofomoieuron

disease led to the identification of a loss-of-fimt mutation (S276C)
of HtrA2/Omi. Interestingly, the mutant mice disygdal a clear, early-
onset neurodegeneration, muscle wasting and dgadB blays of age
(Jones et al., 2003). Recently, a neurodegeneratiemotype with

parkinsonian features has been defined also in Kimd2 knockout

mice (Martins et al., 2004). On the other hand, rileeron-specific
overexpression of HtrA2/Omi in mice did not inducereased cell
death (Liu et al., 2007). Taken together, the patfical phenotype
resulting from loss of function of HtrA2/Omi andethack of toxic

effects of overexpressed HtrA2/Omi in mice, hightigthe

physiological relevance of HtrA2/Omi in mitochormirhomeostasis,
rather than its pro-apoptotic function, in neurons.

Two missense mutation of HtrA2/Omi affecting itszgmatic activity

were identified in a cohort of sporadic German Rilignts (Strauss et
al., 2005). An additional missense mutation wascidesd in a

Belgian population of sporadic PD patients (Bogaet al., 2008).
These results, however, were not confirmed by twloero studies

(Ross et al., 2008; Simon-Sanchez and Singletdd8)20vhich found
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the same mutations also in healthy controls, rgiasinlebate about the

role of genetic mutations of HtrA2/Omi in PD.
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1.6 Scope of the thesis

Here, we aimed at enhancing our understandingeofrtechanisms of
protein aggregation and mitochondrial dysfunctiansl its potential
interplay contributing to the pathogenesis of PD.addition, we
wanted to elucidate the possible pathogenetic obléwo proteins
whose involvement in PD is not yet well definednglilin-1 and

HtrA2/Omi.

In particular, we used HEK293 cells overexpresswityl type or

R621C mutant synphilin-1 to study the dynamics abtgn

aggregation and to evaluate if autophagy activatary influence cell
viability by modulating synphilin-1 aggregation. WWevestigated also
the effects synphilin-1 overexpression and aggregaton

mitochondrial function.

Moreover, we studied the consequence of loss AH®mMI protein

on mitochondrial function, morphology and homeastas fibroblasts
from knockout mice, as well as in HeLa cells andDirosophila

melanogaster cells.
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Abbreviations used in the text:

PD: Parkinson’s Disease; WT: wild type; LB: Lewy ddes; ROS:
Reactive Oxygen Species; MMP: Mitochondrial Memler&wotential;
EGFP: Enhanced Green Fluorescent Protein; LC3: otulbule-
associated protein 1 light chain 3; PCR: Polymefaisain Reaction;
PI3K: phosphatidilinhositol-3-phosphate kinase; WUPSbiquitin-
Proteasome System; TMRE: TetraMethylRhodamineEstgte
FACS: Fluorescence-Activated Cell Sorting; GAP-DH:
GlycerAldehyde-3-Phosphate DeHydrogenase, mTOR: nraian
Target Of Rapamycin Ac-DEVD-AMC: Acetyl-Asp-Glu-\f&sp-
Chloromethylcoumarin.
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Abstract:

Intracytoplasmic protein aggregates called Lewy iBed(LB)
characterize the neurodegeneration in Parkinsonsed3e (PD).
However, whether aggregates are linked to cellldeathey represent
a protective mechanism is debated. Recent studiggest that
autophagy participates in the degradation of cwspic protein
inclusions.

Synphilin-1 is a protein that is present in LB ahdt interacts with
key elements of PD pathogenesis, suchua&ynuclein. Our group
described a point mutation in synphilin-1 in twor@an PD patients.
Overexpression of synphilin-1 in various cellulaodels leads to
cytoplasmatic inclusions that fulfil the criteriaf aggresomes,
dynamic structures formed under proteolytic stoeswitions.

We used HEK293 cells overexpressing wild type (VWF)R621C
mutant synphilin-1 to evaluate if autophagy actaatmay influence
cell viability by modulating synphilin-1 inclusiondMoreover, we
studied also the effects synphilin-1-overexpressiat aggregation on
mitochondria.

We observed co-localization of synphilin-1 inclussowith autophagic
structures under basal conditions. Moreover, théva®n of
autophagy by rapamycin and trehalose reduced tleemge of cells
bearing WT and R621C synphilin-1 inclusions. Howevéhis
treatment couldn’t protect the cells from apoptosisiuced by
MG132-mediated proteasome inhibition.
Synphilin-1-overexpressing cells revealed highervele of

mitochondrial reactive oxygen species and reducebchondrial
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membrane potential compared to empty vector canti®Rbpamycin

treatments were not able to compensate for thegaiiments.

To conclude, we demonstrated that synphilin-1 agmres are a
target of lysosomal degradation and that their raleee can be
modulated by autophagic pathways. However, thevatobtn of

autophagy couldn’'t rescue synphilin-1-overexprassicells from

MG132-induced apoptosis or from mitochondrial dystion related
to synphilin-1-overexpression. Thus, our findinggp@ort the view
that aggresomes are actively built to remove exses$ noxious
proteins; however, the enhancement of their clezrafia autophagy
is not sufficient to protect against proteasome ibiion and

mitochondrial impairments in the presence of higivels of

aggregate-prone proteins.

Key words: Aggregation, clearance, autophagy, apoptosis,

mitochondria.
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Introduction:

Parkinson's disease (PD) is a neurodegeneratigedéischaracterized
by severe motor impairments. Clinical symptoms appgon loss of
the majority of dopaminergic neurons in the suldsanigra pars
compacta and neurodegeneration is pathoanatomichHyacterized
by neuronal cytoplasmatic inclusions called Lewydigs (LB).
Mutations identified by genetic studies in rareanted forms of PD
suggested that protein aggregation and dysfunctdnprotein
degradation machinery, together with mitochondimlpairments,
could be important features of the pathogenesRb{Betarbet et al.,
2002). In particular, mutations in the gene encgdifpha-synuclein
shed light on this cytoplasmic protein, which hageadency to
aggregate also in its physiological form and repmés the major
component of the LB in brains of mutation carriarsl sporadic PD
patients (Polymeropoulos et al., 1997; Singletoal.e2003).
Synphilin-1 is a presynaptic protein predominandypressed in
neurons whose function is still unknown. It hasrbéest described as
an alpha-synuclein-interacting protein (Engelereteal., 1999) and a
report suggested that it is related to the syndptictions of alpha-
synuclein and involved in controlling the traffioki of synaptic
vesicles (Ribeiro et al., 2002). First evidence #&orelation to PD
pathogenesis came from studies showing that synghilis a
substrate of the PD-associated ubiquitin E3 ligaagkin (Chung et
al., 2001), and that ubiquitination of synphilindeads to its
degradation by the proteasome (Chung et al., 2084 et al., 2002).

More evidence for an involvement of synphilin-1 jmoteasomal
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degradation comes from its interaction with thequiiin E3 ligase

SIAH-1 and the proteasomal subunit S6 ATPase (Leral., 2004;
Marx et al., 2007). An amino acid substitution R624f synphilin-1
that was first identified in two German PD patiemss related to an
increased susceptibility to cellular stress inovifMarx et al., 2003).
However, subsequent genetic studies observed the sare variant
also in non-affected controls, allowing no firm chrsion on the
pathogenic relevance of the mutation. Recent io gtudies revealed
that mice overexpressing synphilin-1 display sigaiit motor
impairments and neuronal degeneration with mitodniah
alterations, more pronounced in mice overexpresshg R621C
variant (Nuber et al., 2010).

Synphilin-1 is present in of the majority of LB lmmains of PD patients
(Wakabayashi et al.,, 2000) and it was reported thatcan
spontaneously form LB-like inclusions when it iseo@xpressedn
vitro (O'Farrell et al., 2001) anan vivo (Nuber et al., 2010).
Interestingly, previous publications showed that alggregates formed
by synphilin-1 display the key features of the atlet] “aggresomes”
due to their perinuclear localization and their ifpes staining for
typical markers (Tanaka et al., 2004; Marx et2007).

Aggresomes have been characterized as inclusiatisdbthat form at
the centrosome in response to proteolytic strestington et al.,
1998). They probably represent an active attemperibance the
degradation of aggregated proteins involved in sdve
neurodegenerative disorders (PD, multiple systemophy and
polyglutamine-repeat disorders such as HuntingtobDsease;

reviewed in Schulz and Dichgans, 1999); in factythre enriched of
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chaperones and components of UPS (Garcia-Mata, 19819; Junn et

al., 2002). Supporting the protective role of aggrees, it was
reported that there is a close correlation betvaggmesome formation
and cell survival (Taylor et al., 2003; Muchowskiaé, 2002).

It was further demonstrated that aggresomes triggaphagy-related
mechanisms to promote the clearance of the aggegatterial in
basal conditions (Wong et al., 2008; Fortun et 2003) and upon
proteasomal dysfunctions (Lim et al., 2006; Rideetual., 2004). In
particular macroautophagy (also called autophagylhought to be
responsible for the degradation of aggregates anghnelles,

including mitochondria. It involves the formatiohdouble membrane
vesicles called autophagosomes, which fuse witbslysies to form
autophagolysosomes, where the content is degradiéattifez-

Vicente and Cuervo, 2007).

There is evidence that LB may represent the in oeorelate of
aggresomes observed in cell culture models. In, faBt contain

typical markers of aggresomes (McNaught et al. 220Bloreover, it

was observed LB-bearing neurons appear generadlighiier that the
ones without aggregates in the substantia nigraPDf patients
(Tompkins and Hill, 1997). It was suggested alsat thB could

represent aggresomes that failed to be properlgladrnor removed
(Olanow et al., 2004). Thus, the dynamics of protygregation and
the possible mechanisms responsible for the copemtessing and
eventually degradation of the aggresomes is of majterest to
understand molecular mechanisms of neurodegeneiati®D.

In our study we used HEK cells stably overexprassiynphilin-1 as a

cellular model to evaluate the possible role ofophagy in the
57



Chapter 2
degradation of aggresomes and the effects of tte@npdcological

modulation of autophagic pathways on cell viability

Dysfunctions of mitochondria represent a typicatfiee of PD; for

example, a significant reduction of the activitytbé complex | of the
mitochondrial respiratory chain has been observedD patients

(Schapira et al., 1990; Parker et al., 1989). Iditaxh, mutations in

genes encoding either mitochondrial proteins otgang involved in

mitochondrial function (such as Parkin, PTEN-indli&gaase-1, DJ-1
and Omi/HtrA2) were identified in PD (Kitada et,al998; Valente et
al., 2004; Bonifati et al., 2004; Strauss et &0%). Since also the first
transgenic models of synphilin-1 overexpressionnite showed

mitochondrial dysfunction and protein aggregatiddulger et al.,

2010), we included analyses on the status of thecmondria in our

synphilin-1-overexpressing cells and we evaluatetetiver the

manipulation of synphilin-1 aggregation may inflaermitochondrial

homeostasis.
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Experimental procedures:

Cellular model and chemicals:

The cloning process of human synphilin-1 (GenBardceasion
number NP_005451) into the pEGFP-N1 expressiorovégCiontech
Laboratories, CA, USA) has been described prewo(SIFarrell et
al., 2001). Mutagenesis to introduce the R621C anaiaid change
was performed using a transformer site directedagernesis Kit
(Clontech Laboratories, CA, USA) and then the pidsmwere
sequenced to verify their identity. FLAG-tagged egsion constructs
of wild-type (WT) and R621C synphilin-1 were gertethby PCR
using primers introducing 8 FLAG tag. The constructs were cloned
into the pcDNA3.1 vector (Invitrogen, CA, USA) beten Xhol and
HindlIl sites.

To generate stable polyclonal cellular lines ovpregsing WT and
R621C mutant synphilin-1-EGFP fusion protein and Ahd R621C
mutant FLAG-tagged synphilin-1, HEK293 cells weransfected
with 2ug of the corresponding construct using FUGENE (Rpch
Germany) according to the manufacturer’s instrungtioln addition,
the empty vectors were transfected in HEK293 callsorder to
generate control cell lines. Transfected cells wsekected adding
0,7mg/ml G418 (Clontech Laboratories, CA, USA) te tculture
medium.

FLAG- and EGFP-tagged synphilin-1 overexpressindKHElls were
cultured in Dulbecco’s Modified Eagle’s Medium (DME
supplemented with 10% foetal bovine serum (FBS),pE¥icillin and

59



Chapter 2
streptomycin (Invitrogen, CA, USA) and 0,7mg/ml @4ZLells were

grown at 37° C in a humidified atmosphere contajrbflo CQ.
Concerning the chemicals that were used in thdysttapamycin was
purchased from Calbiochem (CA, USA), while trehalaihydrate,
MG132 and wortmannin were from Sigma (MO, USA).

Western Blotting:

Western blot experiments were performed as prelyiodsscribed
(Marx et al.,, 2003). Briefly, cells were washed twitold PBS,
harvested by centrifugation and then resuspenddgsis buffer (1%
Triton X-100 in PBS and Complete protease inhibit&oche,
Germany). After incubation for 30 min on ice, thgsdtes were
centrifuged at 13000 rpm for 30 min at 4° C to rgmansoluble
matters. Total protein concentration was measuyedsing Bio-Rad
protein assay kit (Bio-Rad, Germany). Equal amoohfsotein (3Qug

per lane) were loaded on SDS—-PAGE gels and subjette
immunoblot analysis using the following antibodiastbbit anti-

synphilin-1 polyclonal antibody, mouse afiti-actin polyclonal
antibody (Sigma, MO, USA), rabbit anti-PARP polyté antibody,
rabbit anti-GFP monoclonal antibody, rabbit antepbho-mTOR
polyclonal antibody, rabbit anti-mTOR polyclonal timody (Cell

Signaling, MA, USA) and anti-Complex IV-subunit-1onoclonal

antibody (MitoSciences, OR, USA). For densitomeamalyses of the
signals, the ImageJ software (Rasband, W.S., Imdg&l National
Institutes of Health, USA, http://rsb.info.nih.ggk/1997-2007) was
used.
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Fluorescence microscopy in living cells:

The inclusions formed by synphilin-1 and the acidiganelles were
studied using a Cell Observer inverted microsco@arl( Zeiss,
Germany) at 37° C with 5% CO in living cells. EGEyphilin-1
overexpressing HEK cells and empty vector contrellscwere
cultured in Lab-TeR Il chambered coverglasses (Nalge Nunc
International, NY, USA). ilg/ml Hoechst 33342 (Molecular Probes,
USA) in culture medium was used to stain nucleijlevlysosomes
and acidic organelles were stained with 200 nM [yackef’ Red
(Invitrogen, USA) in culture medium for 10 minui&s37° C.

Pictures were taken with an AxiorCamMRm camera &e&&ermany)
and then analyzed with AxioVision software (Zei€ermany). For
the quantification of synphilin-1-positive inclus® more than 100
cells for each sample in randomly selected micrpiectields were
analyzed; the experiments were performed threestimigh similar

results.

mmunocytochemistry:

To study the co-localization of synphilin-1-poséiinclusions withy-
tubulin, WT and R621C EGFP-synphilin-1 overexpnegstells and
the empty vector control cells were grown on calagoated glass
coverslips for two days and then fixed with 4% fatdehyde in PBS
for 15 min and incubated with 0.3% Triton X-100RBS for 30 min.
After blocking with 10% FCS in PBS for 30 min, tlells were
labelled at 4°C overnight with a mouse apntubulin monoclonal
antibody (Sigma, MO, USA). The next day the cele&sewvashed with

PBS and labelled with a Cy2-conjugated anti-mouseosdary
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antibody (Dianova, Germany). The nuclei were stingh 1ug/ml

Hoechst 33342 (Molecular Probes, USA).

To study the co-localization of synphilin-1-poséivnclusions with
the marker of autophagosomes microtubule-assoc@taein 1 light
chain 3 (LC3), WT and R621C FLAG-synphilin-1 ovepeassing
cells and the empty vector control cells were growm collagen-
coated glass coverslips and transfected with GFB-LEindly
provided by Tassula Proikas-Cezanne, University Tafbingen,
Germany) using FUGENE HD (Roche, Germany) accordinghe
manufacturer’s instructions. Forty eight hours raftansfection, the
cells were fixed, permeabilized and blocked as rilmsd above. To
detect FLAG-synphilin-1, an anti-FLAG rabbit polgalal antibody
(Sigma, Germany) and a Cy3-conjugated anti-rabl@tosdary

antibody (Dianova, Germany) were used.

Caspase-3 activity assay:

Caspase-3 activity was measured monitoring the &asp-dependent
cleavage of Acetyl-Asp-Glu-Val-Asp-Chloromethylcoarm (Ac-
DEVD-AMC; Bachem, Switzerland) with a fluoresceruased
method. Briefly, WT and R621C EGFP-tagged synpfilin
overexpressing HEK cells and empty vector contrellscwere
cultured in 96-well plates. After the treatmente tells were lysed in
a specific lysis buffer (50 mM Tris-HCI, 120 mM NBGmM EDTA,
0.5% NP-40) for 10 minutes at 37° C and then 11,5Ac-DEVD-
AMC was added. Afterwards, the lysates were incedbdbr 1 hour
and 15 minutes at 37° C and then the emissionuofdscence from

the cleaved Ac-DEVD-AMC was measured by a Mithrdd 240
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cytofluorimeter (Berthold Technologies, Germany)ngsexcitation

and emission wavelengths 360nM and 480nM, respaygtivihe
records were analyzed using the Mikro Win 2000veaite.

Assessment of Mitochondrial Parameters by Fluorescence-Activated
Cdl Sorting (FACS):

Analysis of Reactive Oxygen Species (ROS) prodactio the
mitochondria and of the Mitochondrial Membrane Rog (MMP) in
synphilin-1 overexpressing HEK cells compared t® &mpty vector
control cells was performed using a FACS-based oaetlells were
harvested with 2mM EDTA solution in PBS and waslade with
PBS. To evaluate the production of intramitochaadROS the cells
were incubated with 2uM MitoSOX® (Invitrogen, CASA) in PBS
for 20 min at 37° C. The cells were then washeceosith PBS and
resuspended in PBS.

To study the MMP, cells were incubated with 200nM
TetraMethylRhodamineEthylester (TMRE; InvitrogenA,GJSA) in
Dulbecco’s Modified Eagle Medium (DMEM, Invitroge@A, USA)
for 30 min at 37°C. After staining, the cells wavashed twice with
PBS and then resuspended in PBS. For each sampl@087cells
were analyzed in a CyAnADP apparatus (Beckman €gultsing the
488 argon laser and emission through the PE TegddiRer (613nm)
and the FITC filter (530nm). For all the flow-cytetny
measurements, HEK cells stably overexpressing Wd BR621C
EGFP-synphilin-1 cells were compared to the empgtgtar control
cells. The threshold was set using unstained HEKs and the

percentage of shift in the fluorescent signals determined with the
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Summit version 4.2 software (Dako Cytomation). Tiesults are

presented as relative change compared to the evaptgs controls
and they represent the means of three independqgrgriments

performed in duplicate.

Subcellular fractionation:

Cellular fractionations were performed using a wefitandrial isolation
kit for cultured cells (Pierce, IL, USA), accordingo the
manufacturer’s instructions. The cytosolic and efiendrial fractions
obtained were analyzed by Western blot. In ordexhieck the quality
of the fractionation and the purity of the mitocddal and cytosolic
fraction, a mouse monoclonal antibody against gwthi (Thermo
Scientific, MA, USA) and a mouse monoclonal antipoagainst
GlycerAldehyde-3-Phosphate DeHydrogenase (GAP-DHilipdre,
MA, USA) were used, respectively.
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Results:

Aggregates formed by synphilin-1 in HEK cells are aggresomes:
Consistent with our previous report (Marx et ab02), HEK cells
stably overexpressing EGFP-tagged synphilin-1 spudusly
developed perinuclear circular structures even ha absence of
treatment (Fig.1A). It has been previously showat thynphilin-1-
positive inclusions are immunoreactive to antibedigainst ubiquitin,
20S proteasome subunit, Hsp-70, and to the centronpeoteins
vimentin andy-tubulin (Tanaka et al., 2004; Marx et al., 200a),of
which are markers of aggresomes and found in LB:({(lal., 1997;
Auluck et al., 2002; Kuzuhara et al., 1988).

To confirm that synphilin-1 inclusions in our cédumodel represent
aggresomes, and that they are located at the ecentm
immunofluorescence experiments with antibodies regjaji-tubulin
were performed. Immunoreactivity etubulin localized intensely to
the EGFP-positive inclusions formed by both WT aRé21C
synphilin-1 (Fig.1A).

Another typical feature of aggresomes is their &g to increase in
number and size in response to proteasomal intib{tlohnston et al.,
1998). Therefore, WT and R621C EGFP-synphilin-1rexpressing
cells were treated with MG132 to inhibit the prateaal activity and
analysed by florescence microscopy using live d¢elhging. A
significantly higher percentage of cells bearing FEQyositive
inclusions were counted after 5 hours treatmentis WM MG132 in
both WT and R621C synphilin-1 overexpressing caisipared to the

untreated controls (Fig.1B). In order to study ptitd effects of the
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MG132 treatment on cell viability, Western blot exments were

performed to monitor Poly-ADP-Ribose-Polymerase RPA
cleavage, since PARP is cleaved by Caspase-3 upuction of
apoptosis. We observed no induction of apoptossupe treatment
paradigm; indeed, no difference in PARP cleavagevdsen WT and
R621C synphilin-1 overexpressing cells and emptgtorecontrols
was observed upon treatment for 5 hours witM 31G132 (Fig.4).

Synphilin-1 inclusions are target of autophagic clearance:

To assess whether synphilin-1 inclusions were astsate of

lysosomal degradation via autophagy, we monitoysddomes and
the formation of autophagosomes in synphylin-1 expressing cells
under basal condition.

Stably FLAG-tagged synphilin-1-overexpressing HEKIl and

empty vector controls were transiently transfectéith an expression
vector coding for GFP-LC3-fusion protein and thexed and stained
with an anti-FLAG antibody. We observed co-locdi@a of the

synphilin-1-positive inclusions with LC3-positivetrgctures in a
subset of both WT and R621C synphilin-1 overexpngssells. In the
empty vector controls, GFP-LC3 was diffusely lozatl in the
cytoplasm (Fig.2A).

In addition, acidic organelles and lysosomes (sthinwith

LysoTrackef Red) co-localized with synphilin-1-positive incloss

in living WT and R621C EGFP-synphilin-1-overexptiagsHEK cells

(Fig.2B). In a subset of cells we observed onlytipbco-localization;

however, in these cells the area around the agmesavas enriched
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of lysosomal structures. Lysosomes were more diffusn the

cytoplasm in the empty vector cells (Fig.2B).

Effects on synphilin-1 inclusions due to modulation of autophagic
pathways:

To investigate an involvement of autophagy in tHea@nce of
synphilin-1 inclusions, WT and R621C EGFP-synphilistably
overexpressing HEK cells were treated witivbMG132 for 5 hours
(to increase the amount of aggresomes) and subsguaaltured for
additional 24 hours either in normal medium or e fpresence of
200nM rapamycin or 100mM trehalose. To check farcr effects
on autophagic induction, co-treatments with eitm@pamycin or
trehalose together with the autophagy inhibitor ttvmannin were
performed.

We observed that treatment of cells overexpres®¥ifig or R621C
synphilin-1 with rapamycin and trehalose resultaedai significant
reduction of the number of inclusions. This effeets reversed in the
presence of wortmannin (Fig.3) that blocks autoghlag inhibiting
the components of the Phosphatidyl-Inositol-3-Ken@813K) family.
This indicates that the observed reduction of isicas was
specifically due to an autophagy-dependent degmadahechanism
(Fig.3).

To confirm that the modulation of lysosomal patheay our
experimental condition was mTOR-mediated, we aralythe levels
of phosphorylation of the mTOR kinase in responsadpamycin
treatment. Stably WT and R621C EGFP-synphilin-1lrexpressing

cells and empty vector controls were treated wagpamycin and then
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the phosphorylation of the mTOR kinase was evatLiate Western

blot. After 24 hours of treatment with either 1002600nM rapamycin
the posphorylation of mMTOR was significantly deseghcompared to
the respective untreated controls (Supplementaryg.l}i
demonstrating that our treatments are effectiielacking the mTOR

pathway.

Effects on cell viability due to activation of autopagy:

To test if the enhancement of autophagy could lo¢eptive in cells
that overexpress synphilin-1 as a model of aggieggirone protein,
we investigated the effects of pre-treatments waghamycin against
apoptosis induced by MG132 in our cellular modetll€ stably
overexpressing WT and R621C and empty vector clsntwere
treated with 200nM rapamycin for 24 hours and sgbsetly
proteasomal inhibition was induced byM MG132 for 16 hours. To
evaluate the levels of apoptosis the cleavage dtHPAvas monitored
by Western blot analyses. The ratio of cleaved PRARRength
PARP was not different in the cells pre-treatedhwiapamycin
compared to the cells cultivated in normal mediuefoke the pro-
apoptotic treatment with MG132 (Fig.5). We obsensdendency
towards a reduced cytotoxic effect of MG132 in W& synphilin-1-
overexpressing cells, especially compared to thetgwector control
cells.

Next, we examined whether the activation of autggheould be
beneficial after exposure to a toxic stimulus. #as purpose, WT and
R621C EGFP-synphilin-1-stably overexpressing HEKsand empty

vector controls were treated withl MG132 for 16 hours to in order
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to induce cell death. Afterwards, the cells werkurad for additional

24 hours either in normal medium or in the preseasfcgither 100nM

rapamycin or 50mM trehalose. The cleavage of PAREB analysed
by immunoblotting. Neither rapamycin nor trehalosas able to

rescue the cells from the toxicity induced by MG182 fact, the

amount of PARP cleavage in the cells that recoverigd the normal

culture medium was not different from the cellsatesl with either

rapamycin or trehalose (Fig.6A). Interestingly, tdensitometric

analysis of the immunoblots in Fig.6A revealed redency towards a
better recovery from the cytotoxic effect of MG1i82the HEK cells

overexpressing the WT form of synphilin-1, espdgiabmpared to

the empty vector control cells.

To further investigate the effects of the pharmaglal enhancement
of autophagy on apoptosis, we analysed the actifityhe Caspase-3
in the same experimental setting as shown in Figki&ording to the

results on PARP cleavage, also the enzymatic actofi Caspase-3
was not different in the cells that recovered ie thormal culture
medium compared with the cells treated with eitreggamycin or

trehalose after MG132-treatment (Fig.6B).

Cells overexpressing WT synphilin-1 that were wdatvith MG132

and that then recovered in the presence of norolalre medium or

rapamycin or trehalose showed the same levelssplas®-3 activation

as the respective untreated control cells (Fig.6B).

69



Chapter 2
Effect of apoptosis induction on autopagy-mediated clearance of

aggregates:

We were interested in studying whether the efficatjhe clearance
of synphilin-1 via autophagy could be affected byo-ppoptotic
treatments. For this purpose, we used the samedigaraf treatments
shown in Fig.6: WT and R621C EGFP-synphilin-1-sgabl
overexpressing HEK were treated witliM. MG132 for 16 hours to in
order to trigger cell death. Afterwards, the céldsl 24 hours-washout
either in normal medium or in the presence of 100@llamycin or
50mM trehalose; then, the percentage of the celisibg synphilin-1-
positive inclusion was evaluated by live cell intagi We found that
the post-treatment with rapamycin significantlyueeld the number of
cells bearing aggresomes (compared with the dedls recovered in
the normal culture medium) only in the cells ovemessing WT

synphilin-1 (Fig.7).

Mitochondrial function in synphilin-1-overexpressing cells:

To study the effects of synphilin-1 overexpressiand of the
modulation of its aggregate-forming properties dme tcellular
homeostasis, we focused on mitochondrial functisraa important
interface between energy metabolism and cell death.

The MMP and the content of ROS in the mitochon@fiaVT and
R621C EGFP-synphilin-1-overexpressing HEK cells pared to
empty vector control cells were analysed by FACBgU§MRE and
MitoSOX® staining, respectively.

WT and R621C EGFP-synphilin-1-overexpressing cedgealed a

significant increase of the intra-mitochondrial RO&els and a
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reduction of the MMP compared with the empty veatontrols in

basal condition (Fig.8).

Neither treatments with rapamycin (in the same tars that were
effective in clearing protein inclusion) nor treamts with MG132 (in
both, pro-apoptotic and not toxic conditions) calsignificant effects
of the above-mentioned mitochondrial impairmentggdot shown).

We performed fractionation experiments to isoldte mitochondria
from lysates of WT and R621C EGFP-synphilin-1-oxpressing
cells and empty vector controls. Then the expressfasynphilin-1 in
the two fractions was assayed by immunoblotting. end no

immunoreactivity for synphilin-1 in the mitochonalkiraction (Fig.9).
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Discussion:

Aggresomes have been characterised as inclusiahesbitnat form in
response to proteasome inhibition (Johnston etl8B8) and in the
presence of high levels of aggregate-prone prot@ifieng et al.,
2008). Here we confirmed previous reports showiraj synphilin-1-
positive inclusions fulfil the criteria of aggresem(Marx et al., 2003;
Tanaka et al., 2004) showing that synphilin-1-pesitinclusions in
WT and R621C synphilin-1-stably overexpressing scelb-localize
with y-tubulin as a marker of the centrosome (Fig.1A) #mat the

formation of aggresomes is enhanced by MG132-imdlirdgibition of

the proteasome (Fig.1B).

The formation of aggresomes was found to be cyteptive against
cytotoxicity mediated by polyglutamine-containigof@ins (Taylor et
al., 2003; Arrasate et al., 2004; Muchowski et2002). Moreover, it
was described that bearing aggresomes formed bghg8ynl and

alpha-synuclein confers resistance to apoptoticdesth in conditions
of proteasomal inhibition (Tanaka et al, 2004).

In this context, it was speculated that aggresomag be protective
by promoting alternative clearance pathways of Hggregated
material in conditions of proteasomal dysfunctior, by triggering
autophagy-related mechanisms (Wong et al., 2008tufoet al.,

2003). Indeed, here we observed co-localizationsyfphilin-1-

positive inclusions with autophagosomes and lys@atructures in
WT and R621C synphilin-1-overexpressing cells, also basal

conditions (Fig.2).
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Genetic studies and experiments with animal mogélswed that

impairments of autophagic clearance could be ire@lvin
neurodegeneration in PD (Ramirez et al., 2006; l¢am., 2006) and
that modulation of autophagy could be beneficialrk8r et al., 2009).
Autophagy is regulated by the class | and Ill Pl3ake pathways; the
first one, which involves the kinase mammalian €a@Qf Rapamycin
(mTOR), represses autophagy, while the secondrahees it (Todde
et al., 2009). Rapamycin is a macrolide antibiatat activates
autophagy by inhibiting the kinase activity of mTQRim et al.,
2002). Trehalose is disaccharide that stimulate®phagy in an
MTOR-independent way. Both of these chemicals #iectere in
stimulating the clearance of various aggregateguoteins (Sarkar
et al., 2009; Sarkar et al., 2007).

In this study we observed that both rapamycin aetialose were
effective in reducing the number of aggregates &by WT and
R621C mutant synphilin-1 in an autophagy-dependesy (Fig.3).
We studied also the possible protective effectutbphagy induction
in terms of cell death. Since the experimentalirsgstfor treatments
with MG132 shown in figure 3 didn’t induce apopwtgFig.4) and
dysfunctions of the UPS are involved in PD (revidwe Ross and
Pickart, 2004), we changed our conditions in otdenduce apoptosis
via MG132-mediated proteasomal inhibition.

Pre-treatments with rapamycin were not able touessynphilin-1
overexpressing cells from MG132-induced apoptosig.b). This
result is in contrast with a recent report showthgt autophagy
activation by rapamycin has a protective role inparadigm of

rotenone-induced cell death in alpha-synuclein-exgressing
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dopaminergic cells (Dadakhujaev et al., 2010). Tihdicates that

prolonged blockage of proteasome by MG132 may teadfailure of
the protective effect of rapamycin, while the eféeof rotenone (that
targets complex | of the mitochondrial respirataiyain) may be
compensated by previous activation of autophagy.

We also observed no protective effect of trehaboskrapamycin after
apoptosis induction by MG132 in synphilin-1-overeegsing cells
(Fig.6). This is in line with another study thavealed a failure of
activation of autophagy to rescue cultured embryaorat cortical
neurons from apoptosis previously induced by psmeee inhibition
(Rideout et al., 2004).

Interestingly, we observed significantly reducedels of caspase-3
activation in WT synphilin-1 overexpressing celtsrgared to R621C
synphilin-1 overexpressing cells and empty vectontwls after
treatment with MG132. This supports recent obseuat that
overexpressed WT synphilin-1 promotes cell growtid aonfers
protection against cellular stress by reducing assf8 activation and
PARP cleavage (Li et al., 2010). Indeed, it waswshdhat, under
apoptosis induction, caspase-3 cleaves synphilithén, the C-
terminal fragment of synphilin-1 is able to inhibirther pro-caspase-
3 activation leading to reduced levels of activepese-3 and cleaved
PARP (Giaime et al., 2006). Accordingly, we alse@tved protection
from MG132-induced apoptosis in cells overexpreassivT
synphilin-1 (Fig. 6B). Moreover, it can be speceththat the lack of
protection observed in the R621C synphilin-1 ovpressing cells
may be due to an impairment of the pro-survivalcfion of C-

terminal synphilin-1 fragment due to interferencéthwcaspase-
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mediated cleavage, as the R621C amino acid-sullistitis located in

the critical C-terminal fragment of synphilin-1.

After inducing cell death with MG132, subsequenpamycin-
mediated activation of autophagy effectively redldbe level of
aggregates only in WT synphilin-1-overexpressinglscevhile no
effective clearance of R621C synphilin-1 aggregates observed
(Fig.7). Considering that R621C synphilin-1-ovem@gsing cells
were more susceptible to MG132-induced apoptosispened to the
WT cells (Fig.6B), this result is in line with acent publication
showing that autophagy-dependent clearance of ggtg®is linked to
metabolic activity of the cells (Yu et al., 2009Ye hypothesize that,
after the toxic treatment with MG132, R621C syniphil-
overexpressing cells are more compromised comptrethe WT
synphilin-1-overexpressing cells. As a consequeR62,1C synphilin-
1-overexpressing cells could lack the energy ressuito actively
remove synphilin-1 aggregates via autophagy after-apoptotic
treatment with MG132.

Interestingly, we observed that cells treated WjiM MG132 for 16
hours and then cultured in normal growth medium thadsame levels
of aggregates as the untreated controls (Fig.7)is Tihdicates
important differences compared to an alternativ-toxic treatment
paradigm with shorter incubation and higher doddd©@132 (shown
in Fig.1B). This difference may mean that a prokshgViG132-
incuced inhibition of the proteasome itself is gt to stimulate the
autophagic clearance of the aggregates, as recdmlyn (Rideout et
al., 2004; Y. Bang, K. Kim and H. Choi “Role of aphagy in the

pathogenesis of Parkinson’s disease” Program No0.18282009
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Neuroscience Meeting Planner, Chicago, IL, SodietyNeuroscience

2009. Online).

As mentioned in the introduction, synphilin-1 watentified as the
first alpha-synuclein-interacting protein that s®arthe same
subcellular localization under physiological coradis and that is
involved in protein aggregation in relevant braieas in PD together
with alpha-synuclein (Ribeiro et al., 2002; Neystdt al., 2002).
Recently, direct effects of alpha-synuclein overesgpion on
mitochondrial function, i.e. reduced activity ofethmitochondrial

complex | and increased oxidative load were desdrifHsu et al.,
2000; Devi et al., 2008). Moreover, it was dematstl that alpha-
synuclein possesses a potential N-terminal mitodhah targeting

sequence that mediates its direct translocatiothéo mitochondria
(Devi et al., 2008; Li et al., 2007).

Here we report first evidence for a functional innpeent of

mitochondria due to overexpression of WT and R6&yaphilin-1, as
delineated by increased levels of intramitochondf®OS and

decreased mitochondrial membrane potential comp#yedontrols

(Fig.8). This correlates with ultrastructural moopdgical changes of
the mitochondrial network observed in synphilinademexpressing
mice (Nuber et al., 2010). This effect was not tuéirect effects of
synphilin-1 in the mitochondria, as no translocatad the protein to
the mitochondria was found based on subcellulatitraation (Fig.9).

This argues in favour of indirect effects on mitootrial function.

It is well-known that mitochondria are carried ajaime microtubules
using kinesin and dynein (Zinsmaier et al., 2060®¥thermore, it was

published that dynein could be involved also in firecesses of
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fission and fusion, which are essential for the ntemiance of the

correct morphology and function of the mitochondNaradi et al.,
2004).

Since aggresomes are also transported along miciesiin a dynein-
dependent way (Garcia-Mata et al., 2002; Iwatalet28905) and
dynein is involved also in autophagy-related dyr@m(Cai et al.,
2009), we hypothesize that both the abnormal espef synphilin-
1 and the presence and formation of aggregatestnmtgrfere with

the dynein-dependent system for aggresome transgorig the
microtubules to the centrosome for autophagic digran. Therefore,
impaired mitochondria could not be transportedatifely to the sites
of lysosomal degradation. This condition could l¢éach progressive
accumulation of dysfunctional mitochondria and expthe observed
mitochondrial phenotype in synphilin-1-overexpragstells.

In this context, inhibitory effects of alpha-syneid on mitochondrial
function were not influenced by alpha-synucleinraggtion (Loeb et
al., 2010). In line with these observations, wenfbuhat neither
treatment with rapamycin (in the same experimentaidition that
reduced synphilin-1 inclusions, Fig.3) nor with M&1(in the same
condition that caused increased synphilin-1 aggiegaFig.1B) were
able to rescue mitochondrial deficits observed ynpkilin-1-

overexpressing cells (data not shown).

These data suggest dissociation between mitoctadndysfunction
and aggregate dynamics and indicate that the pltatogical

activation of autophagy may not prevent mitochaalddysfunction
due to overexpression of synphilin-1.
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To summarize, we observed that synphilin-1 aggresoare a target

of lysosomal degradation and that their cleararmeele enhanced by
activating autophagic pathways. However, we foursit tthe
pharmacological activation of autophagy was not¢aiVe to rescue
synphilin-1-overexpressing cells from apoptosis ggered by
proteasomal inhibition or from mitochondrial dysétion related to
synphilin-1-overexpression. Moreover, we observedpratective
effect of overexpressed WT synphilin-1 against M&ir®luced
apoptosis. Our findings suggest that future thesjm PD that focus
on modulation of the formation of protein inclussomay not be
effective to provide protection from mitochondri@ysfunction and

cell death.
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Figure legends:

Figure 1. Study of the characteristics of synphilin-1-pvst
inclusions. A: Immunofluorescent staining foy-tubulin (red) of
untreated HEK cells stably overexpressing WT an@IRb mutant
EGFP-synphilin-1 (green). Synphilin-1-positive iasions co-localize
with y-tubulin at the centrosome. Scale barum0 B: Analysis via
live cell imaging of the effects of 5 hours treatise with JuM
MG132 on the aggresomes in WT and R621C mutant EGFP
synphilin-1 overexpressing HEK cells stained wiflg/l Hoechst
33342. The results are represented as mean pegesnta cells
bearing EGFP-positive aggregates on the total abmfucells in three
independent experiments + standard deviation. Teatad cells
showed increased levels of synphilin-1 aggregatespared to the
untreated controls (* p < 0.05 vs respective utéeaontrols, Student
t test).

Figure 2. Co-localization of synphilin-1-positive inclusisnwith

autophagic structures in untreated cell: Immunofluorescent
staining for FLAG-tagged synphilin-1 of untreate&HK cells stably
overexpressing WT and R621C mutant FLAG-synphilifréd) and
on empty vector controls after transient transéecivith EGFP-LC-3
(green) The nuclei (blue) were stained with Hoe@3342. Scale bar:
10um. B: Analysis via live cell imaging of untreated HEKlls stably
overexpressing WT and R621C mutant EGFP-synphiligréen) and
of empty vector controls stained with LysoTralké®ed (red) and

Hoechst 33342 (blue) Scale bar: uid Synphilin-1-positive
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inclusions appeared to co-localize with the autgpkames and with

lysosomal structures.

Figure 3: Effects of the modulation of autophagy-regulatpaghways
on synphilin-1-aggregates. WT and R621C mutant E&FPhilin-1
overexpressing HEK cells were treated wittvbMG132 for 5 hours
and then cultured for additional 24 hours with eitimormal culture
medium or in the presence of 200nM rapamycin omidQrehalose.
As a negative control, treatments withhNd MG132 for 5 hours
followed by 24 hours-co-treatments with either 2@00rapamycin or
100mM trehalose together with 233nM wortmannin weeeformed.
The nuclei were stained with Hoechst 33342 and diek imaging-
study of the amount of synphilin-1-positive incluss was carried out.
Values represent the mean percentage of cellsnoeBGFP-positive
aggregates in three independent experiments +atdmdviation. The
pharmacological enhancement of autophagy resulféettiee in
reducing the amount of synphilin-1 aggregates (¥ .05 vs cells
treated with 5uM MG132 for 5h and then culturednweither normal
medium or in the presence of wortmannin for adddio24 hours,
Student t test).

Figure 4. Western blot analysis of PARP cleavage in WT r6@1C
mutant EGFP-synphilin-1-overexpressing HEK cellsl an empty
vector-control cells after treatments withNd MG132 for 5 hours.
PARP resulted not significantly cleaved in any ok tanalysed
samples.
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Figure 5: Effects of pre-treatment with rapamycin on cahlbility

against subsequent MG132-induced apoptosis. WIR&2d. C mutant
EGFP-synphilin-1 overexpressing HEK cells and empgctor-
control cells were either treated with 200nM rapamyfor 24 hours
or cultured in normal medium for 24 hours and afsds 1M

MG132 was added for 16 hours. Then, the cleavageARP was
evaluated by immunoblotting. The densitometric gsial of three
independent experiments shows that the ratio aiveld PARP/full-
length PARP in the cells pre-treated with rapamysinot statistically
different from the cells that did not receive argrtular treatment

before MG132-triggered apoptosis.

Figure 6. Effects of rapamycin and trehalose on cell vigbiafter
MG132-induced apoptosis. WT and R621C mutant EGFiptslin-1
overexpressing HEK cells and empty vector contetlsovere treated
with 1uM MG2132 for 16 hours and then they were culturgtegiin
normal medium or in the presence of 100nM rapamyeirbOmM
trehalose for 24 hour#\: The cleavage of PARP was evaluated by
immunoblotting. The densitometric analysis of thneelependent
experiments shows that the ratio of cleaved PARIR&ngth PARP
in the cells treated with rapamycin and trehalofer aMG132-
treatment resulted not statistically different frothe cells that
recovered in normal mediunB: The activity of Caspase-3 was
measured. Values represent the ratio of the me#éio dpnsity/the
protein concentration measured in three independgpériments +
the standard deviation (normalized to the respectuntreated

controls). Caspase-3-activity resulted not different in thdlscéhat
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recovered in the normal culture medium compared Wite cells

treated with either rapamycin or trehalose (data stoown) after
MG132-treatment. (* p < 0.05 vs respective untreéat®ntrols,
Student t test).

Figure 7: Effects of rapamycin on synphilin-1-aggregateseraf
MG132-induced apoptosis. WT and R621C mutant EGFiptslin-1
overexpressing HEK cells were treated witiMIMG132 for 16 hours
and then cultured either in normal medium or in firesence of
100nM rapamycin for 24 hours. Afterwards, the nuelere stained
with Hoechst 33342 and live cell imaging-study ofmnshilin-1-
positive inclusions was performed. Values represti@ mean
percentage of cells bearing EGFP-positive aggregate three
independent experiments + standard deviation. Taatrhent with
rapamycin resulted effective in reducing the amooinsynphilin-1
aggregates after cytotoxic MG132-treatment comptoede cells that
recovered in the normal medium only in the WT syipii
overexpressing cells (* p < 0.05 vs cells cultunecdhormal medium
after MG132-treatment, Student t test).

Figure 8: Analysis of mitochondrial parameters via FACSeTéavels
of ROS in the mitochondria and the mitochondrial nbeane
potential in untreated WT and R621C mutant EGFRsiyim-1
overexpressing HEK and empty-vector control cekseranalysed by
FACS staining the cells with MitoSOX® and TMRE, pestively.
Values represent the mean percentage of MitoSOXt BMRE-

positive cells in three independent experimentsadard deviation.
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WT and R621C mutant EGFP-synphilin-1 overexpresshigK

showed increased levels of ROS in the mitochondnd decreased
mitochondrial membrane potential compared to theptgmector

control cells (* p < 0.05 vs empty vector contrells, Student t test).

Figure 9: Study of the expression of synphilin-1 in theasglic and
mitochondrial cellular fraction. Untreated WT and®dZRC mutant
EGFP-synphilin-1 overexpressing HEK and empty veatontrol
HEK cells were subjected to fractionation experiteeand then the
expression of synphilin-1 in the cytoplasm and he tmitochondria
was assayed by immunoblotting using an anti- GRibeay. GAP-
DH and prohibitin were used as markers of the dgop and of the
mitochondrial fraction, respectively, to asses tipaality of the

experiment.

Supplementary figure 1 Effects of rapamycin on the mTOR
pathway in our experimental settings. Western lbladlysis of the
phosphorylation of mMTOR in WT and R621C mutant EGlyRphilin-
1-overexpressing HEK cells in basal conditions aftér treatment
with either 100nM or 200nM rapamycin for 24 hourhe
densitometric analysis of three independent exparien showed a
significant reduction of the ratio of phosphorythtenTOR/total
MTOR in the treated cells (p < 0.05 vs respectngeated controls,
Student t test).
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Figure 1
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Figure 2
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Figure 5
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Figure 7
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Figure 8
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Figure 9
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Abbreviations used are:

ANT, adenine nucleotide translocator; Drpl, dynanailated protein
1; Fisl1, mitochondrial fission 1 protein; Hsp90ahshock protein 90;
HtrA2, high temperature requirement protein A2; KKhockout;
MEF, mouse embryonic fibroblast; Mfn2, mitofusin NIMP,
mitochondrial membrane potential; PBS, phosphaféefmd saline;
PD, Parkinson’s disease; ROS, reactive oxygen ape8iD, standard
deviation; SEM, standard error of the mean; VDAGMDIltage

dependent anion channel; WT, wild-type
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Abstract:

Loss of Omi/HtrA2 function leads to nerve cell lassmouse models
and has been linked to neurodegeneration in Pankimsand
Huntington’s disease. Omi/HtrA2 is a serine proteasleased as a
pro-apototic factor from the mitochondrial interntanane space into
the cytosol. Under physiological conditions, OmiAR is thought to
be involved in protection against cellular stresst the cytological
and molecular mechanisms are not clear. Omi/HtrAicency
caused an accumulation of reactive oxygen speadms raduced
mitochondrial membrane potential. In Omi/HtrA2 kkoat mouse
embryonic fibroblasts, as well as in Omi/HtrA2 stted human HelLa
cells andDrosophila S2R+ cells, we found elongated mitochondria by
live cell imaging. Electron microscopy confirmecetimitochondrial
morphology alterations and showed abnormal crissagrcture.
Examining the levels of proteins involved in mitocirial fusion, we
found a selective up-regulation of more soluble QPprotein.
Complementation of knockout cells with wild-type @rirA2 but not
with the protease mutant [S306A]JOmIi/HtrA2 reverseithe
mitochondrial elongation phenotype and OPA1 altenst Finally,
co-immunoprecipitation showed direct interactionQohi/HtrA2 with
endogenous OPA1L. Thus, we show for the first tintkrect effect of
loss of Omi/HtrA2 on mitochondrial morphology andngonstrate a
novel role of this mitochondrial serine proteaseha modulation of
OPAL. Our results underscore a critical role ofamgd mitochondrial

dynamics in neurodegenerative disorders.
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Introduction:

Omi/HtrA2 (high temperature requirement protein Ag)a nuclear
encoded serine protease that localizes to the haotalrial
intermembrane space, and is released into the alytipo®n apoptosis
[1]. The pro-apoptotic function of the Omi/HtrA2qtease is at least
partially mediated by binding and proteolytic rerabef inhibitor of
apoptosis proteins [2-4]. However, recentvivo andin vitro data
indicate that Omi/HtrA2 has physiological cytopiitee role(s)
within the mitochondria of non-apoptotic cells. fact, loss of
Omi/HtrA2 may contribute to selective neurodegetieng]5, 6]. Loss
of mitochondrial serine protease activity mnd2 mice, which is
caused by a homozygous point mutation in the Om&Bigene, leads
to a phenotype with muscular wasting and striatairodegeneration
[7, 8]. Like in the mnd2 mutant mice, targeted disruption of the
Omi/HtrA2 gene in mice led to progressive, sevdratal neuron
loss, consequently resulting in a locomotor phepet{6]. Finally,
mutations in the Omi/HtrA2 gene have been implidatas a
susceptibility factor in German and Belgian pasemtith sporadic
Parkinson’s disease (PD) [9, 10].

Recent studies in various neurodegenerative disdasee shown that
altered mitochondrial function and dynamics takaetee stage in
neuronal viability [11], particulary in PD [12]. Michondria are
metabolically active and highly dynamic organelteat constantly
undergo fusion and fission events in order to na@mnintegrity. This
has not only implications for mitochondrial morpbgy, but the

control of these antagonistic activities is dingctlinked to
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mitochondrial function [13, 14]. Due to the speciénergy needs of

the nervous system and the non-dividing charadt¢he implicated
cell type, disturbed mitochondrial dynamics aretical for the
accumulation of dysfunctional mitochondria charazesl by
increased production of reactive oxygen speciesJRW@ecreased
mitochondrial membrane potential and damaged matoghal DNA.
In this context proteins that directly modulate aufiondrial fusion
have been found mutated in neurodegenerative @dsd&e Charcot-
Marie-Tooth 2A (Mitofusin-2 (Mfn2); [15]) or autoswal-dominant
optic nerve atrophy (optic atrophy protein 1 (OPAL}6, 17]).
Mutations in the OPA1l protein as well as increagedteolytic
processing of OPA1l lead to impaired mitochondriakidn and
dysfunction of the organelle [18, 19]. Recentlyscalother PD
associated genes, namely Parkin and PINK1, have dieectly linked
to mitochondrial homeostasis [20] and morphologh] [2

Based on the critical involvement of mitochondriainction in
neurodegeneration and aging processes and due etorolk of
mutations in the Omi/HtrA2 gene as possible sudaiipt factors in
PD [9, 10], we studied the consequences of lo€3noifHtrA2 protein
in fibroblasts from knockout mice [6] as well assitenced human
HelLa andDrosophila melanogaster S2R+ cells. We describe for the
first time a role of Omi/HtrA2 in the regulation dfie key fusion

protein OPAL1 that is linked to mitochondrial elotiga.
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Materials and methods:

Cell Lines and Culture

Immortalized mouse embryonic fibroblasts (MEFs)rir©@mi/HtrA2
knockout (KO) mice and wild type (WT) controls [@fere grown in
Dulbecco’s modified Eagle’s medium (Invitrogen) kviadded 10%
fetal calf serum (Perbio Science) and 1% penicdtneptomycin
(Invitrogen). Both cell lines were kept at the sgmassage number for
experimental consistency.

Stably transfected human embryonic kidney HEK298scwere
generated using pCMV-Tag4 empty vector (Stratagenepntaining
human WT Omi/HtrA2-FLAG insert [9]. HEK293 cells vee
transfected using Fugene6 (Roche), and positiveeslgelected by the
continued addition of 500pug/ml G-418 (Invitrogem) the growth
medium.

A human cell line derived from cervical cancer (ld¢lwas used for
silencing experiments. HelLa cells were cultured Dalbecco’s
modified Eagle’s medium (Invitrogen) with added 1(al calf
serum (Perbio Science). All cells were incubatedairb % CQ
humidified atmosphere at 37°C.

Drosophila S2R+ cells were cultured in Schneider's medium
(Invitrogen) supplemented with 5% fetal calf ser(fdigma) and 1%
penicillin-streptomycin (Invitrogen-Gibco).

Stably retransfected KO MEF cells were generatedgusuman WT
or a protease dead mutant (S306A) of Omi/HtrA2 aiththe FLAG
tag (see above) subcloned into the pcDNA 3.1/ZetoveInvitrogen)

or empty vector as control. Omi/HtrA2 KO MEF cellsere
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transfected using Fugene6 (Roche), and positiveeslgelected by the

continued addition of 500ug/ml zeocin (Invivogem) the growth

medium.

Flow Cytometry

For all flow cytometry measurements the cells weaevested using
phosphate-buffered saline (PBS) with 2mM EDTA arasked once
with PBS after which they were stained with appraterdyes.

To measure levels of cellular reactive oxygen s@ROS) the cells
were stained with 1M 2’,7’-dichlorohydrofluorescein diacetate
(Invitrogen) in PBS for 30min at 37°C. The cellsrevéhen washed
twice with PBS, resuspended in PBS and kept on fare the
measuring procedure. For each sample ~20,000 welle measured
using the 488 argon laser and emission through RHeC filter
(530nm) of a CyAn flow cytometer (DakoCytomation).

To measure the levels of mitochondrial superoxide tells were
stained with gM MitoSOX Red (Invitrogen) in PBS for 15min at
37°C. The cells were then washed once with PBSresukspended in
PBS. For each sample ~70,000 cells were measuiad tise 488
argon laser and emission through the PE filter §67)5

To measure the mitochondrial membrane potential dbiés were
stained with 100nm MitoTracker Green FM and Mitoker CM-
H.XRos (Invitrogen) in PBS for 15min at 37°C. Thelgalere then
washed once with PBS and resuspended in PBS. febr ssmple
~70,000 cells were measured using the 488 argem &®d emission
through the PE Texas Red filter (613nm) and theCHilter (530nm).
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For all flow cytometry measurements, KO MEF cellsrevcompared

against WT MEF cells and retransfected vector cimtrwere
compared against WT Omi/HtrA2 retransfected KO scelFor
measurements of mitochondrial ROS the threshold seasat about
50% of the WT signal intensity and the percentafjestoft in the
fluorescence activated cell sorter (FACS) staimimgs determined
with the Summit version 4.2 software (DakoCytom@fioAll the
presented results are the means of three indepemd@eriments
performed in duplicate and are presented as relatiange compared
to the WT condition.

Analysis of Mitochondrial Morphology

MEF and HelLa cells were stained 10min at 37°C wibnM
MitoTracker Green FM and Hoechst 33342 in DMEM roedi(all
Invitrogen). The cells were then washed once wlB$ Rnd covered
with DMEM. For each cell line pictures were takeonh live cells
using a Cell Observer (Carl Zeiss) at 37°C and 39%. Each cell was
classified into one of the following groups relatedthe predominant
phenotype of mitochondria: elongated, middle sinedfragmented
using the same criteria for each picture. For Hedlés two categories
were applicable for scoring: elongated and noraliumber of 100-
150 cells were scored per experiment and each iexgerr was done
at least in triplicate. The scoring was done byahiased investigator
blinded to the genotype and the treatment of tiis.ce

For Drosophila mitochondrial morphology analysis, live cells were
incubated with 200M rhodamine 123 and imaged directly in growing

113



Chapter 3
medium. Quantification of mitochondria length wasfprmed using

the ImageJ software as previously described [22].

RNA interference

Silencing of Omi/HtrA2 was performed with HiPerfaante siRNA
(Qiagen), targeting the following sequence of hun@mi/HtrA2,
CAGCACCTGCCGTGGTCTATA. A scrambled siRNA was used a
control (Qiagen). HelLa cells were transfected v&tiM siRNA on
three consecutive days using HiPerFect (Qiagen)rdow to
manufacturer’s instruction. Cells were transfermeid chamberslides
for immunofluorescence after the third transfectaod analysed two
days later. Protein expression and silencing wasiee by Western
blot analysis.

Double stranded RNAs were prepared using MEGA sckip
(Ambion). Primers used to generate dsRNAs are aviail upon
request. Cells were plated (1.2 x°¥r well) in a 6-well plate and
treated with 1pg dsRNA in serum-free medium using Effectene
(Qiagen). Two hours after dsRNA treatment, comptatdium was
added to the wells and cells were cultured for gsdaefore being

imaged.

Electron Microscopy

Omi/HtrA2 KO and WT MEFs were fixed in 2.5% glutktt@hyde in
Hank’s modified salt solution (HMSS), postfixed 1 OsO4 in 0.1
M cacodylate buffer, scraped off, centrifuged arghydirated in a
series of ethanol. The 70% ethanol step was satunaith uranyl

acetate for contrast enhancement. Dehydration veaspleted in
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propylene oxide and the specimens were embeddedratdite

(Serva). Ultrathin sections were produced on a ReiRhert Ultracut
ultramicrotome (Leica), mounted on pioloform-coatempper grids
and contrasted with lead citrate. Specimens weralyaed and
documented with an EM 10A electron microscope (@eis
Subsequently mitochondria were counted and categbrin 50 cells

of each condition.

Western Blot Analysis

Cells were harvested with 2mM EDTA in PBS and lyseth TNE
(50mM Tris-HCI [pH 7.4], 150mM NaCl, 1mM EDTA anddthM
NaPP) containing 1% Triton-X (Sigma) and Completetgase
inhibitor cocktail (Roche). Protein concentratioassmmeasured using
Bradford solution (Bio-Rad) in a microplate readerd the protein
lysate (20-35uQg) was separated by SDS-PAGE. Altieeigt 150 000
cells were counted, harvested and lysed directlyaemmli SDS-
PAGE sample buffer (62.5mM Tris-HCI [pH 6.8], 2%dgaam dodecyl
sulfate (SDS), 5% (-mercaptoethanol, 10% glycerol, 0.01%
bromophenol blue) by boiling, before subjectingnthi®s SDS-PAGE.
Western blots were analyzed by antibodies againsti/HirA2,
mitochondrial fission 1 protein (Fisl) (both fronxxora), OPA1 (BD
Transduction Laboratories), mitofusin 2 (Mfn2) Bactin (both from
Sigma), adenine nucleotide transporter (ANT) ortagg dependent
anion channel-1 (VDAC-1) (both from Calbiochem),olmbitin
(NeoMarkers), and heat shock protein 90 (Hsp9@&sSten).

115



Chapter 3
S2R+ cells were harvested in RIPA buffer (50mM “HiSI [pH 7.4],

150mM NacCl,), supplemented with complete proteashibitor
cocktail (Roche). Protein concentration was measuseng Bradford
solution (Sigma) and the protein lysate (20-30u@p \@eparated by
SDS-PAGE, after addition of loading buffer (50mMisHCI; pH
6.8,2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5mM
EDTA, 0.02% Bromophenol Blue). Western blots wenealyzed
using antibodies against Omi/HtrA2 (1:1000, kinghpvided by M.
Martins) and anti-tubulin (1:210000, Sigma). For detection secondary
antibodies conjugated with HRP (Chemicon) were 4€s000), and
immunoreactivity was visualized with ECL chemiluregtence
(Amersham).

For densitometric analyses of OPALl levels on Wastlots the
ImageJ software (Rasband, W.S., ImageJ, U.S. Natiostitutes of
Health, USA, http://rsb.info.nih.gov/ij/, 1997-200Was used. For
figure 5B, OPA1 levels were normalized to the logdcontrol and
further all samples were compared to Omi/HtrA2 WEMIevels
which were set to 100%. The results represent #ennof comparison
of three independent experiments. For the fold gharalculation in
figure 7D the densitometric analysis of the indéchtband was
performed for each treatment and these were comiptoethe
untreated controls (0 min of both WT and KO).

I mmunopr ecipitation
For immunoprecipitation in HEK293 cells stably osxgpressing
Omi/HtrA2, lysates were made with an immunopreeijpin lysis

buffer (50mM HEPES [pH 7.5], 10mM KCI, 50mM NaClmM
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EDTA, 0.5mM EGTA, 1.5mM MgG, 10% glycerol, 0.2% NP-40)

and were incubated with anti-FLAG agarose beady{8) overnight
at 4°C. After 5 washes with lysis buffer the sarsphere analyzed by
Western Blot analysis.

For immunoprecipitation from mouse brain, one h@mese from a
C57/BI6 mouse was homogenized in homogenizatiofieb (60mM
Tris [pH 7.5], 1% [v/v] NP-40, 2mM EDTA, 100mM NaGCind
Complete protease inhibitor cocktail). 10% NP-4ukBg) was added
and the mixture incubated on ice for 30 min. Toweecell debris the
lysates were centrifuged twice after which Prot@imgarose alone or
pre-incubated with OPAl antibody was added and hatad
overnight at 4°C before it was washed and analyzgdWestern

blotting.

RT-PCR

Total mMRNA was isolated from MEF cells using peq@DTriFast
reagent following manufacturer’s instructions (Rél and 600ng
total RNA was reverse transcribed using Transcriptmgh Fidelity

cDNA Synthesis Kit (Roche) and anchored oligo-dTinr to

exclude non-message RNA from reverse transcripioro pul of RT
reaction was subsequently used as template for sdrigh
amplification in a 25 pl reaction with 5ul 5x GoT&wffer, 0.1ul
GoTag Polymerase (Promega) and 2uM specific prifar©OPAL

designed to amplify all isoforms (sense 5'-
ACTCAGTTTATGTTCACCAC-3, antisense 5'-
AGAGCACACAATATTCAAAC-3) and for p-actin (sense 5'-
GGGTCAGAAGGACTCCTACG-3,, antisense 5'-
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GGTCTCAAACATGATCTGGG-3). The annealing temperatuvas

48°C for OPALl and 52°C forp-actin amplification, respectively.
Elongation time was 30s in both cases. Cycle numilaer chosen in
the linear range of amplification of each transciip7 cycles for
OPA1 and 20 cycles fop-actin), according to the expression level.
Amplified PCR products were resolved by 1% agarage
ectrophoresis and stained with an ethidium bronsdkition (Carl
Roth).

For mRNA quantification inDrosophila cells, total RNA was
extracted using TRI Reagent (Sigma) or RNeasy Mihi(Qiagen)
following manufacturer’s instruction. Total RNA §l.g) was reverse-
transcribed by using a random decamer primer (RESORQt Kit,
Ambion). Quantitative real-time PCR was performsthg the SYBR
Green Master Mix method (Sigma) with a Bio-Rad Mys@stem.
Primers used for Omi/HtrA2: Forward-
GCCCTGGCGGATAATAGTAA Reverse-
GCTGCATACAGGTTAAACTAGGG and the housekeeping gene
GAPDH: Forward- GCGAACTGAAACTGAACGAG, Reverse-
CCAAATCCGTTAATTCCGAT.

Mitochondrial isolation and proteinase K digest

Omi/HtrA2 WT and KO cells were grown to 100% comeffice on two
15cm plates, harvested, washed twice with PBS arglispended in
mitochondrial isolation buffer (MIB) (250mM sucrq20mM HEPES

[pH 7.5], 3mM EDTA and Complete protease inhibitocktail). The

cells were disrupted by 25 passes with a glass awurand

subsequently 15 passes through a 20 Gauge neddle lbieey were
118



Chapter 3
centrifuged at 830 ) for 10 min. From this the supernatant was

retained and the pellet resuspended in MIB anduplisd as before,
and again centrifuged at 830 g for 10 min. The combined
supernatants were further centrifuged at 16,8@Dfar 10 min. The
supernatant was kept as the cytosolic fraction taedpellet washed
twice more with MIB before resuspended in 100ul Miie protein
concentration was measured using Bradford solufibe.purity of the
preparation was confirmed by immunoblot analysg. proteinase K
digest, 20pug mitochondria were subjected to 20ngteprase K
(Merck, EC 3.4.21.64) digestion at 37°C for 0, 8, 20, 40 min. The
reaction was stopped with 0.8ul stop solution (IBDEDTA, 40mM

phenylmethyl-sulphonyl fluoride (PMSF)) before tha&tochondria

were spun down at 16 000g for 10 min and resusgendd’AGE

sample buffer for immunoblot analysis.

Satistical Analysis

Experimental results for mitochondrial morphologgres analyzed for
statistical significance using the Student’s T-tasplemented in
Microsoft Excel Software. For analysis of the mftondrial length in
Drosophila S2R+ cells the significance was determined by AMOV
with a Bonferroni posthoc correction. For statistisignificance of the
densitometrically analyzed Western blot experimeatsone-way
ANOVA and a Student Newman-Keuls posthoc correctisas
performed using GraphPad InStat version 3.00 fomdbivs 95
(GraphPad Software, San Diego California USA,
www.graphpad.com).
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Results:

Increased ROSin Omi/HtrA2 KO MEF Cells

First we analyzed the effects of Omi/HtrA20 on mitochondrial
function and integrity. Dysfunction of mitochondria typically

reflected by disturbed oxidative phosphorylatiord deads to the
generation of ROS. Intramitochondrial ROS productiavas
quantified using MitoSOX Red, a fluorogenic dyettigatargeted to
the mitochondria and readily oxidized by superoxiog not by other
ROS- or reactive nitrogen species—generating sysfefj. We found
a significant increase in intramitochondrial ROSMIEF cells from
Omi/HtrA2 KO mice compared to WT controls (Fig. 1Ajoreover
total ROS levels, measured by 2’,7'-dichlorohyduoflescein
diacetate conversion, were elevated. An average%d5+ 1.2%
increase was observed in the Omi/HtrA2 KO MEFs (p6R2). These
results demonstrate substantial oxidative stressrang in MEF cells
devoid of Omi/HtrA2, confirming previously publisthdindings that
show increased ROS production in immortalized Om#Rd KO

MEF cells [24]. This could be related to decreasesbiration, as
shown previously for brain mitochondria isolatednfr Omi/HtrA2

KO mice [24].

Decreased Mitochondrial Membrane Potential in Omi/HtrA2 KO
MEF Cells

We next examined the effects of Omi/HtrA2 knockaoat the
mitochondrial membrane potential (MMP). We measutteel MMP

by flow cytometry of cells dual-labeled with Mitcdcker Green FM
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and Mitotracker CM-HXros (Invitrogen). As Mitotracker Green FM

labels all mitochondria independently of membrarseptial and
Mitotracker CM-HXRos is only taken up into mitochondria with an
intact membrane potential, a ratio between thesesignals allows to
determine how many of the cells counted have mdndha with an
intact membrane potential. As this method simulbaisey compares
mitochondria with an intact membrane potential ltoratochondria it
controls for the loss of mitochondrial mass as temial source for
decreased signal. Omi/HtrA2 KO MEF showed a sigaiit decrease
in MitoTracker Red/Green signal compared to WT omlset(Fig. 1B,
C) indicating MMP decrease in the KO cells. Thessults were
confirmed using TMRM as a single dye technique gdait shown),
the latter being in line with previous studies [26]. The consistent
MMP reduction in Omi/HtrA2 KO MEF cells clearly demstrates

that Omi/HtrA2 is necessary for the maintenancarointact MMP.

Mitochondrial Morphology Regulated by Omi/HtrA2

Recent data underscore the relevance of mitochandyinamics in
neurodegeneration. It has been shown that mitocfaratlysfunction
leading to free radical generation and loss of gnesupply is
involved in dynamic morphological alterations oftozhondria [11].
To monitor mitochondrial morphology in living celise performed
fluorescence microscopy based on MitoTracker greand
concomitant Hoechst 33342 nuclear staining. This warformed
using live cell imaging in order to avoid fixatioartefacts. In
Omi/HtrA2 KO cells, we found an increased propartaf cells that
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display sustained, elongated, net-like structurenabchondria (Fig.

2A-C).

Mitochondrial ultrastructure was analyzed by el@ctmicroscopy.
Control MEF cells displayed typical round shapedoshondria with
well-formed cristae (Fig. 2D-F). In contrast, OntvA2 KO cells
exhibited a substantial amount of mitochondria wititered
morphology (Fig. 2G-l). Semiquantitative analysisvealed that
44.5% of the mitochondria in Omi/HtrA2 KO MEF ceBiow these
alterations while only 8.6% mitochondria in Omi/A&x WT MEFs
have abnormal mitochondrial ultrastructure. Typialérations were
bulged, extended mitochondria, often with less inmgembrane
structures and no observable cristae structurdudimg a loss of
cristae junctions. At many sites, in particulathé mitochondria were
cut longitudinally, we observed a local loss ofstae, whereas the
other end of the mitochondrium was still normalthé part with the
lost cristae was cross sectioned, the mitochondrse®med to be
completely devoid of folded inner membrane struesur These
alterations of mitochondrial ultrastructure are sistent with the
elongated morphology seen with light microscopyg(R).

To control for cell type and species specific effeeve extended our
morphological studies to human Hela cells dhbsophila S2R+
cells. Transient silencing of Omi/HtrA2 in HelLa lsalising an siRNA
approach resulted in a clear loss of the proteiig. (BA) and
morphologically a similar phenotype as in MEF cetlsvoid of
Omi/HtrA2, namely elongated mitochondria (Fig. 3B-[Zimilarly,
the transient silencing of Omi/HtrA2 Drosophila S2R+ cells lead to

a loss of both Omi/HtrA2 mRNA (Fig. 3E) and protékig. 3F) and
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an elongation of the mitochondria as measured byléhgth of the

mitochondria (Fig. 3G-I). As a comparison, knowssfon and fusion
genes were also silenced (Fig. 31). The effect wii/@trA2 silencing

on mitochondrial morphology was comparable to thfeces of
silencing the established fission proteins Fis1 weddynamin-related
protein 1 (Drpl) inDrosophila. These results clearly underscore a
well conserved role of Omi/HtrA2 in regulating ngtwndrial

morphology.

Mitochondrial morphology relies on Omi/Htr A2 protease function

To investigate whether the altered mitochondriamutype seen upon
loss of Omi/HtrA2 can be reversed and whether degendent on the
protease function of the protein, we stably tractei@ KO MEF cells
with empty vector or a plasmid expressing humanQOmti/HtrA2
cDNA. In addition, we generated a protease dead ambut
[S306A]OmIi/HtrA2 [2-4] and produced the corresparglistably
retransfected MEF cell lines. Indeed, retransfeacabWT Omi/HtrA2
(Fig. 4A), but not an empty vector (Fig. 4B), wddeato revert the
mitochondrial phenotype in Omi/HtrA2 KO MEFs toiengar degree
as observed in MEFs from wild type littermate colgtr(Fig. 2C). In
contrast, the protease dead mutant was not ableotmalize the
elongated mitochondrial phenotype (Fig. 4C, D). Qifigation of
mitochondrial morphology demonstrated the staa$tsignificance of
the rescue effect by WT Omi/HtrA2 (Fig. 4D). Intstiagly, the level
of mitochondrial ROS could also be normalized upeitransfection
of Omi/HtrA2 wt as well as protease-dead (Fig. 4dtijggesting that

the morphological phenotype is not due to increa®®& production.
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Regulation of mitochondrial morphology appears tepehd on

Omi/HtrA2 protease activity, whereas mitochondR&S production
could be related to another function of Omi/HtrA2.

It should be noted that the differences observeédden both WT and
KO as well as in the vector or wt retransfectantsernot due to or did
not lead to alterations in the mitochondrial masseen by the equal
amounts of both the inner membrane protein ANT &mal outer
membrane protein VDACL1 (Fig. 4F). These resultsciaug that loss
of Omi/HtrA2 leads to disturbed mitochondrial fuiect, without
changes in mitochondria mass, and can be rescuedifityoduction
of physiological Omi/HtrA2 protein into the KO bagiound.

Omi/HtrA2 Functionally and Physically Interacts with the
Mitochondrial Fusion Protein OPAl

Our results suggest an involvement of Omi/HtrA2ha regulation of
mitochondrial morphology. The latter is controllegt mediators of
mitochondrial fission, such as Drpl and Fisl, agdniediators of
mitochondrial fusion, such as OPAl and mitofusing4][
Interestingly, we discovered a selective increaB€DBAL1 protein
levels, but not in another mitochondrial fusion tem, Mitofusin 2
(Mfn2), in Triton X-100 extracts prepared from OHiA2 KO MEF,
when compared to controls (Fig. 5A). Densitomegu@ntification of
the effect indicates a significant increase in noiédergent extractable
OPAL1 levels in KO cells (Fig. 5B), without affedjinthe relative
amounts of each isoform. Consistently, we found teansfection of
KO cells with WT Omi/HtrA2 not only rescued the ebged

mitochondrial phenotype (Fig. 4A, D), but also négd the increased
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OPAL1 levels to that seen in WT controls (Fig. 54, Bhis effect was

confirmed in HelLa cells treated with Omi/HtrA2 siRNThese cells
also displayed elevated mild detergent-extractableAl levels
compared to control siRNA treated cells (Fig. 5@pportantly,
similar to the elongated mitochondrial phenotypes altered OPA1
protein levels could not be rescued by re-transfeabf the protease
dead variant of Omi/HtrA2 into the Omi/HtrA2 KO MEells (Fig.
5D).

Since these findings were indicative of a functiomdation between
Omi/HtrA2 and OPAL, we investigated a physical iatdéion between
these two proteins. We observed a direct interaatiooverexpressed
FLAG-tagged Omi/HtrA2 protein with endogenous OPpbtein in
co-immunoprecipitation experiments using HEK293scéFig. 6A).
Moreover, endogenous Omi/HtrA2 was also found to- co
immunoprecipitate with OPAL in lysates from mousairb (Fig. 6B).
Although some OPA1 unspecifically binds to the ager (and
consequently pulls down some Omi/HtrA2) we can dete clear
enrichment of Omi/HtrA2 in the OPAL1 immunoprecipés compared
to the control without OPA1 antibody.

Omi/HtrA2 Affects a Triton X-100 Extractable and Proteinase K
Labile Pool of OPA1

The effects of Omi/HtrA2 on OPAL protein levels apped to occur
at the post-translational (protein) level. We fouraddifference in the
MRNA levels of OPAL1 between Omi/HtrA2 KO MEF anddvtype
controls, as determined by semi-quantitative RT-REZRIl isoforms

of OPAL (Fig. 7A).
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Interestingly, loss of Omi/HtrA2 influenced prefatially a Triton X-

100 soluble pool of OPAL. Under harsher detergentditions, such
as using SDS no difference between Omi/HtrA2 KO Miels and
WT controls was observed (Fig. 7B, and results stmiwn). These
findings suggest that Omi/HtrA2 influences the agtibility of OPAl
that may be related to the submitochondrial loadilimn. We therefore
performed limited proteolysis experiments on isadatnitochondria.
This can be used to indirectly investigate the liaation of proteins
within the mitochondria as the proteinase K digesttonsecutively
digests mitochondrial proteins starting from theteoumembrane.
Mitochondrial fractions were derived from Omi/HtrARO and
control MEF cells and the relative purity of thebsellular fractions
were verified by probing for VDAC1 and Hsp90 redpesy (Fig.
7C). Interestingly, the accumulated longer OPAlfasus in the
Omi/HtrA2 KO cells were degraded more rapidly (Frdp). Further
densitometric analysis of the higher molecular Wwei@PA1 band
(marked with an arrow head in Fig. 7D) and the fdddnge compared
to the untreated controls (time point O; Fig. 78arly indicates that
the higher molecular weight band of OPA1 is momdiy degraded.
Finally, we noted an increase of the small cytaspbol of OPAL in
the Omi/HtrA2 KO MEF cells in longer exposures (FIg). Release
of OPAL1 has been described upon disruption of OBAdagement in
cristae junctions [27, 28]. We propose that OmiM2tis involved in
OPAL cristae junction complex maintenance, as Ot deficient
cells show altered mitochondrial ultrastructure amdre soluble
OPAL1 within mitochondria and cytosol. Some of thé|Rbile OPA1

could be engaged in mitochondrial fusion, accogntar the observed
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mitochondrial elongation in Omi/HtrA2 deficient tl and the

increase in soluble OPAL1 release into the cytosmf promote a pre-
apoptotic state in Omi/HtrA2 KO MEF cells, consigtenith the
presence of some activated caspase-3 under bashtions (data not

shown).
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Discussion:

Loss of Omi/HtrA2 function has been linked to nelegeneration in
two different neurological disorders, namely Hugton's and
Parkinson’s disease. Mutations in the Omi/HtrA2 egy¢hat reduced
the serine protease activity vitro were found in PD patients and
genetic variants that may modulate the expressemeld or the
stability of Omi/HtrA2 were described in some PDpptations [9,
10]. Although the role of some of these genetigards in Omi/HtrA2
is still debated [29, 30], a potential contributiohOmi/HtrA2 to PD
pathogenesis is underscored by its presence inadieaistic
intraneuronal protein aggregates in PD that noty adntain [1-
synuclein protein but also show a specific co-gtgimvith Omi/HtrA2
not observed in other neurodegenerative disor@i31].

Interestingly recent data support a role of los®ofi/HtrA2 function
also in Huntington’s disease (HD). Transgenic ahimadels with
overexpression of mutant huntingtin displayed redudevels of
Omi/HtrA2 in affected neurons in the striatum [$he relevance of
this finding was confirmed in human brains of HQtigats that also
displayed a selective reduction of Omi/HtrA2 inegtied brain regions
[5]. The mechanisms how Omi/HtrA2 is involved in eth
neurodegenerative process are currently howeverawk

Recently altered mitochondrial dynamics were linketb
neurodegeneration in PD by the functional charazton of proteins
mutated in familial forms of PD (PINK1 and Parkihpss of PINK1
or Parkin function was related to dysregulationtred mitochondrial

fusion-fission machinery with PINK1 acting upstreamParkin [21,
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32]. Omi/HtrA2 has also been found to be reguldigdPINK1 [25],

and recent genetic studiesDmosophila suggest that Omi/HtrA2 acts
downstream of PINK1 but parallel to Parkin in maining
mitochondrial integrity inDrosophila [33, 34]. It was shown that the
loss of Omi/HtrA2 leads to a weak mitochondrial pbiype in
Drosophila, with only mild alterations in mitochondrial intety upon
aging that correlated with progressive motor defian these animals
[34], which was not described in an independenteh{®b]. Here we
have studied the effects on mitochondrial morphplmgOmi/HtrA2
silenced Drosophila cells, and found a similar mitochondrial
elongation as in mammalian cells.

Our present data indicates that loss of Omi/Htra@ction leads to
changes in mitochondrial morphology by modulatioh the
interacting fusion protein OPAL, in a mammaliantsys Thereby our
study provides first mechanistic insight into theygiological role of
Omi/HtrA2 in the regulation of mitochondrial dynassi and
maintenance of mitochondrial homeostasis and stppdhe
pathogenic relevance of loss of Omi/HtrA2 functiom
neurodegeneration. The observed interaction of BmA2 with
OPAL1 extends this link to the molecular level aedeals a novel role
of Omi/HtrA2 in balancing mitochondrial fusion-fise dynamics.
Importantly, the role of Omi/HtrA2 in the regulati@f mitochondrial
morphology and the effects of the loss of the pnoéee not transient
as we observe the same mitochondrial phenotypetim & models of
genetic ablation of Omi/HtrA2, as well as upon sient knock down
of the protein. This contrasts with the situatiomene PINK1 is

deleted, where the time point selected for analgsEms crucial for
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observing changes in mitochondrial morphology [3&luthermore,

we showed that the role of Omi/HtrA2 as a modulatar

mitochondrial morphology is highly conserved asstheffects are
independent of cell type and species. In additiwe, could clearly
show that this is dependent on the serine proteag®ity of

Omi/HtrA2.

In our study, loss of Omi/HtrA2 function was notlypmelated to

elongated mitochondrial morphology seen by lightnescopy (Fig.
2), but also with differential extractability of éhinteracting protein
OPAL. Remarkably, Omi/HtrA2 appears to influencef@rentially a
Triton-soluble, proteinase K labile pool of OPAlotin (Fig. 5 and
7). Further, as OPAL is known to play a role in memance of the
inner membrane structure [27, 37], and we see @ db<ristae and
cristae junction structures in the KO MEFs (Fig. iRJs tempting to
speculate that the easier extractable material rebderepresents
OPAl not engaged in the tight complex that sealtoahondrial

cristae junctions. Disruption of cristae junctiotsads to some
cytosolic release of OPAl [27, 28], and indeed wiseove an
elevation of a small cytosolic pool of OPA1 spemfly in Omi/HtrA2

KO MEF cells. We therefore speculate that Omi/HtrAdight

influence the mitochondrial inner membrane strieguand fusion by
modulating the localisation of OPAL1 to either thiestae junctions or
the potentially more easily extractable fusion ctemp

Here we present evidence that Omi/HtrA2 is a @itiactor for the
maintenance of mitochondrial integrity and thatslag Omi/HtrA2

function leads to dysfunctional mitochondria. Indieeve found that

Omi/HtrA2 KO MEFs display an elongated mitochonbpaenotype
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and impaired mitochondrial function as indicatedibgreased ROS

levels and reduced mitochondrial membrane potentiétrestingly,
the increased ROS levels, unlike the morphology i seem
dependent on protease function, suggesting thaethee two separate
events but both dependent on the presence of OrARHTThis also
suggests that the increased ROS levels are notcdhee of the
elongated mitochondria seen in cells devoid of GitniX2.

In summary we identified for the first time a dirdateraction of
Omi/HtrA2 with OPAL, a regulatory component of timg¢ochondrial
fusion machinery, and demonstrate consequences oe$ lof
Omi/HtrA2 function on mitochondrial dynamics andeigrity that are
relevant for different neurodegenerative disordikesParkinson’s and
Huntington’s disease.
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Figure legends:

Fig 1. Analysis of ROS levels and mitochondrial membraoteptial
in Omi/HtrA2 WT and KO MEF cells. (A) Mitochondrid®OS levels
were analyzed by staining with the fluorescent d§#oSOX. (*
p<0.006). (B, C) MMP was determined by a doublenstg with
Mitotracker GreenFM and Mitotracker CMz;KRos. (B) The ratio of
Mitotracker GreenFM to Mitotracker CM-MRos staining was
measured as a readout for mitochondrial membratenpal (MMP)
(* p<0.003). (C) Scattergraph representative ofGani/HtrA2 WT
(left graph) and KO (right graph) MEF MMP measuremeThe
selected area in blue represents the measuredvwatilsntact MMP.
The loss of signal in the marked area indicatescaehse in MMP. All
results are given as relative comparisons to WE rEsults represent
the mean of three independent experiments. Erros Bhow the

standard deviation (SD).

Fig 2. Effects of Omi/HtrA2 on mitochondrial morphology MEF

cells. (A, B) Live Omi/HtrA2 WT (A) and KO (B) MEFells were
concomitantly stained with Mitotracker GreenFM dthdechst 33342
for 10min. Size bar corresponds to 10um. (C) Micoadrial

morphology was classified into 3 categories: eloedgamiddle sized
and fragmented. The results are shown as the gagsenf WT (dark
bars) and KO (light bars) cells with mitochondrallihg into these
categories as scored by an observer blinded tMte cell genotype
(* p<0.05). Error bars show the SD. (D-I) Electnmiicroscopy shows

that mitochondria in MEF KO cells (G-I) differedon control MEF
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WT cells (D-F) by failure to form elaborated cristastructures.

Examples of mitochondria with a local loss of @esstructures (arrow
in H and 1) or a complete loss of folded inner meanie structures

(asterisk in H and arrow in G).

Fig 3. Mitochondrial morphology in Omi/HtrA2 silenced Haland
S2R+ cells. (A) Treatment of HeLa cells with Omi/A2 SiRNA
greatly reduced the levels of Omi/HtrA2 protein g@ared to non-
transfected (-) and control siRNA treated cellsl)cRe-probing the
Western blot for p-actin confirmed equal loading. (B-D) The
mitochondrial morphology was investigated in Heledlctransfected
with control siRNA (B) or Omi/HtrA2 siRNA (C). Thenitochondria
were scored in each cell as either elongated analoand quantified
(D). Error bars show the SD; * p<0.005. Size barregponds to
10pum. (E) Quantitative real-time PCR measuremenOmi/HtrA2
knockdown in S2R+ cells compared to control. (F)stm blot of
Omi/HtrA2 levels in S2R+ control and Omi/HtrA2 dsRNreated
cells. y-Tubulin was used as a loading control. (G-lI) S2&etls
treated with control (ctrl) (G) ddmi/HtrA2 (H) dsRNAs stained with
mitochondrial dye rhodaminel23 dye. Size bars spoed to 5um.
(I) Mitochondrial length was quantified and compmhte knock down
of known fission and fusion factors (Mfn/Marf, OPADrpl, Fisl)
(** P<0.01, *** P<0.001). Error bars show the standard error of the
mean (SEM).

Fig 4. Retransfection of KO MEFs with human WT Omi/HtrA2

rescues the phenotype. (A-D) The mitochondrial molpgy of
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Omi/HtrA2 KO MEF cells stably overexpressing eitherman WT

Omi/HtrA2 (A), empty vector (B) or a synthetic pease dead mutant
of Omi/HtrA2 (C) was investigated using the samecpdure as in
Fig. 2. Size bar corresponds to 10um. In the gfieation (D) error
bars indicate the SEM (* p<0.05). (E) Stably resfanted MEF cells
were stained with the fluorescent dye MitoSOX twestigate the
levels of intramitochondrial ROS. The procedure wessame as was
used for the WT and KO cells. The result is the me& three
independent experiments and a relative comparis@mno/HtrA2 KO
retransfected with vector compared to those refieatesd with WT or
S306A Omi/HtrA2, where WT was set to 1 (* p<0.0&yror bars
indicate the SD. (F) WT and KO MEF cells as wellk MEFs
retransfected with either WT Omi/HtrA2 or empty t@cwere lysed
with 1% Triton X-100 in TNE. The stable overexpiessof human
Omi/HtrA2 leads to expression of abOkDa precursor that is
efficiently processed to the35kDa mature form co-migrating with
the endogenous Omi/HtrA2, which is completely abserKO MEF
cells and vector controls when analyzed by Westblot. To
investigate whether there is a change in the mitodhal membrane
mass, the relative amounts of the outer membraoieiprVDAC and
inner membrane protein ANT were also proljedctin was used as a
loading control.

Fig 5. Effects of Omi/HtrA2 on OPA1 protein levels in nssuand
human cell lines. (A, B) Omi/HtrA2 WT and KO MEFlis as well
as with WT Omi/HtrA2 and vector stably re-transéettKO cells,

were lysed with 1% Triton X-100 in buffer and suitgd to
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immunoblotting. (A) Western blots were probed floe mitochondrial

fusion protein OPA1 and Mfn3-Actin was used as a loading control.
(B) Densitometric analysis of OPAL band intensjtefser 1% Triton
X-100 in TNE extraction, in three independent ekpents is
depicted here (n.s.= not significant, * p<0.05,p%0.01). Error bars
indicate the SD. (C) Effects of Omi/HtrA2 on OPAg&véls were
reproduced in HelLa cells. The silencing efficieray well as the
corresponding changes in OPA1 levels were deteicteghtreated,
control or Omi/HtrA2 silenced HelLa cells lysed witBo Triton X-
100 in buffer and subjected to Western blot analysing antibodies
against OPA1l, Omi/HtrA2 ang-actin as a loading control. (D)
Omi/HtrA2 KO and WT MEF cells were stably retrarcdéal with
either control vector, wt or a protease dead fromOmi/HtrA2
(S306A), and the cells were cells lysed with 1%0drriX-100 buffer
and subjected to Western blot analysis using adi@soagainst OPA1,

Omi/HtrA2 andp-actin as a loading control.

Fig 6. Omi/HtrA2 physically interacts with OPA1. (A) HEK3Xells
were stably transfected with FLAG-tagged Omi/HtrA2) while
untransfected cells (-) were used as controls. tegsevere subjected
to Western blot analysis directly (inputs) or aftezsubation over night
with anti-FLAG coupled agarose. Immunoblots werebgd with
anti-OPA1 and anti-Omi/HtrA2 as indicated. The askemarks the
recombinant form of Omi/HtrA2. The input sample waken before
adding the agarose. (B) Co-immunoprecipitation oidagenous
Omi/HtrA2 and OPAL in lysates from C57/BI6 mousaibr Lysates

were subjected to Western blot analysis directhpiis) or after
144



Chapter 3
incubation overnight with either protein G agaresene (-) or with

anti-OPA1 bound to protein G agarose (+). Immunisbigere probed
with anti-OPA1 and anti-Omi/HtrA2 as indicated.

Fig 7. Differences in OPAL levels are due to protein asit®lity. (A)
Semi-quantitative RT-PCR was performed on mRNAatad from
Omi/HtrA2 WT or KO and re-transfected MEF cells.€f@ are no
differences in th©PA1 mRNA levels (upper panel). Amplification of
f-actin served as loading control (lower panel). (B) Foalgsis of the
full cell content, 150 000 control and Omi/HtrA2 K@EF cells were
harvested, lysed directly in Laemmli SDS-PAGE samplffer and
analyzed by Western blot. Inmunoblots were probé&t anti-OPA1
(short and long exposure), anti-Omi/HtrA2 ghdctin was used as a
loading control. (C) Mitochondrial and cytosoliadtions prepared
from Omi/HtrA2 WT and KO cells were subjected to $één blotting
and analyzed for localisation of both OPAl1 and ®tmA2. The
purity of the cytosolic (Cyto) and mitochondrial itB) fractions was
assessed by probing for Hsp90 and VDAC1 respegtiv€D)
Mitochondria isolated from control (left lanes) @mi/HtrA2 KO
(right lanes) MEF cells were subjected to proteinKsdigestion for
indicated time points. Western blots were prepaned probed with
anti-OPA1 and anti-Omi/HtrA2 as indicated. The outeembrane
associated protein Fisl was rapidly degraded wketba inner
membrane protein prohibitin was shielded. The highmlecular
weight OPAl1 band densitometrically analysed (arrbwad) is
indicated and the fold change compared to untre@itee point 0) is

shown below the Western blot (D).
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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Figure 7
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Summary and conclusions
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4.1 Summary

Several lines of genetic, post-mortem and experiaieavidence
suggest that protein aggregation and mitochondiyafunctions are
closely associated with PD. The study of synphili(that is present in
LB in the neurons of PD patients, as mentionedha ihtroduction)
and HtrA2/Omi (that seems to have a role in manmag the
mitochondrial homeostasis in neurons, as mentioakdve) may
provide new insights on these pathogenetic mechenis PD.

Here we confirmed previous reports suggesting thatphilin-1-
positive inclusions fulfil the criteria of aggresem(Marx et al., 2003;
Tanaka et al., 2004). We observed that synphilpeditive inclusions
in cells stably overexpressing wild type and R6ZMaphilin-1 co-
localize with the marker of centrosoméubulin. In addition, MG132-
induced inhibition of the proteasome caused aneam®d number of
inclusions compared to untreated cells.

The autophagy inducers rapamycin and trehalose wkegtive in
reducing the number of aggregates formed by WTR@2(LC mutant
synphilin-1 by acting specifically on autophagidip@ays. However,
neither rapamycin nor trehalose was able to ressyphilin-1
overexpressing cells from MG132-induced toxicityterestingly, we
observed a protective effect of overexpressed Wiplsyin-1 against
apoptosis due to proteasome inhibition. Moreovef, 8ynphilin-1
overexpressing cells displayed an effective rapamiyciuced
degradation of inclusions after pro-apoptotic meatt with MG132,
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while no significant clearance of aggregates forigdR621C mutant

synphilin-1 was observed in the same conditions.

Overexpression of both WT and R621C synphilin-1 tedncreased
levels of intramitochondrial ROS and decreased choadrial
membrane potential compared to controls. These chnadrial
dysfunctions were not prevented by pharmacologamivation of
autophagy and they resulted independent from siinghi
aggregation.

Taken together, our data support a role of synpfilin modulating
the formation of aggresome-like inclusions that bendegraded via
autophagy. Moreover, we confirmed interesting fmgdi suggesting a
protective role of WT synphilin-1 against apoptofizaime et al.,
2006). On the other hand, synphilin-1 overexpressesulted toxic
for mitochondria.

Loss of HirA2/Omi caused increased levels of mityadrial ROS and
decreased mitochondrial membrane potential in Mobs&ryonic
Fibroblasts (MEF) cells from HtrA2/Omi knockout (KOmice.
Moreover, lack of HtrA2/Omi expression was respbiesifor
increased amounts of elongated mitochondria in Bf@mni KO MEF
cells, as well as in human HeLa cells andiosphila melanogaster
S2R+ cells, after transient silencing of HtrA2/Owmith SiRNA. A
critical role of the protease function of HtrA2/Ofiar regulation of
mitochondrial morphology was shown by effective cres
experiments with wild-type HtrA2/Omi expression ithe KO
background. In contrast, protease deficient HtrAg/@vas unable to

rescue the mitochondrial functional alterations.
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HtrA2/Omi appeared to interact with the mitochoatifusion protein

OPAl in both HEK293 cell and lysates from mouseinsaln

addition, significant increase in mild detergentragtable OPA1
levels was observed in both HtrA2/Omi KO MEF celtsl HelLa cells
treated with HtrA2/Omi siRNA, suggesting that Ht/&2ni

modulates the expression of a soluble pool of OPRie OPA1l
protein levels were not altered by expressing aepse-defective
variant of HtrA2/Omi.

To conclude, we reported evidence of a criticalolagment of
HtrA2/Omi in the maintenance of mitochondrial inigg

morphology and function.
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4.2 Conclusions and future perspectives

Our findings support the concept of a cross-talisveen pathological
protein aggregation, dysfunctions of the UPS andochondrial
impairments in the pathogenesis of PD. Therefarteyré therapies for
PD that focus on modulation of the formation of tpho inclusions
may not be effective to provide protection fromlag¢ath in the
presence of mitochondrial abnormalities and prategsimpairments.
On the other hand, various publications reportaxdegtive effects of
autophagy activation against subsequent stressneudifferent cell
lines, in the absence of any overexpressed aggr@gane protein
(Ravikumar et al., 2006; Pan et al., 2008; Parh. £2@09).

It was suggested that a compensatory stimulationawtbphagy
triggered by the failure of the UPS to effectivetyear protein
aggregates may occur in the early stages of PDneegion. This
“compensatory stage” may be followed by a failutggs, in which
autophagic mechanisms lead to cell death acconmgarbg
accumulation of aggregates and autophagic vesi¢ldartinez-
Vicente and Cuervo, 2007). Indeed, in post-mort&rbRains signs of
apoptosis (Hirsch et al., 1999; Nair et al., 20048tton et al., 2003) as
well as increased amounts of autophagic vacuoles aatophagy-
related structures were observed (Anglade et 29.7)1

Taken together, current concepts suggest that fateneatments
aimed to stimulate the autophagy-dependent cleararicprotein

inclusions should be started in the earliest stafiéise disease, before
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the onset of mitochondrial dysfunctions, UPS fa|wand activation of

apoptotic pathways in the surviving neurons ofdtiestantia nigra.
Our results confirmed previous publications showengprotective
effect of WT synphilin-1 against apoptosis, possitniediated by its
C-terminal fragment. In this context, possible neherapeutic
strategies for PD could focus either on the enhaec¢ of WT
synphilin-1 expression or on mimicking the actiedi of the C-
terminal fragments of synphilin-1.

Unfortunately, it is well known that PD begins ygaefore patients
and clinicians notice the first motor signs andtlte time of the
diagnosis it is possible that more than 50% of leerons in the
substantia nigra are already lost (Schapira et 20Q09). In this
perspective, the discovery of new early marke8Dfwould be really
helpful. Since we observed mitochondrial impairmienbur cellular
model also in basal conditions, in the absencengf €ign of cell
death, we suggest that the evaluations of mitoch@ngarameters
could be a potential early marker.

The involvement of HtrA2/Omi in PD is supported siydies on mice
(Jones et al., 2003; Martins et al., 2004). Howgttez relevance of
the protein in the pathogenesis of PD in humansas yet well
defined. We provided some insight about the phggjichl functions
of HtrA2/Omi within the mitochondria, showing thdbss of
HtrA2/Omi causes mitochondrial impairment and atemorphology.
Moreover, we suggested that modulation of mitochiahd
morphology by HtrA2/Omi could be mediated by itsedt interaction
with the fusion protein OPAL.
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These data highlight the connection between mitodhal

morphology and function, suggesting that potentiérapeutic
approaches based on restoring mitochondrial funstimay not be
sufficient if they can’t preserve also the struetof mitochondria.

In this context, we speculate that early treatmeatsouring the
maintenance of mitochondrial homeostasis, such rdasogidants,

could be beneficial for PD patients.
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